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Foreword

Catalysis will play a major role in tackling the grand challenges of the
21st Century, such as climate change and the increase in demand and
subsequent environmental issues which will come from the predicted rise
in global population. According to the UN, the world population is pro-
jected to grow from its current level of 7.3-9.7 billion by 2050 (Source:
World Population Prospects: The 2015 Revision, UN New York, 2015)
which will put enormous pressure on both natural resources and the envi-
ronment. At the same time, the world will become increasingly urbanised
and 66% of the world’s population is projected to live in cities by 2050
(World Urbanization Prospects: The 2014 Revision, United Nations, New
York), which will lead to increased demands for construction and bulk
chemicals for example. Over this period, the impact of climate change will
become more disruptive with global temperatures predicted to rise
between 1°C and 5°C (Source: IPCC Climate Change 2014: Synthesis
Report Summary for Policy Makers). Catalysts make processes more effi-
cient and effective and each of these challenges will require advances in
catalytic technology in diverse sectors from energy, to water, food produc-
tion, functional materials, bulk and intermediate materials and pharma-
ceuticals/fine chemicals. This will only come about through improved
understanding and targeted research programmes with collaboration
between academia and industry.

Catalysis already plays a leading role in many processes that contribute
to human well-being including energy generation (e.g. pollution control
and fuel cells), food production (e.g. ammonia synthesis for fertilisers),
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transportation (e.g. fuels and emissions control), construction (e.g.
polymers and plastics, adhesives and coatings), healthcare and well-being
(pharmaceuticals and functional materials) and water (waste water treat-
ment). In the future, there will be an increasing demand for catalysts that
make existing processes greener with less waste and use less energy and
fewer raw materials to make the same mass of products. This will also
mean new pathways to existing materials and products, for example, from
renewable feedstocks, and also routes to entirely new classes of materials
with as yet unimagined properties. In order to maximise the benefits from
research and create the greatest contribution to all these areas and more,
new programmes such as the UK Catalysis Hub are required to deepen
understanding and develop new catalytic processes by using a design led
approach.

The UK catalysis Hub utilises the world class capabilities at the STFC
RAL campus, which include the Diamond Lightsource for synchrotron
based techniques such as spectroscopy and scattering/diffraction; the ISIS
Neutron Spallation Source for neutron based techniques such as INS,
QENS and total scattering; and the Central Laser Facility for ultrafast
spectroscopy and imaging. These offer world class capabilities for the
study of catalysts and enable high quality studies of structure and reactiv-
ity under in situ and operando conditions. In addition to this the people at
the RAL site are unparalleled in their capabilities and drive to make
research projects succeed. In situ and operando methods are central to the
efforts of the UK Catalysis Hub and this coupled with computational
modelling is enabling advances to be made already.

From an industrial perspective, catalysis is at the heart of industrial
processes and allied with process engineering is responsible for 90% of
chemical processes (DECHEMA). New catalysed processes are being
generated all the time from Lucite’s alpha process (http://www.soci.org/
chemistry-and-industry/cni-data/2009/20/a-winning-process) to work
with Cardiff University and Johnson Matthey on VCM production using a
non-toxic gold based catalyst which has replaced a toxic mercury-based
one (reference: http://www.matthey.com/innovation/innovation_in_action/
vem-catalyst). The work going on at the UK Catalysis Hub is very relevant
to industry and is supported by companies from sectors across industry,
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with the themes of catalyst design, energy, environment, chemical
transformations and bio-feedstocks all having strong links to actual indus-
trial processes.

This book highlights many powerful examples of how catalysis can
impact society and also how catalysis science is making use of the most
advanced capabilities and techniques to shed light on how catalytic pro-
cesses work. Work like this is dependent on having high quality collabora-
tive programmes in place, like the UK Catalysis Hub, which bring together
academia and industry to focus on the most relevant and pressing prob-
lems. This work will continue and for the future, catalysis will see the
development of more combined multiple techniques and approaches lead-
ing to increased knowledge of catalysts under working conditions. This
will provide even more powerful tools to probe materials at the atomic
level during chemical transformations and drive innovation for the next
generation of catalysts.
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Introduction

Catalysis is an important process that underpins everyday life for many of
us. Without catalysis most of the manufactured goods and many food-
stuffs would not be possible. Overall catalysis contributes up to 40% of
GDP worldwide. Hence, it is important that we gain an improved under-
standing of how catalysts function so that improved catalysts can be pre-
pared. Indeed, there is a continuous need to identify new catalysts for ever
more challenging reactions. It is against this background that UK scien-
tists interested in catalysis have come together to form the UK Catalysis
Hub. This is a consortium of ca. 40 Universities funded by the Engineering
and Physical Sciences Research Council in the UK. The Hub has a central
location and is based in the Research Complex at Harwell. This location
is key since it permits access to the world class facilities available at
Harwell; namely, the Diamond Light Source, the ISIS Neutron Source and
the Central Laser Facility. The Hub was established in early 2013 and was
officially opened in April 2013. The Hub provides a focal point for cataly-
sis research in the UK. The central aim is to establish project teams to
tackle difficult problems that are not feasible to be tackled by one
researcher alone. This has proved to be very successful and we now have
our 30 collaborative projects in operation. The Hub currently focuses on
five themes of research:

e Catalysis design

e Environmental catalysis
e Catalysis and energy

XXV
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e Chemical transformations
e Biocatalysis and biotransformations

At this stage of the Hub development we thought it was appropriate
for the research associates to write a series of detailed reviews setting out
current thinking in a number of key areas. The topics range from com-
plex reactions to the intricacies of catalyst preparation for supported
nanoparticles. The topics span the areas of current interest to the UK
Catalysis Hub and we hope will be of interest to any general reader in the
field of catalysis.
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Chapter 1

Sustainable Hydrogen
and/or Syngas Production: New
Approaches to Reforming

Nachal Subramanian**, Angel Caravaca'*,
Francisco R. Garcia-Garcia$"
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* Department of Chemistry, University College London,
London WCTE 6BT
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The use of non-renewable resources together with the high-energy con-
sumption and low selectivity makes current reforming processes unsustain-
able solutions for syngas and/or hydrogen production. New reforming

1
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technology is needed in order to control and manage CO, emissions, circum-
vent the current high-energy consumption and enhance the selectivity of
the reforming process. The UK Catalysis Hub has proposed three different
approaches to reforming which are envisaged to overcome the above-mentioned
issues. The aim of this chapter is to present a critical review of recent
approaches in reforming processes for hydrogen and/or syngas production,
with particular focus on catalytic reforming of alcohols, chemical looping
reforming (CLR) technology, and novel photocatalytic reforming routes.
Likewise, the last section of the chapter summaries the challenges and
current achievements of the UK Catalysis Hub projects in this area.

1 Introduction

Hydrogen production appears to be one of the most promising tech-
nologies for meeting future global energy needs as it is an environ-
mentally clean and efficient fuel, compared to the conventional
petroleum-based fuels."* The current industrial processes for H, pro-
duction are all based on non-renewable fossil fuels via syngas route.
Syngas is produced industrially by steam reforming (SRM) and dry
reforming (DRM) of methane (Egs. (1.1) and (1.2)) with H /CO ratios
equal to 3:1 and 1:1, respectively.”!

CH, + HO — CO+3H, AHe = +206 kJ/mol, (1.1)
CH, + CO, — 2CO + 2H, AHe = +247 kJ/mol. (1.2)

High H,/CO ratios such as that from SRM process are ideal for hydro-
gen production. Today, 96% of the global hydrogen production is based on
SRM of fossil fuels followed by the water gas shift (WGS) reaction accord-
ing to the following reaction."

CO+H0 — CO,+H, AHe=-41kj/mol. (1.3)

During the WGS reaction, the carbon monoxide produced in the SRM
is reoxidised with steam to produce more hydrogen and carbon dioxide."
The actual hydrogen economy produces about 250 million tons of carbon
dioxide emissions per year. Thus, the conventional processes based on fossil
fuels for hydrogen and/or syngas production result in large CO_emissions
and in turn severe environmental concerns. Hence, the production of clean
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and high purity hydrogen (and/or syngas) at low cost is a key requirement
for the development of a suitable hydrogen economy.

Biomass, on the other hand, is proving to be a promising renewable
source for the sustainable production of hydrogen and/or syngas due to
environmental concerns and the decline in fossil fuel reserves.®!* %
However, at present, the processes used for the conversion of biomass,
such as enzymatic decomposition, pyrolysis and gasification suffer from
low hydrogen production rates and complex processing steps."*¢30-2
Hence, there is a need for the development of an efficient reforming pro-
cess, and catalytic reforming of biomass-derived alcohols and polyols
(such as ethanol, glycerol, sorbitol, ethylene glycol, etc.) appears to be one
promising approach.

Reforming of bio-alcohols is attracting more research attention due to
its potential to control and manage CO, emissions. The recent interest in
biomass being an alternative and renewable fuel has increased the annual
production of different bio-alcohols such as ethanol, glycerol and butanol.
It is estimated that 4 billion gallons of glycerol will be produced by 2016."
In addition, the carbon dioxide produced during the reaction is consumed
for biomass growth which nearly closes the carbon loop. Also, the non-
toxicity of some of the bio-alcohols, along with their ability to remain as
liquids at room temperature, makes them suitable for use as hydrogen
storage and a convenient source of energy."

Independent of the nature of the source used for hydrogen produc-
tion, reforming reactions tend to be highly endothermic and as a result,
energy supply to the process stream is always a key consideration. In order
to overcome this issue, novel means of energy input to the reforming reac-
tion such as photocatalytic reforming has been proposed. Compared with
traditional reforming processes, photocatalytic reforming is an attractive
up-and-coming technology due to its potential of operating close to ambi-
ent conditions by using sunlight.”

Partial oxidation of methane (POM), as represented by Eq. (1.4), pro-
duces hydrogen and carbon monoxide with a H,/CO ratio equal to 2:1, as
needed for a Fischer—Tropsch reaction, and it is ideal for most downstream
processes. However, POM reaction has not been commercialised owing to
the risk of explosion of premixed methane and oxygen and the high cost

of supplying pure oxygen.

CH, +% 0, — CO +2H, AHe =-36 kj/mol. (1.4)
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Alternative processes which also produce syngas with a H,/CO ratio
equal to 2:1 and are recently gaining interest include the chemical looping
steam reforming of methane (CL-SRM) and chemical looping dry reform-
ing of methane (CL-DRM).* In the chemical looping process, the lattice
oxygen of a solid metal oxide (oxygen carrier), instead of gaseous oxygen,
is used to partially oxidise the methane to hydrogen and carbon monoxide.
The regeneration of the reduced metal oxides can be performed in a sub-
sequent step by oxidation with steam or carbon dioxide, CL-SRM and
CL-DRM respectively.* The CL-SRM process has the advantage over con-
ventional reforming processes of producing separate streams of syngas
and hydrogen. On the other hand, the CL-DRM process is very interesting
from an environmental point of view, since two greenhouse effect mole-
cules (methane and carbon dioxide) are converted into more valuable
products (hydrogen and carbon monoxide).

The use of non-renewable resources together with the high-energy
consumption and low selectivity makes current reforming processes
unsustainable solutions for syngas and hydrogen production. New reform-
ing technology is needed in order to control and manage CO, emissions,
circumvent the current high-energy consumption and enhance the selec-
tivity of the reforming process. The transition from current reforming
technologies to more sustainable ones is set to become a reality in upcom-
ing decades. However, in the meantime, efforts must be focused on mak-
ing this transition as sustainable as possible. This chapter provides an
overview of some of the important challenges of current reforming indus-
try and summarises the state-of-the-art of three new approaches for
reforming: catalytic reforming of biomass-derived alcohols and polyols,
chemical looping reforming (CLR) and photocatalytic reforming.

2 Catalytic Reforming of Bio-alcohols as New Sources
for H, Production

The focus on mitigating global climate change and replacing petroleum-
based energy sources is growing rapidly which has boosted the research
interest towards alternative and renewable energy strategies. As discussed
before, biomass derived alcohols are one important alternative energy
strategy for the development of a sustainable hydrogen economy."*?
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Compared to all the processes used for the conversion of biomass to
hydrogen, catalytic reforming processes seem to offer higher hydrogen
production rates and simpler processing steps.’*2

The reforming processes used to produce hydrogen and syngas from
oxygenated compounds can be classified into: steam reforming (SR),
aqueous phase reforming (APR), partial oxidation (PO), auto thermal
reforming (ATR), dry reforming (DR) and supercritical water gasification
(SCWG).*

SR is the most common industrial reforming process to produce
hydrogen’ since it leads to complete conversions and high hydrogen
yields. However the major disadvantage of this process is its high endo-
thermicity, due to which a large amount of external heat is required.”
PO occurs in the presence of air, it is highly exothermic and hence no
additional heat is required.”® However this process results in very low
hydrogen yields and purity. ATR is a combination of PO and SR pro-
cesses.* Air and water are co-fed into the reactor which enables an auto-
thermal reformer to react at the thermal neutral point.’” This process can
lead to higher hydrogen yields and selectivities compared to PO, and the
oxygen present can inhibit coke formation on the catalyst surface. But
the conversions are much lower than traditional SR.*® The DR method is
beneficial to the environment as CO, can be converted into inert carbon
and removed from the biosphere cycle,”® however lower hydrogen
yields have been reported. SCWG requires very high temperatures and
pressures (~900°C and 240 atm). This increases the operating costs and
undesirable side reactions, despite the ability to produce high yields of
hydrogen. APR is a newer technique that operates at much lower tem-
peratures than other methods, and the reaction occurs in liquid phase as
opposed to SR.* This has significant advantages in terms of operating
costs and side reactions.

Of all the processes, SR and APR are the most studied processes due
to their simplicity and high yields of hydrogen. Dumesic et al. developed
a new single-reactor APR process to efficiently produce hydrogen from
model biomass glucose and biomass-derived polyols (e.g. ethylene glycol,
glycerol, sorbitol) at mild conditions around 227°C.*"~*¢ It is carried out
at low temperatures which results in reduced operating costs and mini-
mises undesirable side reactions. Low temperatures also facilitate the
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WGS reaction thereby leading to low levels of CO in the product stream,
thereby resulting in highly purified hydrogen. APR is particularly useful
for reforming biomass resources with high water contents as the need for
water vaporisation is reduced compared to conventional SR."*

Several biomass-derived oxygenated compounds have been used in
APR process, such as methanol, sorbitol, glycerol, ethylene glycol and
ethanol.>* Glycerol is of particular interest because it is obtained as a main
by-product (10 wt.%) of biodiesel production by transesterification of
vegetable oils or animal fats."*?>¢*=0 With increasing biodiesel produc-
tion, the crude glycerol is also produced in substantial amounts and one
of the promising ways to utilise this crude glycerol is to produce hydrogen
by reforming process."*

SR (or APR) of a polyol (e.g. glycerol) occurs according to the follow-
ing stoichiometric reaction'=6242%3>4731;

CH,O, +3H,0 =7H,+ 3CO, AHY, = +123 kJ/mol. (1.5)

Equation (1.5) is further constituted of the glycerol decomposition
reaction (Eq. (1.6)) and the WGS reaction (Eq. (1. 7)).

C,H,0, = 4H, + 3CO, (1.6)
CO+H,0=CO, +H,. (1.7)

The further reaction of CO and/or CO, with H, would result in meth-
anation or Fischer—Tropsch reactions, and the other side reactions might
include methane DR and/or decomposition, carbon monoxide dispropor-
tionation (Boudouard reaction), and carbon gasification.

SR is thermodynamically favoured at low pressures and high tempera-
tures in order to increase the hydrogen yield. The most important param-
eters in the SR process are temperature, steam-to-carbon (S/C) ratio and
catalyst-to-feed ratio. The feed (glycerol + water mixture) is vaporised in
a preheater before entering the reactor. The major drawbacks of this
method are high energy consumption, higher CO production (since WGS
reaction is not favourable at high temperatures), and also rapid catalyst
deactivation compared to the APR process in which the energy to vaporise
the feed can be eliminated.
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The APR process is carried out in the liquid phase at higher pressures
and significantly lower temperatures (~227°C), where the WGS reaction is
favourable, making it possible to generate hydrogen with low amounts of
CO in a single reactor.* Also use of higher pressures (15-50 bar) facilitates
the effective purification of H,-rich effluent by adsorption or membrane
technology. This process demands less energy inputs as the need to
vaporise the reactants (both water and the oxygenated hydrocarbon) is
eliminated."* Low temperatures also minimise undesirable side reactions
and carbon deposition/sintering. Thus, APR process is a promising option
for conversion of biomass into H,.

2.1 Mechanism and catalysts for reforming

Luo et al.*® describe the different reaction pathways that lead to various
liquid and gaseous by-products during APR of glycerol. The selectivity to
hydrogen remains challenging mainly due to the subsequent/parallel reac-
tions in both liquid and gas phase. Methanation, methane DR, carbon
monoxide disproportionation, and/or carbon gasification could lead to
gaseous by-products and in parallel, glycerol could undergo dehydration
and/or hydrogenation/dehydrogenation to produce liquid by-products
(such as methanol, ethanol, acetone, acetic acid, propylene glycol, diglyc-
erol, etc.). Hence, catalysts must be chosen keeping these issues in mind, if
hydrogen production is the primary objective.

The catalytic pathway for the production of H, by APR of glycerol or
similar polyols involves the cleavage of C—C bonds as well as C-H and/or
O-H bonds to form adsorbed species on the catalyst surface.®***
Cleavage of these bonds occurs readily over Group VIII metals, such as
Pd and Rh. Undesired by-products arising from parallel and series path-
ways are due the cleavage of C-O bonds and hydrogenation of adsorbed
CO or CO,. Thus, a catalyst active for APR should be active for C-C
bond cleavage and promote WGS reaction for the removal of adsorbed
CO species, but must not favour C-O bond cleavage and hydrogenation
of CO or CO,.1»*

Group VIII metals, particularly Pt, Pd and Ni, have been shown to be
effective catalysts due to their ability to break C—C bonds and also to pro-
mote the WGS reaction.>”! Among all the metals, it is reported that Pt is
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the best monometallic catalyst in terms of activity and selectivity for APR.
Cortright et al. studied the APR of sugars and alcohols for H, production
using a Pt-based catalyst at 227°C and found the selectivity to H, increas-
ing in the order of reactants — glucose < sorbitol < glycerol < ethylene
glycol < methanol. Low operating temperatures resulted in high H, selec-
tivity, low alkane selectivity, but low biomass conversions.'* Davda et al.
reported the H, selectivity to decrease in the order of Pd > Pt > Ni > Ru >
Rh catalysts supported on silica for the APR of ethylene glycol.*!

Several bimetallic catalysts, including PtNi, PtCo, PtFe and PdFe show
higher activities than monometallic catalysts. While Ni catalysts are active
for APR, they favour methanation and exhibit severe deactivation.?
Addition of promoters such as Sn has been reported to improve the Ni
catalyst stability towards carbon formation and deactivation. Also, the
stability of Ni-based catalysts can be improved by using a Raney-Ni cata-
lyst.'® Perovskites and NiAl O, spinels have also been reported to assist in
better stability of Ni catalysts.*”? Ceria, as a promoter or support, inhibits
secondary dehydration reactions that lead to unsaturated hydrocarbon
formation which act as coke precursors.”” To increase hydrogen yield, a
moderate Ni reduction degree, high Ni dispersion, and small Ni particle
size are shown to be beneficial.”®

The nature of the support such as the acidity and basicity has a
remarkable influence on the activity as well as the gas distribution of
the products.*® Some commonly studied supports are SiO,, ALO,,
MgO, TiO,, CeO,, ZrO,, CeZrO, zeolites, perovskites and hydrotal-
cites.'>>** Silica-supported Rh, Ru and Ni catalysts showed low H,
selectivity, but high alkane selectivity.* In addition, Ni/SiO, showed
significant deactivation at higher temperatures of 225°C. On the other
hand, silica-supported Pt and Pd catalysts exhibited higher H, selectivi-
ties and lower rates of alkane production. Other supports such as TiO,,
carbon, or ALLO, have been found to improve the activity and selectivity
of monometallic Pt-based catalysts. Ceria supports appear to increase
the stability of Ni catalysts by promoting carbon removal from the
metallic surface due to its high oxygen storage capacity."**>** Shao et al.
reported that the addition of ZrO, into CeO, further improved the
redox properties and oxygen storage capacity, thereby promoting WGS
and SR reactions.”
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Addition of promoters also greatly influences the activity and selectivity
of monometallic catalysts. Some promoters reported in literature are
Sn, Ca, La, K, Sr, Co, Fe, Mg, Pt, Ce, Zr and Cu.** The activity of a Pt/Al2O3
catalyst improved further by adding Ni, Co or Fe as promoters.* The APR
process of glucose, sorbitol, glycerol and ethylene glycol using Ni-Cu and
Ni—Sn bimetallic catalysts have been reported to show considerable hydro-
gen selectivities and yields equal to or even higher than noble metal cata-
lysts. Cu and Sn are not involved in C—C bond cleavage or dehydrogenation
steps, but they promote WGS reaction thereby increasing H, production.”!
Huber et al. also studied the APR of biomass derived oxygenates using tin-
promoted Raney—Ni catalyst and found that Raney—NiSn performed simi-
lar to Pt-based catalysts. Addition of Sn significantly decreased the rate of
methane formation, without inhibiting the rate of H, production.'**

Many reviews are available in the literature which describe in detail
the progress made in the catalytic reforming of glycerol (or similar polyols
and alcohols) to hydrogen, thermodynamical considerations, catalysts
used, etc.*>**»% Table 1 gives an overview of several catalysts used for the
APR process for different biomass feedstocks.”!

Table 1: Overview of APR catalysts for different biomass feedstocks.
Catalysts
Feedstock Metal Support
Glucose Pt, Ni, Ru, Rh—-Pd, Ir AlZO3, TiO,, ZrO,, SiOz—A1203
Fructose Pt ALO,
Sorbitol Pt, Raney Ni-Sn, Ni-Pd ALO,, TiO,, CeO,
Xylitol Pt, Pt-Re Alea, TiO,
Glycerol Pt, Ni-Sn, Ni—Cu, Ni-B AlZOS, SiO,, ASA
Ethylene glycol Pt, Ni, Ru, Rh-Pd, Pt—Co, ALO,, SiO,, CNK-3, Al
Ni-Sn Hydrotalcite

Ethanol Pt, Ni, Ru Alea, SiO,, TiO,
Methanol Pt ALO,
Acetic acid Pt ALO,
Biomass hydrolysate Pt, Raney Ni ALO,

Data Source: Ref. [51].
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2.2 Variations in catalytic steam reforming
2.2.1 Sorption-enhanced reforming process (SERP)

Catalytic reforming with in situ CO, removal, using a sorbent, increases H,
production and decreases CH, and CO production.'>*>*”- The co-generated
CO, can be selectively removed from the product gas mixture by using a
sorbent. When a CO, sorbent is added along with the catalyst, the CO, is
converted to a solid carbonate and thus directly produces high purity H..
It is known from thermodynamic analysis that H, production from a
polyol, like glycerol, is limited by WGS reaction. But this constraint can be
overcome by concurrent WGS and carbonation (of sorbent) for CO,
removal. In an ideal scenario, 100% CO, removal leads to the generation of
7 mols H, and 0 mols CH, and CO from glycerol according to Eq. (1.5).

The major limitation of SERP is that with time, the sorbent saturates
and eventually reduces the CO, removal efficiency. Hence there must be a
way to regenerate the sorbent and to extend the operation time. This can
be achieved by simultaneous reaction and regeneration of sorbent using
two slow moving bed reactors (reformer and regenerator). This process is
termed as continuous sorption-enhanced reforming process (CSERP).®
The integration of continuous SR, WGS, CO, capture and H, separation in
one single reactor would lead to high purity H, production and reduced
operating costs.

Several natural and synthetic CO, sorbents such as dolomite, lime,
CaO, hydrotalcites, Li,ZrO,, LiSiO, and Na ZrO, have been studied.”*
CaO is reported to show the highest CO, sorption capacity at high tem-
peratures.”” Hydrotalcites are also used as sorbents, but they have poor
CO, sorption capacity and low reaction rates compared to CaO. Some
synthetic oxide sorbents such as Li,ZrO,, LiSiO, and Na,ZrO, have good
capacities at high temperatures, but they are very expensive.””**% Hence,
natural sorbents are most commonly used.

2.2.2 Sorption-enhanced chemical looping reforming
process (SECLR)

A process called CLR is used for the generation of H, and CO through
cyclic reduction and oxidation of a solid oxygen carrier (like NiO or
CeO,).” In this process, a part of the fuel in the reformer may get completely
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oxidised to CO, and H,O by the oxygen provided via the solid oxygen
carrier, but most fuel should be partially oxidised to H,and CO. The use
of an oxygen carrier overcomes the issue of coking and allows the reform-
ing reaction to be performed at a lower temperature by the close coupl-
ing of the endothermic reforming reaction with the exothermic
oxidation.”**”" However, the key issue in the system performance is the
oxygen carrier material and its stability. The selection of the material is
based on sufficient oxygen transport capacity, high reactivity for reduction
and oxidation reactions, SR and WGS reactions, attrition resistance and
low cost.”

Chemical-looping processes can be combined with sorption-enhanced
reforming processes into one single process (SECLR).” Three fluidised
bed reactors are used: (i) a reforming reactor operated at low temperatures
where the hydrocarbon feed is partially oxidised by the oxygen (from the
oxygen carrier) and steam, and CO, is captured by a sorbent, (ii) a calcina-
tion reactor where the CO, sorbent is regenerated, (iii) an air reactor oper-
ated at high temperatures where the oxygen carrier is re-oxidised. Unlike
SERP, the SECLR process is self-sufficient with heat. The chemical looping
process will be explained later in detail (Sec. 3) as a new approach to
reforming.

2.3 Summary

This section has reviewed the current literature in catalytic reforming of
biomass-derived alcohols/polyols to hydrogen. Compared to all the pro-
cesses used for the conversion of biomass to hydrogen, the catalytic
reforming process seems to offer higher hydrogen production rates and
simpler processing steps. A review of the most energy efficient APR pro-
cess, the mechanism involved, the catalysts utilised, and recent extensions
of the processes is provided. The APR process proves to be a promising
approach for hydrogen production. It occurs at lower temperatures and in
the liquid phase, thereby minimising undesirable side reactions and
eliminating the need for water vaporisation as compared to conventional
SR. This results in reduced operating costs and low levels of CO in the
product stream, thereby resulting in highly purified hydrogen. Recent
variations to the process include sorption-enhanced reforming and CLR.
The former process uses a sorbent to assist in selectively removing the
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co-generated CO, from the product gas mixture, resulting in increased H,
production and decreased CH, and CO production. Chemical looping
involves the use of a solid oxygen carrier which overcomes the issue of
coking and allows the reforming reaction to be performed at a lower tem-
perature by the close coupling of the endothermic reforming reaction with
the exothermic oxidation.

3 CLR

CLR of methane process uses the lattice oxygen of a solid metal oxide to
produce syngas with a H /CO ratio equal to 2:1. The regeneration of the
reduced metal oxides can be performed in a subsequent step by oxidation
with steam or carbon dioxide, CL-SRM and CL-DRM processes, respec-
tively. The CL-SRM processes allow the integration of two different pro-
cess, syngas and hydrogen production, in a single device whereas in the
CL-DRM process, two greenhouses molecules (methane and carbon diox-
ide) are converted into more valuable products (syngas).

A critical problem with in chemical looping process is that the oxygen
carriers’ materials undergo significant chemical, thermal and physical
stresses as the oxides cycle between the fully-oxidised and fully-reduced
condition. As a result, their longevity tends to be limited. In this respect,
the feasibility of different transition metals (TMs) oxides as oxygen carri-
ers for chemical looping process have been investigated. In order to avoid
these issues, TM oxides are usually combined with an inert porous support
which provides higher surface area for reaction, mechanical strength and
attrition resistance. An ideal oxygen carrier material for both CL-DRM
and CL-SRM processes should exhibit: (i) high reactivity during both
reduction and oxidation steps, (ii) high and stable capacity to donate oxy-
gen over thousands of successive redox cycles, (iii) resistance to attrition
and (iv) low cost of production at large scales.

NiO-based oxygen carriers have generally been shown to be the most
reactive material for the chemical looping processes.**”*”> This can be
explained due to the ability of NiO to activate the strong C-H bond (i.e.
439 kJ/mol) of methane molecule, together with its high oxygen store capac-
ity (i.e. 21.4 wt.%) and high melting point (i.e. 1,955°C). In order to prevent
its deactivation over a large number of cycles, NiO is usually combined with
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different inert substrate such as YSZ,”® A1203,77 Si0,, TiO, and ZrO,7%7”
However, the main drawback of using Ni-based oxygen carriers in large
scale chemical looping processes is NiO’s high price and toxicity.

The use of CuO as an oxygen carrier in chemical looping processes is
the growing interest in the scientific community due to its high reactivity
and oxygen storage capacity (i.e. 20.1 wt.%). However, due to the unac-
ceptably low melting point (i.e. 1083°C), CuO particles easily agglomer-
ated at the reaction conditions and may not be suitable as an oxygen
carrier.”>®#! In order to increase its thermal stability, CuO is mixed with
different refractory oxides such as ALO,, ZrO, and MgO.** A further
problem at high temperatures (7 > 870°C) is that CuO can decompose to
Cu,0O, which lower its oxygen storage capacity from 20.1 wt.% to
11.2 wt.%.7>7%% Nevertheless, the oxygen gas released during CuO decom-
position can be use in a subsequent step in a process that is known as a
chemical looping with oxygen uncoupling (CLOU).

The low oxygen storage capacity of Mn,O, and Co,O,, 10.1 wt.% and
6.6 wt.%, respectively, has limited their use as a oxygen carriers materials
for chemical looping process.”>”>*"* However, Mn,O, and Co,0O, have
been successfully employed as promoters of other TM oxides such as Fe O,
and NiO,,. It is well known that a small amount of Mn,O, and Co,0O, has a
positive effect on the performance of other TM oxides in terms of both
reaction kinetics and cyclic stability.¥°

Recently, CaSO,-based materials have been proposed as interesting
alternatives to transition metal oxides oxygen carriers for chemical loop-
ing processes.”"” As a novel oxygen carrier, CaSO, has several advantages
over transitional metal oxides oxygen carriers such as its low price and low
environmental impact. Furthermore, CaSO, oxygen storage capacity (i.e.
47.1 wt.%) is significantly higher than that in any other transition metal
oxides. Although, preliminary results have shown that CaSO,-based mate-
rials may be interesting candidates as oxygen carriers in chemical looping
processes, they have the drawback of low reactivity, deactivation at high
temperatures and sulphur release from side reactions.

Fe,O,-based oxygen carriers are very attractive due to their low cost
(i.e. market price between NiO and Fe,O, differs by a factor of 300) and
high oxygen storage capacity (30.1 wt.%). Beside its very competitive
price, it has been reported that iron ores and wastes from the steel industry
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can be successfully used as a oxygen carriers in chemical looping combustion
processes.”»” The main drawback of Fe O, is that sintering and coking
reactions can occur when there is a substantial proportion of Fe present.
Nevertheless, by careful control of the support for the Fe O,, the activity of
the carrier can be adjusted so as to substantially favour reforming of the
methane and discourage coking reactions. In addition, it is well known
that mixing Fe O, with different refractory oxides such as CeO,, Alea,
SiO,, TiO,, ZrO, and MgAl O, improves its resistance to sintering at high
temperatures.

Among non-NiO-based metal oxides, Fe O,/CeO,-based materials are
the most attractive for CL-DRM and CL-SRM processes, owing to the
elevated oxygen storage capacity and unique redox properties of CeO, and
the positive effect that Fe’" ions have on the oxygen carrying capacity and
mobility of CeO,.”*” It has been reported that the introduction of triva-
lent ions such as Fe’" into the CeO, lattice lower the energy barrier for
oxygen migration.”®” Although, Fe O,/CeO, based mixed oxides are less
active and show lower selectivity towards syngas than Ni-based metal
oxides during both CL-DRM and CL-SRM processes, they have the advan-
tage of being non-toxic and more abundant in nature.’»'®

A schematic representation of ideal CL-SRM and CL-DRM process
using a Fe O,-based oxygen carrier is shown in Figures 1(A) and 1(B),
respectively. Both processes can be divided in two main steps: reduction
and oxidation of the Fe O, -based oxygen carrier. The reduction step
involves multiple sub-reactions in which methane reduces the Fe O, oxide
to Fe producing syngas (Egs. (1.8)—(1.10)).

CH, + 3Fe,0, — CO + 2H, + 2Fe,O,, (1.8)
CH, + Fe,O, — CO + 2H, + 3FeO, (1.9)
CH, + FeO — CO + 2H, + Fe. (1.10)

The regeneration of the oxygen carrier is performed in a subsequent step
by oxidation with carbon dioxide, (Egs. (1.11) and (1.12)), or steam, (Egs.
(1.13) and (1.14)), known as CL-DRM and CL-SRM processes, respectively.

CO, + Fe = CO + FeO, (1.11)
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Figure 1: Schematic representation of the CL-SRM and CL-DRM processes using iron
(IIT) oxide as an oxygen carrier, A and B, respectively.

CO, + 3FeO — CO + Fe,O,, (1.12)
H,0 + Fe — H, + FeO, (1.13)

H,0 + 3FeO — H, + Fe,0,. (1.14)
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It should be noted that whereas Fe and FeO can be oxidised to magnetite
(Fe,0,) either with carbon dioxide or steam, the oxidation of magnetite to
haematite (Fe,O,) in this way is not thermodynamically feasible. However, an
air oxidation step can be used instead (Eq. (1.15)).

2Fe,0, + 10, = 3Fe 0, (1.15)

Note that CL-DRM and CL-SRM are highly endothermic processes,
and, consequently, the energy supplied to the process is an important con-
sideration. Since oxidation with air is a highly exothermic reaction, auto-
thermal CL-DRM and CL-SRM have been proposed as a novel means of
energy input to the reforming reaction. The key research challenge is to
demonstrate that such an approach is practical as the overall process has
only been described at a conceptual level.

The main challenge of both CL-DRM and CL-SRM processes is to
control the selectivity, avoiding total oxidation of methane and carbon
deposition reactions (Egs. (1.16) and (1.17)) respectively.

CH, + 20, — CO, + 2H,0, (1.16)
CH,— C+2H,. (1.17)

Total oxidation of methane to carbon dioxide and water due to oxygen
surface groups present on the Fe,O,/CeO, materials has been reported.''®
Moreover, carbon deposition via decomposition of methane (DM) can
occur over the Fe O,/CeO, materials when there is a substantial propor-
tion of Fe present on its surface.'” According to Garcia-Garcia et al.,
higher syngas selectivity and lower coke formation can potentially be
achieved by controlling the oxidation state of the Fe O,/CeO,-based mixed
oxide during the reduction step of the CL-DRM process. Hence, limiting
the extent of the reduction step during the CL-DRM process can eliminate
the carbon deposition while significantly increasing syngas selectivity by
avoiding low Fe oxidation stages.

3.1 Summary

This section reports the recent advances in CLR of methane processes for
syngas and hydrogen production. The reactivity of the four most studied
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oxygen carriers materials in the activation of the methane molecule C-H
bond follows the order of NiO > CuO > Fe,O, > Mn O,. However, the high
price and toxicity of NiO and the low melting point of CuO avoid their use
as oxygen carriers in CLR processes. Although, Fe O, is less active and show
lower selectivity towards syngas than NiO during both CL-DRM and
CL-SRM processes, it has the advantage of being non-toxic, of low price
and having high oxygen storage capacity. Double Fe,O,-based metal oxides
provide promising materials for CL-DRM and CL-SRM processes showing
an excellent overall performance with good reactivity and selectivity.
CL-SRM and CL-DRM process present several advantages over conven-
tional reforming process such production of syngas with a H /CO ratio
equal to 2:1 and separate production of syngas and hydrogen or carbon
monoxide streams, respectively. In addition, autothermal CL-DRM and
CL-SRM using air during the oxidation step has been proposed as a novel
means of energy input to the process. The main challenge of both CL-DRM
and CL-SRM processes is to control the selectivity avoiding total oxidation
of methane and carbon deposition reactions. Thus, the product selectivity
during the CL-DRM can be linked to a specific material oxidation state
which is varying monotonically during the reaction time. Hence, low iron
oxidation states can be avoided by limiting the duration of the reduction
step of the CL-DRM process, in an attempt to overcome carbon deposition.
Likewise, high iron oxidation states can be avoided by using the appropriate
buffer gas mixture during the oxidation step, which allow to avoid total
oxidation of methane. In this respect, it seems that an oxidation state oper-
ating window could potentially be used to improve future chemical looping
processes.

4 Photocatalytic Reforming

Among the current energy sources, solar energy is one of the most promis-
ing since it is free, easily accessible and inexhaustible. Lately, researchers have
attempted to convert solar energy to a more useful energy form, such as
chemical energy.'*'® In this sense, a novel approach to the reforming tech-
nologies is the “photocatalytic reforming of alcohols”, commonly known as
photoreforming of alcohols. The general aim of this approach is to use solar
energy for the activation of the catalysts involved in the reforming of bio-
mass-derived alcohols, such as methanol, ethanol, glycerol and sugars.
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As a matter of fact, the photoreforming process is the result of an
improvement in the photocatalytic water splitting for direct H, and O,
production. The origin of the photocatalytic water splitting is the work
published by Fujishima and Honda in the early 1970s.' This publication
deals with the “Electrochemical Photolysis of Water” in an electrolytic cell.
Upon irradiation of a TiO, electrode (anode, for water oxidation and O,
evolution), while maintaining a Pt counter electrode in the dark (cathode,
for hydrogen evolution), stoichiometric amounts of hydrogen and oxygen
were generated. Even though this work does not report pure photocataly-
sis, it has been cited in most of the publications addressing the photocata-
lytic water splitting and the photoreforming of organic molecules, due to
the fact that it stimulated significant work in the field.

Photoreforming processes take place over semiconductor materials as
catalysts. As in every other photocatalytic process based on solid semicon-
ductor materials, the first step in the photocatalytic water splitting is the
activation of a semiconductor by photoirradiation with light of energy
equal or higher than the band gap of the semiconductor material. It leads
to the migration of electrons from the valence band (VB) to the conduc-
tion band on the surface. It also gives rise to the formation of charge
transfer holes (h*) in the VB.!”” In the end, the presence of electrons leads
to reduction reactions in the conduction band (such as the H, evolution
reaction) and oxidation reactions in the VB (as the water oxidation and
further O, evolution).

As we will explain later in detail, one of the main drawbacks of the
water splitting process is the recombination of the O, and H, generated
by the photoirradiation of the semiconductor material. Indeed, if we
produce a catalyst with a lowered activation barrier to the water disso-
ciation process, we also produce a material with an even lower activation
barrier for the back-reaction, the recombination.?® In other words, if a
catalyst is good for the water splitting process, it will be even better for
the recombination of the O, and H, produced. On the other hand, in the
absence of suitable charge scavengers, the recombination of e~ and h*
generated by the photoirradiation of the catalyst is usually facile. Both,
the recombination of the reaction products, and the recombination of
the photogenerated charge carriers, decrease dramatically the efficiency
of the water splitting process, decreasing therefore the overall hydrogen
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production. In order to overcome these issues, one alternative is to add
sacrificial agents to consume the O— derived species produced, avoiding
the further 0, evolution and its recombination with H,. Moreover, these
sacrificial agents act as hole scavengers, partially avoiding the recombi-
nation of e~ and h*.

Among the wide range of sacrificial agents that can be used to produce
H, by means of the photoreforming process, we will focus this chapter in
the photoreforming of alcohols, as biomass derived products. For instance,
bio-ethanol is produced by fermentation of biomass materials.'®® Sugar
cane, potatoes, corns and other starch-rich materials can be effectively
converted to ethanol by fermentation. Moreover, bio-methanol can also be
produced from biomass. However, the production of methanol is a cost-
intensive chemical process. It involves the PO of the biomass source to
produce syngas, followed by the high pressure methanol synthesis reac-
tion. That is why, in current conditions, only waste biomass such as old
wood or bio-waste is used to produce methanol.'” On the other hand, as
previously mentioned, currently about 10% of glycerol is produced during
the conversion of vegetable oils or animal fats into biodiesel fuel through
the catalytic transesterification process.'"

Hence, it seems that the photoreforming of biomass-derived products
offers the possibility to produce hydrogen, one of the most important
energy vectors nowadays, by the valorisation of biomass-derived alcohols
and the use of renewable solar energy. Moreover, photoreforming pro-
cesses usually take place at room temperature, which decrease the energy
requirements in comparison with conventional SR processes.

Even though the production of methanol from biomass is a really
cost-intensive process, the photoreforming of methanol is the most com-
monly used reaction for the photoreforming of organic molecules. It is
probably due to the fact that methanol is the simplest alcohol and works
reasonably well in this reaction. Regardless the hydrogen production from
photoreforming of methanol could be used for practical proposes, the
amount of high quality studies published on this matter has allowed
to deeply understand the basics of the photoreforming process per se.
Moreover, it has led to the development of novel materials that can be suc-
cessfully used for the photoreforming of more complex alcohols (such as
ethanol and glycerol). This is the reason why this section will mainly
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review the recent approaches towards the photoreforming of methanol, as
a representative of the alcohols photoreforming technology.

In general, an efficient photocatalyst needs to have the following char-

acteristics''";

(a)

(b)

(c)

To be able to absorb light in the UV—-Vis region of the solar spectrum
(which is about 50% of the solar energy), and to use this energy to
generate charge transporters (electron—hole pairs).

To be able to separate the e—h" pairs, allowing the charge carriers to
participate in the half reactions. As above mentioned, it is well known
that photogenerated e~ and h* can recombine, reducing in this case
the hydrogen generation. It has been reported that, for any photocata-
lyst to achieve the commercial stage, it has to display an efficiency of
overall energy capture of about 15% in the visible region of the elec-
tromagnetic spectrum.

To be characterised by an electronic structure which makes the half-
reactions of interest thermodynamically feasible. Figure 2 shows the
importance of the position of the energy bands in the semiconductor
photocatalyst (e.g. TiO,). The position of the conduction band (CB, in
which the e are present) potential in the photocatalyst should be
lower than that of the H*/H, couple. In addition, the potential of the

E (eV) E (SHE)
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Figure 2: Positions of electronic bands of TiO, and energy levels of some redox couples.

The energy scale is reported referring either to the vacuum level or to the Standard
Hydrogen Electrode (SHE).

Data source: Ref. [111].
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VB in which the h* are present) has to be higher than that of the H,O/
O, couple (for the water splitting reaction) and the alcohols oxidation
(for the photoreforming process).

(d) To be characterised by surface active sites that makes possible the
occurrence of these reactions.

In this sense, since the discovery of hydrogen production via water
splitting by Fujishima and Honda over titanium dioxide (TiO,)," sig-
nificant research has been focusing on photoreforming with TiO,-based
materials, as TiO, exhibits a superior photocatalytic activity and is photo-
chemically stable in aqueous solution,''? together with its abundant avail-
ability, non-toxicity, low-cost and environmental friendly nature.''>'*
This is why, compared to any other photocatalyst, TiO, dominates in the
overall scientific literature (including patents), exceeding 80% of the
overall amount.'”® TiO, exists commonly in three phases: rutile, anatase
and brookite. Rutile is thermodynamically stable while anatase and
brookite are metastable. However, TiO, has a large band gap energy
(3.0 eV for rutile and 3.2 eV for anatase), which only allows the absorp-
tion of light in the UV range. In other words, it does not absorb visible
light. Hence, the photoconversion efficiency of TiO, is much lower than
the acceptable solar-to-hydrogen efficiency (10%) for benchmark appli-
cations.''* Moreover, even under the presence of a sacrificial agent such as
methanol, the photogenerated electrons and holes in TiO, may experi-
ence a rapid recombination, limiting the further photocatalytic efficiency
of the system towards the photoreforming process.'"” In this sense, it
seems that small improvements might be achieved by chemical, morpho-
logical and textural modifications of this material, which clearly has the
potential to significantly improve its performance in view of a higher
hydrogen production. Thus, different strategies have been adopted to
either enhance the efficiency of TiO, under UV irradiation to overcome
the quick recombination of photogenerated electrons and holes (modify-
ing the structure of the TiO, material, supporting metal/metal oxide
nanoparticles on the semiconductor surface), or to broaden the absorp-
tion capability of TiO, to the visible range (doping with metal/non-metal
ions, coupling the TiO, with low band gap semiconductors), as described
in the following sections:
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4.1 Modification of TiO, properties

As previously mentioned, TiO, exists in three phases: anatase, rutile and
brookite. Even though it has been reported that brookite nanocrystals
could have higher photocatalytic activities as compared to rutile and
anatase, it is rarely studied due to the difficulties in synthesising this
material. Then, rutile and anatase have been often used in the study of
hydrogen from photocatalytic water splitting. In spite of the lots of work
focusing on rutile, the anatase form is the most active polymorph for catalytic
and photocatalytic applications,'® mainly due to its higher surface area.
It could be attributed to the fact that rutile is usually formed by high tem-
perature calcination of the anatase phase.”

However, the photocatalytic activity of anatase is strongly limited by
the fast electron—hole recombination. One way to extend the lifetime of
the photogenerated charge carriers is by coupling different TiO, phases,
allowing the charge transfer between them, resulting in a more effective
charge separation. A well-known example is P25, which consists of a
mixed phase of anatase and rutile in a ratio around 80/20%. In the
anatase—rutile heterojuntions, upon UV irradiation, photogenerated
electrons from the anatase phase will be transferred to the rutile phase
due to its lower conduction band energy.'”® It results in a more efficient
separation of e~ and h*, and this may be the reason why P25 exhibit a
higher photocatalytic activity than both, anatase and rutile. Other theo-
ries have been given to the better performance of P25, but till date there
is not a conclusive explanation about it. In spite of this, most of the stud-
ies in the field of photoreforming have been carried out using P25 as a
photocatalyst.

Another way to improve the activity of TiO, photocatalysts is by play-
ing on its morphology. For instance, the morphology of nanoparticles has
a direct influence on the photoactivity by affecting important parameters
as: the specific surface area, the hydrophilic character and, more impor-
tantly, the availability of charge carrier by modifying the internal electric
field close to the surface.'?® Working at the (nano) material level for the
development of more efficient TiO, photocatalysts is of importance to
improve the efficiency of photocatlytic reactions and for targeting viable
processes. Among them, there has been a significant effort to elaborate
1D and 2D TiO,-based nanostructures.
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In this sense, we can find in literature several works about the
application of 1D TiO, nanotubes,"**"** 1D TiO, nanorods'* or 2D TiO,
nanosheets'?* to the photoreforming of methanol in batch liquid phase
reactors. The aim of these new structures with enhanced charge conduc-
tivity is to transfer the photogenerated carriers through a shorter and
faster route due to the 1D or 2D structure. For instance in TiO, nanotubes,
the charge carriers easily move along the longitudinal direction of the
tubular nanostructure, which is favourable to improve the separation abil-
ity of photoinduced electron/hole pairs. The results obtained show that
this unique morphology plays a very important role in prolonging the
lifetime of the charge carrier, which in the end leads to a higher hydrogen
production.

4.2 Supporting metallic/metal oxide nanoparticles
on the titania surface to promote electron and hole
transfer reactions at the TiO,/substrate interface

One of the most extended ways to prolong the lifetime of the photogen-
erated charge carriers (e” and h*) is by doping the TiO, semiconductor
with a metal. The metal acts as an electron sink, reducing the charge car-
riers recombination, and thereby prolonging the e—h* pair lifetime. It can
be attributed to the creation of a Schottky barrier due to the interaction
between the metal and the TiO, semiconductor. It allows the electrons
from the conduction band in TiO, to be injected into the Fermi level of the
metals, which in turn improves the reaction chemistry.'”

With regard to the methanol photoreforming, different systems con-
sisting of noble and non-noble metals have been used to enhance the final
hydrogen production. Most of these studies have been carried out in a
batch reactor, in the liquid phase and at room temperature. The role of
noble metals such as Pt, Pd and Au has been demonstrated to be very
similar. Precious metals generally have more stable metallic states, resisting
oxidation. It has been proposed that this property is what makes them use-
ful as active co-catalysts for TiO, in methanol photoreforming.

For instance, supporting Pt nanoparticles on TiO, has been demon-
strated to be one of the most efficient methods to enhance the hydrogen
production in this reaction under UV irradiation."'*'?*"° The e—h* pairs
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generated in the TiO, particles upon irradiation migrate to their surfaces
(Eq. (1.18)). According to literature, based on the products detected, it is
generally accepted that methanol is photo-oxidised to CO, on the pho-
togenerated h', via the formation of stable reaction intermediates, such as
formaldehyde and formic acid, by means of reactions as described by
Egs. (1.19)—(1.22)"*;

TiO, + hv — TiO, (e, h"), (1.18)
CH,OH + hv — CH,O + H,, (1.19)
CH,0 + HO — CH,(OH),, (1.20)

H,(OH), + hv — HCOOH + H,, (1.21)
HCOOH + hv — CO, + H,. (1.22)

On the other hand, the photogenerated e~ will be injected to the Pt
nanoparticles, followed by the reduction of a H* from water and/or from
methanol to produce molecular H, (Eq. (1.23)).

2H' +2e” — H,. (1.23)

Moreover, important parameters have been studied such as the metal
loading and the calcination temperature.''*'?” Both of them affect the mor-
phological properties of the catalyst. Usually with the increase of Pt loading,
the hydrogen production rate gradually increases. It could be attributed to
the role of Pt as electron traps, reducing the further recombination of pho-
togenerated electrons and holes. As the Pt loading increases, the amount of
e traps increases too, enhancing the overall photocatalytic activity towards
the hydrogen production. However, optimum Pt loadings around 1% have
been found in literature. Above this loading, the TiO, surface may be covered
by excessive Pt particles, decreasing the access of the UV light to the TiO,
surface.””! In addition, for high Pt loadings the Pt particles may act as recom-
bination centres for e and h*, resulting in the decrease of the photocatalytic
activity.””” On the other hand, the influence of the calcination temperature
could be related with the Pt particle size and with the optimum anatase/rutile
ratio, as observed by Wei et al.'**
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Together with Pt, Au has been thoroughly studied for the
photoreforming of methanol.”*"***%¥ Most of this studies have been car-
ried out upon irradiation of UV light to allow the excitation of the
TiO,'?"131%1% and under similar conditions than the studies above men-
tioned for Pt. Under these conditions, the promotional effect of Au could
be attributed to the formation of a Schottky barrier at the metal/TiO,
interface. It decreases the recombination of the photogenerated charge
carriers, increasing therefore the overall H, evolution. However, it has been
reported elsewhere that Au/TiO, catalysts also present high visible light
photocatalytic activity in the photoreforming of methanol.”**"*” It is due to
the broad absorption originating from the surface plasmon band of
AuNPs expanding from 400 nm to 700 nm. In this case, Au may play
simultaneously several roles including light absorption and photosensiti-
zation of TiO,. The Au surface plasmon band absorption maximum
appears at 560 nm. The reaction mechanism for alcohols photoreforming
over Au/TiO, photocatalyst'”” could be understood as follows: the light
absorption in Au nanoparticles leads to its excitation, followed by the e
injection to the TiO, conduction band, where the H,0 reduction takes
place, and hence the H, evolution. Then, the oxidation of methanol takes
place in the photogenerated holes on the Au surface.

On the other hand, the addition of oxidised metals to the TiO, support
has also been studied. This is the case of Pd,'* Ni'?>"%14l and Cu.!'"'*> The
higher photocatalytic effect found for these materials compared to the plain
TiO, could be attributed, again, to a lower recombination of the photogen-
erated electrons and holes. As previously explained, at the metal/TiO, inter-
faces, UV irradiation induces Fermilevel equilibration via charge distribution
creating a Schottky barrier between the TiO, and the metal interface. That
is why the electrons migrate to the metal surface. However, in metal oxide/
TiO, interfaces, this is not the case. The case of copper modified TiO, cata-
lysts is one of the most studied in this matter for the photoreforming of
methanol.!'h1221251421%3 Tt has been reported that, under UV irradiation con-
ditions, CuO/TiO, catalysts show an enhanced photocatalytic activity in
comparison with TiO,. It could be attributed to the migration of the e from
the conduction band of TiO, to the metal oxides, followed by its further
reduction, lowering this way the recombination of electrons and holes in
the semiconductor surface. Moreover, it has been found'* that the presence
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of Cu’" decrease the photocatalytic activity in comparison with the Cu’. In
other words, the Cu*/Cu component is responsible for photocatalytic H,
generation, whereas the Cu®" may hamper activity as it could compete with
the protons for the photogenerated electrons.

On the other hand, some studies carried out by Prof. Bowker’s research
group proposed a different theory regarding the role of the metal in the
photoreforming process.”>'*'* The methanol photoreforming over Pd/
TiO, catalysts could be summarised in the following reaction scheme (Egs.
(1.24)—(1.27)):

CH,OH + Pd_ — CO_, + 2H,, (1.24)
TiO, + hv —» Ti** + O~ + O*, (1.25)
CO,+0 —CO,+Pd +V_, (1.26)

V;+ T+ O+ H O - TiO, + H,. (1.27)

According to this, the main dehydrogenation reactions take place on
the metal and, in the absence of UV light, the reaction would stop at this
point, with the metal sites blocked by reaction intermediates, such as CO
(Eq. (1.24)). It is well known that CO strongly chemisorbs on precious
metals at low temperatures. On the other hand, the UV irradiation of the
catalyst leads to the production of highly activated oxygen species on the
TiO, by band-gap excitation (Eq. (1.25)). These species attacks the CO and
oxidise it to CO, (Eq. (1.26)), enabling another methanol molecule to
adsorb and produce more H,, restarting the cycle. They propose that this
mechanism could apply for metals such as Pd, Pt, Ru, Rh, etc. However,
they have demonstrated that the mechanism in the case of Au/TiO, is dif-
ferent than that for Pd/TiO,. CO is bound much more weakly to the Au
surface due to the low energy of d orbitals in Au. Thus, the blocking sur-
face intermediate from methanol is probably different than that with Pd.
The candidate species could be methoxy or formate, which further oxidise
to CO, with the photogenerated oxygen species.

Then, it seems that the former theory considers that the enhancement
in the hydrogen production over the metal/TiO, catalyst is due to the elec-
tronic modification that the metal causes in the whole system. However,
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the latter theory attributes this enhancement to the catalytic role of the
metal itself. Up to date it is not clear which one of them takes place in a
higher extent, but probably the overall increase in the hydrogen produc-
tion is due to the combination of both, the electronic and the catalytic
effect of the metal supported over the TiO, semiconductor.

4.3 Extending the absorption wavelength of TiO,
to the visible range

The relatively large band gap of TiO, results in the absorption of the UV
part of the solar spectrum. However, the solar energy only contains about
4-5% UV light. Therefore, the utility of TiO, might be dramatically
improved by shifting the onset absorbance towards the visible region.

One of the alternatives in literature is to modify the electronic struc-
ture of TiO,, while maintaining its excellent photocatalytic properties. In
this sense, ever since Sato first discovered visible light response of anion
doped TiO,,'" various metal ion doped TiO, have been reported by many
researchers, but there is only limited success due to photo corrosion.'
Moreover, the photogenerated electrons and holes are easily recombined
in a very short time due to the smaller band gap of the ion-modified TiO,,
which could decrease the activity of the photocatalyst.”! In recent years,
various anion doped TiO, materials such as N-TiO,,"”**"* S-TiO,">>"*
P—TiOz,158 B—Ti02,159 have been prepared by different methods. However,
the substitutional doping of nitrogen have been found to be the most
effective, decreasing the band gap by mixing of nitrogen 2p states with
oxygen 2p states on the top of the VB.

For instance, the photoreforming of methanol has also been studied
for N-TiO, catalysts in liquid phase and batch conditions.”*">* As
expected, an important red shifting of the absorbance peak is observed for
these catalysts in comparison with the TiO, catalysts. This could be attrib-
uted by the fact that when N2p and O2p state of TiO, mixed, they may
form a localised state just above the balance band of TiO,. It narrows the
band gap, making possible the H, production in the visible range of the
spectra (1 > 400 nm). Since the band gap is smaller due to the doping of
nitrogen, the presence of metals such as Pt"**'3"!> have been proposed to
decrease the e” and h* recombination, as explained in the previous section.
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On the other hand, one of the most promising methods to extend the
light-absorbing property of TiO, is to couple TiO, with narrow band-gap
semiconductors. This way, the second semiconductor acts as a sensitizer of
TiO,. Hence, under visible light irradiation, only the sensitizer is excited,
and the electrons generated to their conduction band are injected into the
inactivated TiO, conduction band (since TiO, only activates under UV
irradiation). On the other hand, if the VB of the sensitizer is more cathodic
than the VB of TiO,, the holes generated in the narrow band-gap semicon-
ductor cannot migrate to the TiO,. It leads to an efficient charge carrier
separation. The charge transfer between the two semiconductors happens
in the heterojunctions between the two of them.'®

Previously, we highlighted the high photocatalytic activity of TiO,
doped with metal oxides as a co-catalyst under UV irradiation conditions.
The enhancement observed in the catalytic activity was attributed to the
more efficient separation of e~ and h* due to the role of the metal oxide as
electron trap. However, it has also been reported in literature that low band
gap metal oxides perform as p-type semiconductors. This is the case, for
instance, of copper oxides. Cu,O is one of the few p-type semiconductors
which are inexpensive, non-toxic and readily available. It has been reported
in literature that Cu,0O (with a band-gap of 2.1 eV) combined with TiO,
could be activated under irradiation in the visible range for the photore-
forming process. Then, by visible light absorption in the copper oxide, the
photogenerated electrons migrate from the conduction band of Cu,O to
the conduction band of TiO,, while the holes stay at the conduction band
of CuO. It favours the separation of the photogenerated e~ and h*.
Promising results have been found with this system for the photore-
forming of methanol, ethanol and glycerol as hole scavengers,'*'"'* obtain-
ing high and stable hydrogen rates under the irradiation of visible light.

4.4 Summary

New approaches for the photoreforming of methanol (as a representative
of the biomass-derived alcohols) have been reviewed in this section. We
can summarise that the photoreforming of alcohols seems to be a suitable
process with high potential for the production of hydrogen, with low
energy requirements (it is usually carried out at room temperature), by the
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use of renewable solar energy. Among the different materials available for
this process, TiO, is the most widely used photocatalyst for the photore-
forming of alcohols. It is due to its superior photocatalytic activity and
stability, together with its abundant availability, non-toxicity, low-cost and
environmentally friendly nature.

Most research in the photoreforming field deals with the improve-
ment of the TiO, catalysts in view of its further practical application. In
this sense, the main areas of study are the following:

e The enhancement of the half-reactions by reducing the recombination
of photogenerated electrons and holes. It involves modifying the struc-
ture of the TiO, material and supporting metal/metal oxide nanoparti-
cles on the semiconductor surface.

e The extending of the absorption capability of TiO, into the visible
range by doping with metal/non-metal ions, or by coupling the TiO,
with low band-gap semiconductors.

5 Reforming in the UK Catalysis Hub at Harwell

This chapter provides an overview of some of the important challenges of
current reforming technology and summarises the state-of-the-art of
three new approaches for reforming: catalytic reforming of biomass-
derived alcohols and polyols, CLR and photocatalytic reforming.

The UK Catalysis Hub at Harwell is strongly involved in the develop-
ment of these three approaches to a sustainable reforming technology.
Based at the Research Complex at Harwell (RCaH), the UK Catalysis Hub
is uniquely placed to benefit from the state-of-the-art facilities on site
(Diamond Light Source, Central Laser Facility and ISIS).

The catalytic reforming of biomass-derived alcohols and polyols to
hydrogen, with particular focus on glycerol, is led by Prof. Richard
Catlow and colleagues under the theme “Catalysis by design”. The project
involves the synthesis, characterization and catalytic testing of a range of
materials for APR of glycerol (or similar polyol) to hydrogen. The overall
theme is to develop novel and highly active/selective catalysts that will
drive the reaction towards low-cost hydrogen production, while minimis-
ing undesirable by-products such as methane and carbon monoxide.
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In doing so, the research focuses on conducting mechanistic investiga-
tions with the use of advanced spectroscopic techniques available on site
in order to develop structure—activity relationships. The group is also
involved in the development of in situ methodologies for combined
catalysis and XAFS studies to understand the catalyst materials under
realistic reaction conditions. Molecular level understanding of the cata-
lysts is essential for the design of new and improved materials. Currently,
the materials of particular interest for this project include alumina sup-
ported platinum group metals and surface modified supported metal
nanoparticles.

The second and third approaches to reforming, chemical looping
technology and photocatalysis, are carried out within the program
“Catalysis for energy”, led by Prof. Chris Hardacre.

One of the key research challenges for the UK Catalysis Hub is to dem-
onstrate the viability of the CLR process as it has only been demonstrated
at a conceptual level. Two different CLR approaches such as CL-SRM and
CL-DRM are currently investigated in order to produce of syngas with a
H,/CO ratio equal to 2:1 and separate production of syngas and hydrogen
or carbon monoxide streams, respectively. Among different oxygen carri-
ers reported in the literature, CeO,-based oxygen carriers seem to have a
great potential for CLR processes, owing the redox properties and oxygen
storage capacity of the CeO,. Four different Ce, Met O, -based oxygen
carriers series (Met = Fe, Zr, Tb and Pr) with a metal content range from
20 wt.% to 100 wt.% have been studied during the CL-DRM process. In
order to have an overall picture of the physico-chemical properties of
these materials, a multi-technique characterization approach was carried
out. Preliminary results show that Fe O,/CeO,-based materials are the
most active during the CL-DRM process. Moreover, by controlling the
Fe,0,/CeO, ratio, the activity of the oxygen carrier material can be
adjusted so as to substantially favour oxidation of methane to syngas and
discourage both the total oxidation of methane and carbon deposition via
DM reactions. Furthermore, controlling the oxidation state of the oxygen
carrier was used to influence product selectivity. Such use of an oxidation
state operating window could potentially be used to improve future
chemical looping processes. In the near future, autothermal CL-DRM and
CL-SRM using air during the oxidation step will be investigated as a novel
energy input to the process.
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With regards to the photocatalysis technology, the Catalysis Hub is
working in different approaches. To this date, most of the studies carried
out in this field have been performed in liquid phase and in batch reac-
tors. However, in view of its further practical application, this technology
could be improved by the development of continuous flow configura-
tions. Moreover, working at higher temperatures in the gas phase under
the concept of photocatalytic reforming would be desirable to enhance
the kinetics of the general process towards the hydrogen production.
Hence, one of the areas of study in this field is the development of novel
configurations to study the photoreforming of biomass-derived alcohols
in gas phase continuous flow reactors, and at higher temperatures.

On the other hand, as previously mentioned, most studies in photore-
forming use biomass derived alcohols (such as methanol, ethanol or glyc-
erol) and some sugars as sacrificial donors. However, even though
lingo-cellulosic biomass is the most abundant type of biomass on the
earth, the photoreforming of lingo-cellulosic materials has been rarely
studied in the literature. Thus, the project also focuses on a new area of
study with respect to photoreforming of cellulose, one of the main poly-
mers present in lingo-cellulosic biomass.
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Large scale research facilities such as the Diamond Light Source and ISIS
neutron source exist to offer access to techniques that are impractical in
other settings. The time available is restricted and it is therefore impera-
tive that experiments are well planned and executed. This work aims to
help by discussing the techniques and equipment available for in situ and
operando measurements with X-ray and neutron probes to encourage
greater use of these facilities. The benefits of each technique for in situ
measurement will be briefly discussed and the constraints they demand
on reactor design will be mentioned in detail. Examples illustrating
existing cell design and their use to elucidate catalytic reactions will be
explored with reference to the literature. A description of progress in
linking X-ray and neutron probes with secondary techniques will be
included and trends and future directions will be identified.
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1 Introduction

Before providing a detailed discussion of the techniques available at syn-
chrotron X-ray and neutron sources used to perform in situ and operando
measurements, it is useful to first define these terms. An in sifu experiment
usually refers to the characterisation of a catalyst under working condi-
tions. This is in contrast to ex situ characterisations which are performed
on the catalyst before or after reaction. An operando experiment in addi-
tion to being in situ, also simultaneously measures the catalytic activity
and selectivity, usually by analysis of the outlet of the reactor by GC or
mass spectrometry.' In this way, the operando experiment is performed at
conditions where the catalyst is truly “at work”.

2 Neutrons
2.1 Introduction

Sir James Chadwick discovered the neutron in 1932, and received the
Nobel Prize three years later. Fifty nine years after this, the value of neu-
tron scattering as an analytical tool was recognised with a second Nobel
Prize awarded jointly to B. N. Brockhouse and C. G. Shull for their devel-
opment of neutron scattering for spectroscopy and diffraction, respec-
tively. Key properties of the neutron are a rest mass similar to the proton,
no electrical charge and quantum spin of 1/2. A neutron in equilibrium
with its surroundings at 293 K has a de Broglie wavelength of approxi-
mately 1.8 A and an energy of 204 cm™'. These values are well suited for
the measurement of materials, and neutrons are in many cases an ideal
probe, although they interact relatively weakly with matter. Adoption of
neutron techniques is unfortunately inhibited by the challenges in gener-
ating sufficient flux for the sensitivity of available detectors. Furthermore,
there are no energy sensitive detection methods, which leads to loss of flux
in experiments that demand a monoenergetic beam. Practical neutron
sources for scientific investigations are therefore restricted to large facili-
ties, either based around a nuclear reactor or particle accelerator. Even
with such relatively high flux sources, experimental measurements often
take a number of days.
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2.2 Neutron sources

Neutrons are generated at reactor sources by fission of #*U. A large amount
of energy is also released, and cooling is a key consideration. Most research
reactors are therefore sited at the bottom of a pool of heavy water (D,0).
The water acts both to cool the reactor and as a moderator to slow the neu-
trons to useful energies through multiple inelastic collisions. Neutrons reach
approximate thermal equilibrium in the pool, with a Maxwellian distribu-
tion around 300 K. To obtain different neutron energies, smaller specialised
moderators may be installed in the pool to thermalise neutrons with differ-
ent energy distributions. A typical low energy moderator (cold source)
would be a volume of liquid deuterium at 25 K, and a high energy (hot
source) could be a block of graphite heated to around 2400 K by the reactor.

Spallation sources, as shown in Figure 1, use particle accelerators to
generate a high energy proton beam that bombards a heavy metal target.
This excites the metal nucleus, which then decays by evaporating nucleons,
primarily neutrons. These may either leave the target or trigger further
reactions within it. For each proton impacting the target, approximately 15
neutrons are produced. Spallation sources generally produce an intense,
pulsed beam of neutrons. The exception to this is the SINQ source at the
Paul Scherrer Institute in Switzerland, which operates in a continuous
mode, and generates a neutron beam similar in character to a reactor
source. Spallation sources generate much less waste heat than a reactor
source, which relaxes the need for cooling. The high energy neutrons pro-
duced are under-moderated in small moderators which means that they do
not achieve thermal equilibrium. These neutrons are known as epithermal
or non-Maxwellian neutrons and spallation sources therefore provide a
greater proportion of high energy neutrons. The neutron pulse is consider-
ably more intense than that obtained from a reactor, although the time-
averaged flux is lower. However, as all neutron energies are generated in a
narrow time window, time of flight measurements can be easily exploited.

2.3 Neutron interactions with matter

When a neutron encounters an atom, it may be absorbed, scattered or
simply not interact. Since neutrons are uncharged, they do not interact
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Figure 1: Layout of ISIS spallation source showing particle accelerator, both target sta-
tions and instruments. The synchrotron generates a 50 Hz pulsed proton beam with 1 in 5
pulses extracted to target station 2. (Credit: STFC)

strongly with the electron cloud that occupies the majority of the atomic
volume. Their penetrating nature thus has advantages in designing sample
holders that are compatible with extreme conditions. For many systems, it
is desirable to measure inside a metal container without the need for
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windows and this is trivially easy for neutron techniques. Weak interaction
with the sample may also be a disadvantage and large sample volumes are
often necessary. Neutron measurement is therefore inherently a bulk tech-
nique, and this can be viewed as an advantage or not, depending on the
desired information.

The likelihood of an interaction between sample and neutron depends
on the atom involved. The strength of scattering can be represented in a
similar way to the Beer-Lambert law in optical spectroscopy, as J, = J,
exp(—dsCo) where ], and ]f are the initial and final neutron flux, d_ is the
sample thickness, C is concentration of the scattering atom and o is the
strength of scattering. The scattering strength of an atom has units of area,
and is known as the cross section. As neutrons interact weakly, cross
sections are small and are conventionally presented in barn (b), where
1 b =10 m? There is no adequate theory that allows calculation of cross
sections, and these have to be obtained experimentally. The likelihood of
an atom absorbing a neutron is determined by its absorption cross section,
which varies with neutron energy and will not be considered here, besides
acknowledging it is of importance in instrumental design (particularly
shielding) and can lead to induced radioactivity in samples.

Scattering from a sample can be either coherent or incoherent.
Coherent scattering can be thought of as scattering from multiple nuclei
in a coordinated fashion. The scattered neutron waves interfere construc-
tively with each other to provide a strong angular dependence. Incoherent
scattering occurs independently from individual nuclei and no interfer-
ence results. Scattering can also be associated with a change in (kinetic)
energy. Coherent elastic scattering forms the basis of neutron diffraction;
incoherent elastic scattering occurs in all directions equally and generally
appears as background. Coherent inelastic scattering gives information
about collective external modes such as phonons and magnons, and inco-
herent inelastic scattering probes the local environment, providing infor-
mation about internal vibrational modes and diffusive motion. It should
be noted that different isotopes of the same element display different scat-
tering cross sections, and this may be manipulated to great benefit. For
example, while ("H) has an incoherent cross section of over 80 b, deute-
rium (*H) has an incoherent cross section of 2.05 b. This variance of scat-
tering strength is of key importance in both diffraction and spectroscopy
with neutrons and will be further discussed in later sections.
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When a neutron is scattered, its momentum, direction and/or energy
will change. To fully quantify the event, the energy exchange and scattering
angle must be known. Readers are directed elsewhere for a rigorous treat-
ment of neutron scattering but reference to the relevant quantities is made
here to improve understanding of the literature. Q refers to the scattering
vector, (momentum change) and the change in kinetic energy is referred
to as either w, or AE. Scattering intensity (S) must be recorded as a func-
tion of these two properties, and is rigorously represented as S(Q, w) or
S(Q, E). For diffraction measurements, S(Q) is often reported, with w =0
inferred.

Despite the cost and inconvenience of using central facilities, neutron
scattering is highly complementary to other techniques, and can be used
to reinforce or validate other measurements. For difficult samples, neu-
trons may be the only capable probe, and their unique properties make
neutron scattering a powerful device in the researcher’s toolkit.

2.3.1 Inelastic scattering

Inelastic Neutron Scattering (INS) investigates the transfer of energy
between a neutron and sample, and provides similar data to infrared and
Raman spectra regarding vibrational energy levels, both internal and
external modes. All vibrational modes are INS active in theory, and could
be observed given sufficient neutron flux. However, hydrogen has a
uniquely high incoherent scattering cross section, and a useful assumption
in INS is that in a hydrogenous material, only vibrational modes involving
hydrogen motions are visible. It should be remembered that this refers to
'H, and deuteration can be profitably exploited to “switch oft” selected
vibrational modes. Infrared and Raman spectroscopy interact with the
electron density in materials and are generally more sensitive to heavier
elements. Neutrons interact solely with atomic nuclei and are sensitive to
isotopic substitution. Where hydrogenous molecules are interacting with
materials that have intense interfering optical absorbance or fluorescence,
INS may be the only way to obtain vibrational information. Vibrational
modes which are inactive in IR and Raman can be seen with INS, and
overtones and combination bands may appear intense compared to con-
ventional measurement.
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Although INS is generally compared to infrared and Raman spectros-
copies, the measurable energy transfer range using neutrons lies across a
broader range. Techniques at the extremes are generally referred to using
other names, but are still concerned with inelastic scattering events. At low
energies, Quasi-Elastic Neutron Scattering (QENS) can be used to investi-
gate translation and rotation in an energy range similar to far-IR and
microwave spectroscopy (0-400cm™). Neutron Compton Scattering
(NCS) also known as Deep Inelastic Neutron Scattering (DINS) extends
the range above INS to energies comparable with UV-Vis and soft X-rays.

Obtaining synthetic infrared and Raman spectra from computational
models is made difficult due to the complex coupling between the electro-
magnetic wave and electron configuration of the material. This complica-
tion is not present with INS, and mode intensities are directly related to
the displacement of the atoms and their scattering cross sections.
Consequently data obtained by INS is currently the best test of computa-
tional models available.

2.3.2 Quasi-elastic scattering

QENS concerns small energy changes that correspond to low energy
motions. In spectroscopic measurements, the strongest band will appear
around zero energy transfer. For a perfectly elastic collision in an ideal
instrument, no energy transfer would occur, and the spectrometer would
measure an infinitely narrow line at this point. For a real system, the
band is broadened by the resolution of the spectrometer and other
experimental imperfections. Where there is energy transfer to and from
within a range close to zero, this band will appear broadened further, and
its shape will be affected. For analysis of a system where there is motion
of a hydrogen-containing species, the experimental data can be fitted to
a delta function convoluted with a number of Lorentzian functions. The
Lorentzian peaks show a broadening that varies with momentum trans-
fer (Q) for each motion. With free diffusion in a liquid for example, the
peak width is proportional to . Various models exist to fit other cir-
cumstances that will not be expanded upon here. In a catalytic context,
this has been generally applied to measuring diffusion in zeolites and
similar materials.
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2.3.3 Elastic scattering

Crystallography using neutrons is largely analogous to that done with
X-rays. However, the interaction between the probe and the sample is dif-
ferent in two major aspects. Firstly, X-ray photons scatter from electron
density, where neutrons predominantly scatter from nuclei. This is because
neutrons have no charge and therefore do not interact electrostatically.
A major consequence of this is that X-ray scattering increases with atomic
number, whereas neutron scattering does not. The coherent neutron scat-
tering cross section varies across elements in a complex manner, and there
can be dramatic differences between isotopes of the same element.
Neutron diffraction can therefore be very useful in differentiating struc-
tures where two elements close in atomic number are present in a sample,
or in identifying the positions of light atoms where the X-ray scattering
pattern is dominated by heavy atoms. Neutrons also have spin and interact
with magnetic moments, including those caused by the electron cloud
around an atom. Neutrons are therefore a powerful tool in the characteri-
sation of magnetic materials, although this is of limited utility in the field
of catalysis. Although diffraction is widely appreciated for the analysis of
structure in materials with long-range order, it is also possible to obtain
information from disordered materials. Through manipulation of the col-
lected diffraction pattern, it is possible to obtain a Pair Distribution
Function (PDF) which describes the probability of encountering another
scattering centre as a function of distance from an original scatterer. In a
chemical system, this can be related to bond lengths and angles, although
complex systems can rapidly become intractable without an a priori
model.

2.4 Practical considerations
2.4.1 Sample Geometry, Size and Presentation

Three major geometries are used in scattering measurements; their selection
is dependent on the nature of the sample and instrument. As measurements
are limited by the neutron flux, a sample that has a profile that matches that
of the beam will encounter the greatest number of neutrons. To ensure that
the measurement made corresponds to the desired interaction between
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neutron and sample, the possibility of multiple scattering must be reduced.
If large quantity of a strong scatterer is placed in the beam, then the proba-
bility of multiple scattering events increases, which is detrimental to the
measurement. The commonly accepted rule is therefore that the ideal sam-
ple will scatter 10% of the incident neutrons, with 90% transmission.

Flat plate (slab) cells hold the sample between two parallel windows
and have the benefit of simple manufacture. These are the preferred
geometry where neutrons are primarily detected at angles close to that of
beam transmission. It allows the beam to be filled and the sample depth
can be varied to the requirements of the sample easily. It is possible to
decrease multiple scattering, which leads to noise in the data, to its opti-
mum value in the direction of interest. If it is required to collect data
angles close to perpendicular to the beam, then the edges of a flat-plate
“shadow” the detectors as the sample is much thicker in this direction and
additional scattering will occur. For these measurements, cylindrical or
annular (hollow cylinder) geometries are preferred. A cylindrical sample
geometry eliminates the edge effects caused by a slab, but a sample’s
thickness is then defined by its volume. Where this is an issue, cylindrical
inserts of different diameter can create annuli of controlled sample thick-
ness to efficiently use the full neutron beam flux. The amount of sample
required for a measurement depends on its cross section. For inelastic
scattering measurements, this can be approximated to the amount of
hydrogen, and a reasonable quality spectrum can be routinely obtained
with 1% of a mole of hydrogen, or 6 x 10*' H atoms on the TOSCA spec-
trometer at ISIS, although 10 times this amount is preferable. More sensi-
tive instruments are available. For diffraction, non-hydrogenous powder
samples would typically be around 1 g. A few grams are needed for QENS
where the mobile species does not contain hydrogen, and less than a gram
when it does.

2.4.2 Sample environment

To avoid loss of neutrons through undesired scattering with air, neutrons
are transmitted to the sample position in evacuated tubes and beam
guides. Control of the environment may be as simple as sealing the
sample inside a container to prevent evaporation, but many complex
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Figure 2: Selection of gas handling cells suitable for catalysis in flat plate and circular/annu-
lar geometry. To provide a sense of scale, the gas tubing on all cells is ¥4” O.D. (Credit: STFC)

environments are available to effect measurable variation in systems
under study. Control of temperature from mK to kK and pressure from
mbar to kbar is routine at neutron sources. Sample cans can be manufac-
tured from many desirable engineering materials, see Figure 2. Simple
cells are generally aluminium or vanadium due to their low cross sec-
tions. Vanadium is an almost completely incoherent scatterer and as such
is vastly preferred for diffraction studies. As scattering lengths can be
both negative and positive, it is possible to generate “null scattering
alloys” which have a mathematically zero average scattering length. The
most common is a 2.08 Ti/l1 Zr mix, (pronounced tizer) which is
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mechanically robust, although incompatible with hydrogen. Quartz and
stainless steel are also commonly used, although some grades of the latter
may also suffer from hydrogen embrittlement. In this case, high perfor-
mance alloys such as Inconel may be an acceptable alternative.

Sealing of sample containers must be compatible with the conditions
of the experiment, both in terms of pressure and temperature. Seals may
be broadly classified into three groups: gasket seals, coned metal seals and
unsupported area seals. Gasket seals use an easily deformed material com-
pressed between sealing faces that fills irregularities in the mating surfaces.
Indium wire, and polymer o-rings are commonly used examples. CF
flanges, originally developed for UHV applications, have also been used.
These feature a machined knife edge to cut into a copper or aluminium
gasket, and are the seal of choice for applications involving cycling between
cryogenic and elevated temperatures.

Coned metal seals compress well-machined mating faces together
using threaded fittings. The compressive forces deform the two cones into
compliance with each other. For extreme pressures, they are limited to
relatively narrow bores, but this sealing method is readily available up to
2” diameter for moderate pressures in the form of commercially available
Swagelok®-type fittings. These seals are compatible with a broad tempera-
ture range, although may gradually become unreliable after repeated mat-
ing and uncoupling.

Unsupported area seals use a close-fitting piston inside a highly pol-
ished bore, see Figure 3. Under high pressure, this deforms to seal in the
tube. This may take the form of a hard primary seal sandwiched between
two softer seals that may be mechanically compressed to form an initial
seal and often known as a Bridgman seal. This initial soft seal allows pres-
surisation to the point at which the harder primary seal deforms to match
the cylinder bore and forms the sealing plug. These seals are theoretically
limited only by the strength of the materials used.

Arrangements suitable for diffraction measurements on materials
under static pressure are well established, and can reach extreme pressures
beyond those used in industrial catalytic reactions.” Fluid cells have been
described that are suitable for PDF measurement in supercritical CO,,’
and in situ reaction measurement of hydrothermal synthesis has been
described under conditions suitable for zeolite synthesis.* Apparatus
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Figure 3:  Selection of high pressure cells with unsupported area seals. (Credit: STFC)

suitable for handling of aggressive materials has also been described.® Gas
flow reactors are also reported in the literature, with a quartz high
temperature cell reported by Haynes et al. that can reach 1300 K.°® The use
of quartz limits the application of pressure, but flow through cells have
been reported that allow measurement at both elevated temperature and
pressure. A cell described by Turner et al. in 1999 incorporated custom
valves to withstand temperatures up to 1273 K.” A more recent paper by
Kandemir et al.® describes methanol synthesis over Cu/ZnO/Al,O, meas-
ured at the Echidna beamline’ at ANSTO in Australia, with a reactor
designed for in situ use where the valves are outside the hot zone of the
apparatus.

Detailed reports of systems for use with inelastic scattering are less
common. Simple flow through cells described by Nicol,"* are commonly
used and take the form of a tube with valves at either end. This design was
developed to provide a flat plate geometry and described by Silverwood
et al."" Successful operation of this apparatus investigating catalysts for
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methane reforming,'»" Fischer—Tropsch'* and beyond'>'¢ led to further
refinements'” and is now routinely used for catalysis experiments at ISIS
in the UK.

2.5 In situ and operando diffraction for structural
characterisation

Single crystal neutron diffraction demands a large crystal ~1 mm’ to
obtain reasonable data. Its application to in situ catalysis is necessarily
limited to situations where macroscopic crystals may be obtained and
would not readily be applied to many catalytic situations. Although both
zeolites' and Metal Organic Frameworks (MOFs)?* have been character-
ised with neutrons as single crystals, there does not appear to have been
any attempts to study these materials in situ. The structure of homogene-
ous catalysts have also been solved through single crystal neutron diffrac-
tion ex situ,”' but the greatest concentration of relevant publications is in
the bio-transformations field. For enzymes that involve hydrogen transfer,
neutron diffraction is the most powerful tool to locate active hydrogen
atoms.”? Drugs that affect the catalytic reactions of enzymes are well stud-
ied® as are more general enzyme reactions.* These studies investigate the
nature of the binding site through analysis of co-crystals, which are grown
with a substrate interacting with the protein to provide details of the fit
between “lock” and “key”.

Where single crystals cannot be obtained or are not relevant for the
desired study, powder diffraction is preferred. A recent review by Hansen
and Kohlmann? describes Powder Neutron Diffraction (PND) for in situ
and operando methods. Although this review has broader scope than just
the field of catalysis, it demonstrates the capabilities of the technique and
may act as inspiration for catalytic measurements. As in situ PND is such
a well-established method, a thorough review of the literature is beyond
the scope of this article and so only a few examples will be discussed.

Adsorption of small molecules in zeolites,*** zeotypes** and MOFs***!
have all been described and the measurement exploits the atomic contrast
provided by neutrons, particularly in the case of hydrogen.*** X-ray scat-
tering would be dominated by the heavier metal atoms making structural
assignment difficult. In many cases, combining crystallographic data
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obtained with both X-rays and neutrons is beneficial.*>** The greater
relative strength of neutron scattering from oxygen in metal oxides makes
PND a good probe of these materials compared to XRD, and may be used
to gain additional inisght.** As such oxides are common supports in het-
erogeneous catalysis and are often catalytic in their own right, much work
has been done. The oxygen storage properties of ceria are important in
automotive three-way catalysts, and tuning oxygen storage capacity (OSC)
through the use of mixed oxides is of great interest. Neutron diffraction
has been used to quantify reduction of Ce** to Ce’* and identify the defects
in the reduced material.*>** Materials with mobile oxygen that may find
application in solid oxide fuel cells have also been characterised.” The
transformations involved in the formation of an active catalyst have not
been overlooked. Calcination,” reduction® and even de-alloying for the
formation of Raney-type catalysts*® have been studied by neutron diffrac-
tion. For operando catalyst measurement with industrially relevant condi-
tions, the Haber—Bosch*' process and methanol synthesis*> have both been
successfully investigated with PND by Kandemir et al. It was suggested that
effective methanol synthesis can be correlated with crystal defects caused
by a strong interaction between catalyst components, and that iron nitrides
are not involved in ammonia production.

Although diffraction is most commonly understood in terms of long-
range crystallographic order, short-range order will also lead to a diffrac-
tion pattern and can be used to gain information from disordered systems.
Where the incident radiation has a wavelength that is similar to intera-
tomic distances, it is possible to extract information about bond lengths
within a molecule, but also about how larger ensembles are arranged (i.e.
interatomic distances at longer range in amorphous solids such as glasses,
or molecular packing in liquids). This is often expressed as a Pair
Distribution Function (PDF), which describes the distribution of distances
between pairs of particles. This has been used to investigate local structure
in a number of catalytically relevant materials,”~* which could also theo-
retically be carried out using X-ray PDE Choice of the scattering probe
depends on the relative scattering strengths of the atoms in the sample and
source intensity, and can be refined simultaneously.***” There is a report of
using this technique to study acetylene bound at the active site of a zeolite
catalyst by Turner et al.** and more recently by Parker et al. to obtain the
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structure of adsorbed hydrogen on Raney nickel.* This is an active area of
research that benefits from structural models to provide simulated data for
comparison. Computational models are also helpful for the use of PDF
fitting in the liquid phase. Investigation of hydration shells of metal
atoms™! and structure of ionic liquids have been reported,”>* and this is
an exciting area in liquid phase catalysis.

Small Angle Neutron Scattering (SANS) investigates relatively large
structures (~1-100nm) by selecting neutrons that are only scattered
through a small angle. This is another technique that is strongly comple-
mentary to X-ray methods, together with Small Angle X-ray Scattering
(SAXS) they are collectively known as Small Angle Scattering (SAS). This is
a coherent neutron technique, and good contrast is obtainable with light
elements compared to X-rays. 'H has a coherent scattering length of
—3.374 b and ?H has a value of 6.67 b.** By varying the ratio of these isotopes
(e.g. mixing H O and D,0) and through deuteration of samples, it is pos-
sible to change the contrast between different aspects of many samples, to
facilitate understanding of the relevant morphology. SANS is often used in
characterisation of soft materials, and enzymatic systems are commonly
investigated.” Micelles and colloids are other common systems to be inves-
tigated with the technique which may occasionally be used in catalysis.”
SANS can also be used to characterise the pore structure and particle size of
solid catalysts.” " A paper by Diaz et al. using the ingress of a contrast
matched solvent into the pore network of coked cracking catalysts is an
elegant example of what can be achieved with this technique.®’ Particle
growth is also of interest in catalysis, and this may be followed with SANS.
The formation of metal oxides,** the catalysed sol-gel transition in silica
gels,* and growth of polymers via living radical polymerisation®** have all
been studied.

The distinction between different elastic scattering methods is arbi-
trary, as the techniques differ only in selecting which neutrons are col-
lected through instrument selection, and the data treatment used. It is
(theoretically at least) possible to collect all of the scattered neutrons and
obtain all of the information at once. This concept is known as total scat-
tering and allows collection of data at all length scales simultaneously.
Whilst this is a powerful tool, there is a great increase in difficulty in data
processing and effective interpretation. A powerful example of what can be
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Figure4: Operando total scattering measurement of benzene hydrogenation over Pt/SiO,
(reproduced from Ref. [66] under CC BY 3.0 [http://creativecommons.org/licenses/
by/3.0/]).

achieved is reported by Youngs et al. and describes an operando total
scattering measurement of benzene hydrogenation with Pt/SiO, see
Figure 4.° The observation of both pore size effects and interatomic dis-
tances were recorded simultaneously and demonstrate the influence of
diffusion on the kinetics of reaction.

2.6 Quasielastic neutron scattering for motion and diffusion

Of all the motions that can be measured with QENS, arguably the most
important from a catalytic point of view is diffusion within porous mate-
rials.?”% For these measurements, the motion is termed “self diffusion” as
it corresponds to materials at dynamic equilibrium and is carried out
without a chemical potential gradient. A review by Jobic and Theodorou
illustrates the complementarity between QENS and molecular dynamics,®
and increased computational power is constantly allowing more accurate
models to be used.” As the observable data generated by the QENS meas-
urement is limited, comparison with theory may be key to obtaining the
optimal result. Nevertheless, it is often possible to obtain qualitative data
about motions rapidly, and quantitative data with the expenditure of
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moderate effort. It is relatively easy for example, to discern jump diffu-
sion, where a sorbate periodically jumps between cages where it mostly
resides, and free diffusion, where the barrier for moving between cages is
lower.

Hydrogen motion is also important in fuel cells, and has been widely
studied using QENS.”"”? There has also been recent work by Larese to
investigate hydrogen mobility in a spillover context using QENS.”*7
Finally, the motions within proteins can be investigated with this tech-
nique, and can provide mechanistic information for biocatalysis.”

2.7 Vibrational analysis through INS

INS is a very well-established tool in the characterisation of catalysts and
the field benefits from having an excellent reference available in the book
by Mitchell ef al”” Although the technique is not surface sensitive, in a
system with a hydrogen-containing species adsorbed on a metal, the signal
will almost exclusively be from the adsorbate due to the strength of scat-
tering from hydrogen. This makes spectroscopy of chemisorbed organic
species feasible, although in a physisorbed system care is needed to ensure
that desired sorbate is present and interacting with the catalyst. Dosing too
heavily will lead to a spectrum dominated by the bulk organic, and too
lightly will lead to a weak signal. Even with these restrictions, it is possible
to avoid the pressure and materials gaps that may be present in other tech-
niques. With the abundance of information available from vibrational
spectroscopy, the breadth of research is unsurprising. Hydrogen is the
simplest adsorbate for neutron studies,”® but model catalytic intermediates
formed from molecular adsorption are common.”!'! With solid acid cata-
lysts, the acid sites can be investigated beyond the range possible by IR and
Raman,* both directly and through adsorption of probe molecules.* The
major drawback of INS is that it is mostly carried out at cryogenic tem-
peratures in order to minimise the Debye—Waller factor. This does not
affect the vibrational transition energies that are involved, but limits the
possibilities for operando measurement. However, Parker recently demon-
strated the ability of a sensitive direct geometry instrument to measure a
reaction with INS in real time.®?> For this measurement to be successful, a
number of fortuitous coincidences were required. However, it must be
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stressed that this measurement was not possible 10 years earlier and in the
future, it is likely that more reactions will become accessible to this tech-
nique as the instrumentation improves.

Carbon and carbides are another fertile area of study for neutrons,
as their high absorbance makes optical spectroscopy difficult. In a cata-
lytic context, these often take the form of active materials in their own
right,* catalyst supports,**¢ and also coke.!” Workers in the Lennon
group have investigated coking during methane reforming,'>'>**#° using
INS to quantify and speciate the hydrogen present.”” The same approach
has been applied very successfully to Fischer—Tropsch catalysts in an
attempt to clarify the role of the carbide phases that form on the active
materials.'*?!

There is relatively little work on INS for liquid phase catalysis®* and
bio-transformations.” Infrared and Raman characterisation is relatively
easy for these systems, which makes the experimental challenges of neu-
tron scattering less attractive. However, as the technique becomes more
routine, and where theoretical modelling is important, increased activity
may be expected.

2.8 Other techniques

Attenuation of the neutron beam can be used as an imaging technique, in
a similar manner to medical X-rays, and is referred to as neutron radiog-
raphy or neutron imaging. It has been used to visualise liquid film thick-
ness in annular flow systems,* and many fuel cell assemblies.”>” This may
find application in visualising flows in mixed phase reactors under extreme
conditions due to the high contrast between hydrogen and other elements.
This method has also been used to quantify the degree of coking within
reactors in a non-invasive manner.”®

Neutron reflectometry is a technique that can investigate the nature of
thin films, and has been used in analysis of hydrogen adsorption for stor-
age applications.””'® The strength of the neutron interaction with light
elements and its short wavelength allows absorption (not adsorption)
measurements to be made on these model catalyst systems. Although
unlikely to become a regular tool for catalyst characterisation, it has the
opportunity to find a niche in analysis of interfacial systems.
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3 X-rays
3.1 Introduction

Techniques made available by using synchrotron radiation, such as X-ray
diffraction (XRD), X-ray Absorption Fine Structure (XAFS) and even
infrared spectroscopy have long been used to investigate catalysts or model
systems. A full review of this large body of work is beyond the scope of this
chapter, instead the focus here will be on in situ and operando measure-
ments of catalytic systems performed using synchrotron radiation and in
some cases combined with other techniques.

In the case of XAFS, synchrotron radiation provides a source of high
intensity, high energy X-rays which can be tuned to the energy required to
excite a core electron from the element of interest. As one example, the
XAFS beamlines at the Diamond Light Source can provide X-rays in the
energy range of 2-35 keV, which for catalysis is ideal, allowing measure-
ment of all of the first-row transition metals in addition to others such as
Ag, Au and Pd, and also lower atomic number elements such as S. The
increased flux of photons provided by synchrotron sources, (especially
third and fourth generation sources), the improved focus, collimation and
the use of high performance detectors, allow XRD measurements to be
performed not just on powders but on real catalyst pellets, in 3D with ym
resolution.'” Examples of these experiments, named ;-XRD-CT, under
operando conditions will be discussed in the increasing sections. For infra-
red measurements, synchrotron sources are 100-1000 times brighter than
a conventional infrared glow-bar source providing much improved spatial
resolution.'”

The following sections will explore current operando style measure-
ments available using XAFS, XRD and IR available at synchrotrons, discuss
the different reactor capabilities and their limitations and aims to outline
future possibilities.

3.2 In situ liquid phase catalysis followed by XAFS

XAFS comprises X-ray Absorption Near Edge Spectroscopy (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) and provides infor-
mation on the oxidation state and local structure of the element studied.
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The X-rays are tuned to scan across a range of energies near the absorption
edge (which is element specific) of the element of interest, in this way the
sample will absorb photons of sufficient energy to excite an electron from
the core to an empty state or to the continuum. By measuring the intensity
of the photons before and after the sample (in a transmission measure-
ment), the change in absorption is observed, as in Eq. (2.1)

I=1Ien (2.1)

Equation (2.1) shows Beers’ Law, where I is the intensity of X-rays
transmitted through the sample, I, the intensity of the incident X-rays, 4
the absorption coefficient and t the sample thickness.'”

XANES can be defined as the part of the spectrum from the edge to
roughly 50 eV after the edge and gives information on the electronic prop-
erties of the samples, the oxidation state and coordination geometry of the
element. One interpretation of the XANES region is to use it as a fingerprint
against reference compounds to determine the valence state and coordina-
tion of the element. The EXAFS part of the spectrum is due to scattering of
the outgoing electron from the electron clouds of nearby atoms. The outgo-
ing electron can be imagined as a wave which scatters off neighbouring
atoms producing a backscattered wave.!™*
ating an interference pattern that contains information about the type and
number of neighbouring atoms and the distance to them. For a full expla-
nation of EXAFS, please refer to Refs. [103] and [104] and the tutorials
found in Ref. [103]. Since EXAFS does not depend on long-range order in
the sample, amorphous materials, liquids and small metal nanoparticles can
be studied.'” One drawback from the point of view of catalysis, is that
XAFS is an averaging technique, looking at all the atoms of the element of
interest in the sample, so that the surface is not studied in isolation.
However, this can in some instances be surface sensitive when the element

of interest is only in the surface layer, as will be described in one of the fol-
106

These two waves interfere gener-

lowing examples.

When studying liquid-phase catalytic systems, one problem encoun-
tered is the low concentration of the investigated metal under process
relevant conditions. This can mean that it would take hours to measure the
sample, therefore only the end state of the reaction could be probed.
However, one approach to measuring liquid-phase catalytic systems is to
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use a combination of stopped flow and freeze quench systems. This has
been used to investigate the mechanism of a Mo olefin oligomerisation
catalyst.'"” The stopped-flow part of the set-up uses four syringes con-
trolled via a computer so that precise volumes and injection rates can be
used. This system was developed for the combined measurement of UV—
Vis and XANES using an Energy Dispersive EXAFS (EDE) beamline for
fast data acquisition."”® An EDE beamline focuses a polychromatic beam
on the sample and the resulting divergent outgoing beam is measured
using a spatially sensitive detector. As the measurement does not require
the stepwise movement of the monochromator through a range of ener-
gies, EDE could potentially be performed with sub-millisecond time reso-
lution.'” The stopped-flow system is attached to a Schlenk line so that the
reaction can be performed under an inert atmosphere. The freeze-quench
adaptation, Figure 5, consists of a Kapton® capillary mounted onto a
specially designed holder allowing injection into the capillary under an
argon atmosphere, the capillary is then sealed and immersed in liquid N,
then measured whilst under a cryostream. Using the stopped flow different
times during the reaction can be measured, with the freeze-quench attach-
ment EXAFS measurements can be performed on the solution 5 s after
mixing.'”
device, when the element of interest is in high enough concentration for
Quick-XAS or EDE measurements, or combined with the freeze-quench
accessory for measurements requiring long acquisition times or fluores-
cence measurements. Fluorescence measurements are necessary when the
element of interest is in low concentration or in a solution containing

The system is versatile and can be used either as a stopped-flow

Figure 5:  Stopped flow freeze quench set up, Ref. [107].
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highly X-ray absorbing elements or for elements with low X-ray absorp-
tion edge energies. An example of the latter is Cr, solutions of which have
also been measured using the freeze-quench set-up described here.'"

Another example of liquid-phase catalysis studied in situ by XAFS is
the formation of Cu,(OH),Cl particles in the presence and absence of
polyvinylpyrrolidone (PVP)."" This experiment was performed in a dedi-
cated reactor which has an adaptable cell thickness, enabling optimisation
of the edge intensity depending on sample concentration.

To investigate the solid-liquid interface of liquid phase heterogeneous
catalyst systems, Attenuated Total Reflection Infrared (ATR-IR) has proven
to be highly informative. When combined with XAFS, information on the
oxidation and coordination environment of the active metal and the molec-
ular arrangement of the adsorbate layer can be simultaneously gathered.
A combined ATR-IR/EXAFS cell with a vertical internal reflection element
(IRE) made of ZnSe, has been designed by Ferri et al''? In this system, the
catalyst which is deposited on the IRE is probed by X-rays from the side of
the flowing solution, measuring XAFS spectra in fluorescence mode, whilst
the IR light probes the catalyst from the side of the IRE.

Future improvements in cell design for liquid-phase catalytic reactions
can be envisaged, such as the possibility to work under pressure and in stirred
conditions similar to an autoclave. If this type of system were to be devel-
oped, three-phase catalytic reactions could be measured in situ without
compromise to the operating conditions. However, data acquisition would
have to be faster than the rate-limiting step of the reaction. With fast reaction
rates, freeze-quench reactor systems could be used. The Catalysis Hub is cur-
rently working on a design for an autoclave type reactor containing a recir-
culating loop that could be optimised for different spectroscopic techniques.

3.3 In situ electrocatalysis followed by XAFS

XAFS can also be used for the in situ study of fuel cells, providing informa-
tion on the electrode during reaction. To perform the measurement in
transmission mode, the X-rays would have to pass through both elec-
trodes, this would pose a problem if both electrodes contain the same
element to be studied. This has been resolved in one instance, by Roth
et al., by removing a small part of the cathode which was in the beam.'”
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Figure 6: Schematic and cross section of the PEM fuel cell described in Ref. [114].

Another consideration for transmission mode experiments is the increase
in metal loading required to achieve a good absorbance edge, increasing the
loading well beyond that typically used in fuel cells.""* One cell design which
overcomes these problems measures the anode in fluorescence mode,
Figure 6, was used to study a PtRu/C anode catalyst during operation."*
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The formation of electrocatalysts can also be followed in situ using
XAFS. One method of producing core shell nanoparticle catalysts is the
galvanic displacement of an underpotentially deposited (upd) Cu layer.
This first stage of the process, the formation of the Cu upd layer on Au
nanoparticles supported on carbon, has been reported by Price et al.'*> The
in situ EXAFS measurements were able to provide the structure of the Cu
upd layer at each potential applied during the process and found that a
complete Cu monolayer, required for the subsequent galvanic displace-
ment, was not obtained. In a second study, the subsequent displacement of
the Cu upd layer by Pd was investigated.'' The Cu monolayer was achieved
by holding the potential at —0.455 V for 30 min. Following the deposition
of Cu, the Pd displacement was performed at the same potential after
flushing the cell first with H,SO, and then with the solution K,PdCI, in
H,SO,. The in situ electrochemical cell, Figure 7, consisted of a working
electrode, containing the Au/C NP’s painted onto carbon paper, a Pt wire
counter electrode and a Hg/HgSO, reference electrode. A peristaltic pump
was used to pump the electrolyte through the cell. The XAFS measure-
ments on the working electrode were performed in fluorescence mode
through a Kapton® window.

WE

Figure 7: Photograph of the in situ electrochemical cell used in Refs. [115] and [116],
consisted of a working electrode (WE), counter electrode (CE) a reference electrode (RE).
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3.4 FTIR using synchrotron radiation

Conventional infrared microscopy is a powerful tool for the characterisa-
tion of materials, but can offer a limited spatial resolution of ~20um.
To increase spatial resolution, a smaller aperture is required, which
decreases signal strength. The lower signal to noise ratio with smaller
apertures therefore eventually results in an unacceptable spectrum.'”
Where a traditional Globar source uses a heated area to generate infrared
light, the light generated at a synchrotron is effectively a point source,
which allows tightly focused beams to be obtained. Synchrotron radiation
infrared (SR-IR) sources are 100—1000 times brighter than a traditional
infrared Globar and can provide spectra with a good signal to noise ratio
with a resolution of ~5 ym,'*
the greater flux provided by a Globar is preferred.'®

SR-IR has been used to study reactions on large coffin-shaped
H-ZSM-5 zeolite crystals (100 X 20 X 20 pm). The reaction was followed
by measuring an area of 5 X 5 um in the centre of the crystal during styrene

oligomerisation."” The sample was subsequently mapped after reaction to

where spatial resolution is not important as

determine the distribution of the product species. The in situ reaction was
carried out in a commercial FTIR 600, Linkam Scientific Instruments cell.
By connecting the outlet to a GC or mass spectrometer, this technique
could be used under operando conditions.

Using SR-IR to map flow reactors can yield detailed kinetic informa-
tion on the reaction performed. This has been achieved by Gross et al.
using a flow microreactor made of two sandwiched CaF, windows with a
spacer, allowing a 3-mm deep channel for the reactant and catalyst,
Figure 8.'% The reaction followed was the cascade dihydropropan forma-
tion over an Au/SiO, catalyst. Spectra were recorded with a resolution of
15 mm along the length of the reactor bed during steady state conditions.
The reaction was reproduced in a stainless steel reactor and also using a
quartz tube cell for XAFS with similar internal dimensions to ensure that
the residence time of the reactants in each reactor was the same. In this
way, the three results could be correlated, intermediate species in the reac-
tion were observed from the IR measurements and the regions of high
catalytic activity were found to match with areas of Au(III) as observed
from the XAFS measurements.

Homogeneous catalytic flow reactions have also been monitored using
micro-flow reactors and SR-IR microspectroscopy. Silicon microreactors
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Figure 9: Photograph and schematic of a silicon/glass microreactor, Ref. [122].

can withstand high temperatures and pressures and can be etched with
virtually any reactor design, they allow for good heat transfer and the
smaller volumes used lower the risk factor of the experiments.'”! An exam-
ple of a glass-silicon microreactor is shown in Figure 9.2 The silicon is
etched with the reactor design and then bonded to glass, the glass side can
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also be sputtered with Au of the same layout as the reactor channels, when
the silicon and glass are sandwiched together the gold should match up
with the channels, providing a reflective surface for infrared microscopy.
An additional advantage is that microreactors can be used for both infra-
red and X-ray measurements, where the IR is performed in reflection
mode and the XAFS measurements in fluorescence mode.

3.5 Combined XAFS/DRIFTS

XAFS is an averaging technique and so for, most catalyst systems is not
surface sensitive. By combining with FTIR, the oxidation state and local
coordination of the metal can be investigated whilst also measuring the
surface adsorbed species. This combination of XAFS and DRIFTS first
developed by Evans and Newton'® has, for example, been used to study
CO and NO cycling over Rh and Pd automative emission catalysts and
methane over Pt/ALO;.'**

Adaptations to the original system have been developed to provide
ease of alignment of the DRIFTS system on the X-ray beamline, namely a
DaVinci arm allowing the IR beam to pass outside the spectrometer where
a DRIFTS cell can be attached in line with the X-ray beam. The arm is also
adjustable in x and y-axes allowing easy alignment of the X-ray beam with
the 3 mm hole in the DRIFTS cell which allows transmission of X-rays
through the sample.'” The UK Catalysis Hub has purchased a similar sys-
tem, supplied by Harrick, Figure 10. The sample cup is 3.17 mm in diam-
eter and the holes allowing the transmission of X-rays through the sample
are positioned 1.04 mm below the top surface of the sample. The distance
from the top of the hole for the X-rays to the top surface of the sample is
only 0.37 mm. As the infrared can penetrate up to 1-2 mm in non-absorb-
ing materials such as AL O,,'* it is assumed that the IR is sampling the
same volume of the catalyst as the X-rays. IR windows are ZnSe being
compatible with most gas environments, the X-ray windows are made of
glassy carbon.

The UK Catalysis Hub system has successfully studied the restructuring of
AuPd nanoparticles during CO oxidation using the set-up described earlier.'”

One disadvantage of the Harrick cell when used in transmission mode is
the fixed X-ray path length, however, this can be easily fixed by inserting a
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ZnSe DRIFTS windows

Glassy carbon window

Figure 10: UK Catalysis Hub XAFS/DRIFTS set-up (A) Agilent 680 FTIR spectrometer
with DaVinci arm and cell attached, (B) close-up of the Harrick XAFS/DRIFTS cell with
ZnSe IR windows and glassy carbon X-ray transmission windows and (C) the sample cup
inside the cell with holes for the X-rays visible.

smaller removable cup providing a smaller X-ray path length.'” Another
problem with the cell was the dependence on performing transmission XAFS
measurements, limiting the choice of samples which can be measured to
catalysts with supports containing only low Z-number elements such as
A1203; CeO,, for example, would be difficult. However, a recent adaptation of
the dome to have a larger X-ray window has recently been used for the inves-
tigation of CO oxidation over CuO/CeQ, using combined DRIFTS and fluo-
rescence mode XAFS.'"® This new dome also permits XRD measurements
and has also been used for combined DRIFTS and PDF measurements.'?

A more difficult problem to address is the large dead volume of the cell
of 14 mL. This has always been a problem with DRIFTS cells, and one that
has previously been addressed by McDougall using a flat window design
and filling some of the dead volume of the cell with a Macor gas guide.'*
Another common problem of DRIFTS cells is bypass of gas around the
catalyst bed as the bed “shrinks” on heating or moves under gas flow, or in
some DRIFTS cells where the sample holder meets the base of the cell. This
latter problem has been successfully resolved by Meunier.!*! An adaptation
of the original XAFS/DRIFTS cell'” has been implemented along the lines
of both Meunier and McDougall, limiting the dead volume to 2-2.5 cm’
whilst retaining a plug flow configuration.'’*

A recent design by D. Ferri et al. addresses the problem of dead volume
in a different manner."** In this design, the catalyst is placed between two

windows, window 2 (Figure 11(B)) is graphite allowing transmission of
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Figure11: Cell design for XAS-DRIFTS measurements, from Ref. [133]. (A) cell geometry,
(B) exploded view of cell and windows and (C) cell arrangement in the DRIFTS mirrors.

the X-rays, whilst the other has to transmit both X-rays and IR. A CaF,
window was used for window 1 with a hole (0.5 mm dia.) drilled in the
middle and filled with a high temperature carbon based glue. This hole
allows for transmission of X-rays which would otherwise be absorbed and
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diffracted by the CaF,. The cell is a plug flow reactor, with the catalyst reac-
tor placed between the two windows and tightly kept in position by quartz
wool plugs at both the gas inlet and outlet. The authors found that the
reduced dead volume of the cell gave a gas exchange time of 5 s, much
faster than the commercial cell which required more than 33 s.

A similar plug flow DRIFTS cell, used for simultaneous spatially
resolved DRIFTS and Raman measurements, has been designed and used
to study NO_ storage and reduction over a Pt-Ba/CeQ, catalyst."** The
advantage of this cell is that both bulk (Raman) and surface sensitive
(DRIFTS) information can be obtained along the catalyst bed down to a
resolution of less than 1 mm.

The optimal DRIFTS cell is yet to be designed, one which both resem-
bles a tubular reactor and which allows for spatially resolved XAFS and
DRIFTS measurements to be obtained simultaneously. One such idea is
currently in the initial stages of design at the UK Catalysis Hub.

3.6 Combined Raman/XANES

Coupling Raman spectroscopy with XAFS can give complementary infor-
mation on the catalyst species.””” Combining Raman with traditional
quartz capillary reactors used for XAFS or XRD operando experiments is
relatively easy, providing no damage to the objective from sample heating
occurs, usually overcome by using a long working distance lens.'** The first
Raman/XAFS coupled experiment studied a Mo/AL O,~SiO, catalyst dur-
ing room temperature post calcination hydration experiments."”> Due to
the strong Raman scattering of MoO,, the small amounts of this oxide
were detected which would have easily been missed using solely XAFS. In
addition, the Raman data aided the understanding and fit of the EXAFS
data, which otherwise would have missed the presence of the Mo—Al scat-
tering path.

Recently, MoO_ shell-Fe O, core catalysts have been investigated
using a combination of XAFS and Raman during calcination and reduc-
tion using the microreactor shown in Figure 12.' This set-up consists
of a 6-mm OD quartz capillary with a wall thickness of 250 ym heated
by a hot air blower and connected to a gas delivery system with the
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Figure 12: In situ quartz capillary microreactor for XAFS studies, A — hot air blower,
B—1I1,C—1 and D — the fluorescence detector. This figure is from Ref. [106], published
by The Royal Society of Chemistry.

outlet gas monitored by a mass spectrometer. In order to apply both
techniques simultaneously, the capillary was placed at a 45° angle to the
incoming X-rays and the XAFS measurements were performed in fluo-
rescence mode. This limited the time resolution of the measurements to
1 min per scan. The Raman spectra were collected using 20 X 1 s scans
using a Renishaw spectrometer with a 785 nm laser. The set-up can also
be used for XAFS in transmission mode allowing the collection of spec-
tra with higher time resolution, however, without the coupling with
Raman spectroscopy.

This is by no means the only example of combined Raman and XAFS,
for example, the SAMBA beamline at the SOLEIL synchrotron, Paris, has
a cell which can be used in transmission or fluorescence modes and has
been used to study the calcination of a hydrodesulphurisation Mo Ni
bimetallic catalyst.'*® In this system, the catalyst is held between a graphite
foil on one side and a graphite foil with a hole on the other side, the hole
is then sealed with a mica window as shown in Figure 13. This cell geom-
etry has the added advantage that transmission XAFS measurements can
be performed simultaneously with Raman spectroscopy.

Further insight into catalyst mechanism can be obtained by combining
a third spectroscopic tool, such as UV-Vis as has been employed by Beale
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Figure 13: Exploded view of the sample holder assembly part of the transmission and
fluorescence combined Raman cell at the SAMBA beamline of the SOLEIL synchrotron,
Ref. [136].

et al. for the investigation of the deactivation mechanisms during propane
dehydrogenation over molybdenum oxide catalysts.'”” With the combina-
tion of ED-XANES, Raman and UV-Vis the authors were able to propose
that Mo*" species are required for activity and that two deactivation
processes occur. The first deactivation is due to coke formation, discerned
from the Raman and UV-Vis results, and the second was due to an
increased size of the MoO, species which were less easily reduced than the
initial well dispersed Mo species. This latter, permanent deactivation, was
evidenced from the ED-XANES and Raman data. The reactor used for this
study was a modified 6 mm OD, 1 mm ID quartz tube. The quartz had
been ground down on three sides to provide one 200 ym and two 100 ym
windows for UV-Vis and X-ray measurements, respectively.

Many industrial reactions occur at high pressures and so reactors
capable of withstanding these conditions are necessary to work under true
operando conditions. One such cell has been recently published in which
combined XAFS and Raman measurements can be performed up to
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200 bar. To demonstrate the capabilities of the system, CO, hydrogenation
to methanol over a Cu/ZnO/AlL O, catalyst was performed.'* This system,
is also based on a capillary microreactor using a polyimide coated fused
silica capillary (662 pm OD, 247 ym ID) attached to the gas lines using
VICI bulkhead compression fittings with polyimide ferrules and heated
using a hot air blower. An alternative heating system was attempted by
placing the capillary inside a quartz tube with a heating wire coiled
around it, providing uniform heating along the length of the catalyst bed.
However, this system resulted in “unusual noise in the XAFS measure-
ments”."”® This noise was found to be due to bending of the capillary
when heated and so the capillary oscillated in and out of the X-ray beam.
For Raman measurements, the polyimide coating on the capillary was
removed. This resulted in a less flexible capillary but the authors state this
did not limit the mechanical or thermal properties of the reactor, and was
tested to 200 bar.

The simple design of the cell and the ability to easily adapt the length
of the catalyst bed could allow this system to give spatially resolved spec-
troscopic information, if uniform heating along the bed can be resolved;
some suggestions are given in Ref. [138].

3.7 XRD, Absorption-CT and XRD-CT and XAFS-CT?

There are numerous examples of powder XRD studies under operando
conditions and also when combined with XAFS or XES measurements
giving valuable information on many catalytic systems. However, as is also
the case for the XAFS measurements (combined with FTIR or Raman)
mentioned before, the catalyst studied is generally in powder form, and so
not exactly as it would be in the industrial reactor. When used in industry,
heterogeneous catalysts are usually in the form of mm to cm sized catalyst
pellets, mainly to ensure limited pressure drop along the length of the
reactor. When the catalyst is in the form of an extrudate or pellet, the
active phase or active species may not be distributed uniformly through or
around the surface of the catalyst body, it could, for example, be more
concentrated at the surface, at the interior or as is referred to as an egg-
white distribution (Figure 14). Differences in species/phase distribution
may occur during activation, reaction or during deactivation. To study
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Uniform Egg-shell Egg-white Egg-yolk

Figure 14: Illustration of the description of active species distribution in a catalyst pellet,
shown when bisected. The grey represents the active species and the light blue the support
material.

catalytic processes under true operando conditions not only the reaction
conditions, temperature, pressure and gas composition, but also the cata-
lyst form should be replicated as close to real industrial conditions as
possible.

One technique that can study catalyst bodies in situ is XRD-Computed
Tomography (XRD-CT). The highly collimated and high flux of X-rays
available at third generation synchrotrons together with the recent advances
in detectors has allowed 3D XRD-CT measurements on mm sized catalyst
extrudates to be performed on minute timescales. These measurements
usually use a 2-100 pm? sized pencil beam and record the diffraction pat-
tern on a flat panel detector, whilst the sample is translated perpendicular
to the beam.'” The sample is then rotated and another translational map
recorded, this is repeated until the sample has been rotated by a total of at
least 180°. The powder ring diffraction data is then radially integrated for
each measurement to give a “squeezed” pattern, and for each 26 a sonogram
is produced and back-projected to a square pixel image. Each pixel, resolu-
tion <100 pm, contains a full diffraction image, with the pixel representing
a point inside the catalyst pellet. Individual peaks in the diffraction pat-
terns can be selected and integrated over a slice of the pellet and their dis-
tribution imaged. This process is shown in Figure 15.

This technique has been used to study the calcination of a Ni sup-
ported y-ALO, 3 mm X 3 mm pellet which had been impregnated with
[Ni(en)(H,0),]Cl,, where en is ethylenediamine. This study found
that two crystalline phases form during the early stages of calcination,
Ni(en) CO, and Ni(en)(CO3)XCIZ(1_X)‘yHZO. The former species showed an
eggshell distribution and the latter an egg-white distribution. These two
phases decompose at different temperatures, with Ni(en) CO, producing
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Figure 15: Illustration of the sampling methodology used to obtain 2D cross-sectional
XRD-CT data. The process involves a data acquisition step (a few min per 2D slice), radial
integration to give a 1D pattern (black arrow), feature selection/fitting (grey overlay rectan-
gles are used to define different diagnostic features) and finally a sonogram construction
and filtered back projection of these various features to yield their 2D distribution.'”

fce Ni and Ni(en)(CO,) Cl, - yH,O initially decomposing to form hcp
Ni which then forms fcc Ni above 400°C."** Although the technique is
highly complex the reactor system was fairly simple, with the catalyst pellet
placed on top of an alumina rod in a quartz reactor tube. The reactor was
attached to a gas delivery stub which sat on a goniometer which itself was
attached to a rotation stage. The whole system, including two heat blowers,
was mounted on a translational stage, so that the heat guns would move
with the sample. A similar tubular reactor type cell is described in detail in
Ref. [140]. This cell, made of sapphire, can withstand up to 200 bar and
can in theory be used to perform XRD-CT on catalyst pellets under reac-
tion conditions. The cell is hung from a goniometer attached to a rotation
and translation stage, inside a furnace, which can heat the sample to
1000°C, as shown in Figure 16.
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Rotation
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Figure 16: Image of the sapphire cell alignment described in Ref. [140]. Reproduced with
permission from the International Union of Crystallography, http://journals.iucr.org/.

This technique is not just limited to looking at catalyst pellets, but has
recently been used to study a working catalytic membrane reactor (CMR)
during the oxidative coupling of methane (OCM) to produce ethylene.'*' The
CMR consisted of a Mn-Na-W/SiO, catalyst surrounded by an oxygen trans-
port membrane (BaCo Fe Zr O, ), as shown on the top left of Figure 17(A).
Figure 17(B) shows the evolution of five different crystalline phases identified
in the catalyst during OCM. BaWO, was found to form in concentrated spots
mostly at the catalyst/membrane interface, this phase is thought to form a
layer at the membrane wall, limiting O, transfer to the catalyst.

XRD can be incredibly informative for catalysis, however it relies on
the species of interest being crystalline with long-range order on the scale
of >2-3 nm, which is not always the case. When the species of interest is
on the shorter length scale, XAFS can be useful as it probes short-range
order on the scale of <5 nm."”* The combination of XRD and XAFS was
first employed by Couves et al. for in situ measurements, and more
recently for the first time under operando conditions by Grunwaldt
et al."*>!** However, no publications to date have appeared where the com-
bination is used in a tomographic manner to provide 3D information of a
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Figure 17: (A) The CMR reactor with an XRD-CT image, two selected diffraction
patterns are shown from different pixels of the XRD-CT slice one from the membrane and
another from the catalyst. XRD-CT images of one diffraction peak are shown during reac-
tion. (B) Phase maps for five crystalline phases observed in the catalyst and their evolution
during reaction. These images are from Ref. [141], published by The Royal Society of
Chemistry.

catalyst. One example of y-XANES-CT by Price et al. has been recently
published, which describes the investigation of a Pt catalyst containing a
Mo promoter supported on carbon.'** The authors found a distribution of
metallic Pt and Pt chloride species through the 30 x 45 x 80 pm particle as
well as showing that no direct bimetallic interaction between Mo and Pt
was present.
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PDF-CT is another method available which can provide nanoscale
information. PDF methods use essentially the same apparatus required for
XRD but measure out to higher momentum transfer (Q), i.e. recording to
higher 26. XRD is usually measured out to Q of 10 A-l, whereas, for PDF
measurements the maximum Q would be 25 or 30 A-'. The PDF is then
obtained by Fourier transform of the diffraction data. Information on the
probability of finding pairs of atoms at certain distances is obtained. This
technique has been used to study a Pd/Al O, catalyst pellet under calcina-
tion and reduction.'* Nanocrystalline Pd and PdO were found to be pre-
sent inside the catalyst pellet with an average particle diameter of <1.4 nm,
which would have been invisible to XRD. This technique has an advantage
over XRD-CT in that it can provide both crystalline and non-crystalline
tomographic information in one measurement.

Advances in reactor design allowing measurements at high pressures
encountered in industry will be needed to achieve tomographic, and in
fact all spectroscopic investigations, under true operando conditions. In
addition, increased data acquisition speeds will hopefully permit real
industrial heterogeneous catalyst pellets to be investigated using either
PDEF-CT or XRD-CT in real time under transient conditions.

3.8 Possibilities with soft X-rays

X-rays have so far been used for catalysis under operando conditions for the
investigation of metals. However, soft X-ray techniques (<3 keV) can provide
information on, adsorption, desorption and surface reactions."*® These tech-
niques are limited in their ability to be performed under realistic conditions,
for example the emitted photoelectron in XPS measurements would be
highly attenuated by the surrounding gas or liquid phase molecules if per-
formed in situ. However, recent advances in soft X-ray beamlines and the
high brightness of synchrotron radiation have permitted near ambient pres-
sure experiments to be performed."*” Continued advances could possibly see
soft X-rays being used to investigate operando style catalytic reactions.

4 Conclusions and Future Perspectives

The range of neutron and X-ray techniques for catalyst characterisation is
broad, powerful and becoming more available. As these techniques
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become more routine, there is an increasing push to look at reactions in
real time, under working conditions, and with multiple simultaneous
techniques. This requires development of specialised cells, and complex
engineering, but this allows linked techniques such as INS-Raman,'* and
XAFS-DRIFTS.*

In many cases, synchrotron and neutron sources are available on the
same campus, (Diamond/ISIS, ESRF/ILL, SINQ/SLS and MAX4/ESS when
the European Spallation Source (ESS) comes on line in ~2020) so it is
somewhat surprising there are not many joint studies using neutrons and
X-rays. Another drive in this field is to improve reactor engineering. For
an accurate understanding of what is going on in an industrial reactor, it
is important for our experiments to model the conditions or risk measur-
ing the wrong things.

The history of in situ measurements at central facilities is illustrious.
Whilst the sources and facilities continue to improve, the cutting edge
extends, more difficult experiments become possible, and the future looks
even brighter.

Figure 18: Photograph of the Rutherford Appleton Laboratory site, showing ISIS at the

left, Diamond on the right, and the Research Complex (The physical hub of the Catalysis
Hub project) in between. (credit STFC)
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The design of artificial metalloenzymes — protein scaffolds that have been
adapted to introduce non-natural active sites and metals to enable
chemistry beyond their evolutionary functions — is a rapidly expanding
field in biocatalysis. The ability to control transition metal-promoted reac-
tivity using the recognition and selectivity of enzymes has proven to be a
powerful contribution to chemistry. This chapter aims to provide an over-
view of several key strategies used in the development of artificial metal-
loenzymes: re-engineering existing metalloenzymes, the creation of new
metal sites within a protein scaffold, and the de novo construction of novel
structural elements. The key methodologies we highlight include struc-
tural biology, the use of unnatural amino acids as metal ligands, and com-
putational tools to design novel metalloenzymes targeting challenging
problems in synthetic chemistry.
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1 Introduction to Biocatalysis

As this book illustrates, developments in catalysis play a vital part in improv-
ing chemical synthesis. These innovations arise from a diverse array of
sources. One area that has revealed powerful results for synthesis is only
recently growing in popularity — the synthetic chemistry of biological sys-
tems.' This field, termed biocatalysis, focuses on advancing the reactions of
protein catalysts beyond their evolved functions.” Enzymes are protein-based
tools that have been honed by the forces of evolution to perform chemical
reactions within a complex, folded active site. These active sites fit precisely
around their substrates, and may also contain metal or organocatalytic co-
factors to promote reactivity. Their benefits to catalysis spring from two
major parameters: efficiency and selectivity, which form a balance between
speed and chemical accuracy.’ Several enzymes have evolved to achieve
“kinetic perfection” — catalysts so fast that their rates are controlled by the
diffusion limit of their substrates in solution.* On the other hand, the geo-
metric constraints of protein catalytic sites evoke the size- and shape-selectiv-
ity of heterogeneous catalysts. The protein architecture fits the substrates and
transition states of their reactions with exquisite shape complementarity.’
These two aspects of biocatalysts can be tuned for use outside of their evolu-
tionary settings to facilitate difficult chemical reactions at both large and
small scales.” Applications are found particularly in pharmaceutical synthesis,
where biocatalysts can reduce the cost® and environmental impact” of pro-
duction, but these same factors drive biocatalyst development for a variety of
fine and commodity chemicals including biofuels.®

This chapter is focused on the overlap between biocatalysis and transi-
tion metal-mediated catalysis, a field which has also contributed immensely
to chemical synthesis.’ Insights from transition metal catalyst development
have been used to aid the design of biocatalytic systems that surpass or
bypass natural functions. These are directed toward accessing improved
combinations of organometallic reactivity and enzymatic selectivity."
In-depth reviews abound on the development of specific classes of biocata-
lysts,!1-12
of new metalloenzymes, or metal-utilising enzymes. Case studies for each of

so here we present general strategies for the re-design and creation

these strategies illustrate their power and limitations in the development of
novel catalysts.



http://chemistry-chemists.com

Outperforming Nature’s Catalysts 91

2 Overlap Between Chemical Transition Metal Catalysis
and Biocatalysis

Catalytic chemical reactions have been driven in large part by the application
of transition metals, which can promote reactivity in ways more diverse than
the s- and p-block of the periodic table.” Several of these modes of activity
and reactivity, such as catalytic oxidative addition/reductive elimination
cycles, are uniquely accessible using these metals. Furthermore, their activities
can be tuned using ligands to reach desired levels of selectivity.!* Metallo-
enzymes could be thought of as a very special class of transition metal
ligands, one with extremely complex reactivity and stereochemical directing
abilities due to the large size and dynamic conformational flexibility of the
protein scaffold. However, natural metalloenzymes use only a small subset of
transition metals."” This suggests that additional metals can potentially be
incorporated, given the right adjustments to the metalloenzyme architecture.

Though biocatalyst use in industry has grown tremendously in the
past two decades, as reported in a 2012 white paper,'® in practice tradi-
tional chemical reactions dominate industrial processes. However, there
are both advantages and disadvantages for the use of transition metals in
both traditional chemical synthesis and biocatalysis. Figure 1 illustrates
this with a snapshot of challenging metal-catalysed reactions accessible to
each approach. Though scope is often a challenge of biocatalytic reactions,
their selectivity make them useful for large-scale applications."”

Though advantages and disadvantages will vary tremendously between
the particular reactions to be catalysed, some generalisations can be made.
These are summarised in Table 1. The essential nature of biocatalysts,
precisely-shaped cavities around substrates and transition states that fol-
low a defined reaction pathway, can provide excellent stereo- and regi-
ochemical control and eliminate protection and deprotection steps from a
synthetic route. Another key advantage that biocatalytic routes hold over
many metal-catalysed chemical transformations is a lower environmental
impact. Most enzyme reactions are performed in aqueous solutions at
nearly ambient temperatures and pressures. These avoid intensive energy
use and can reduce solvent usage and reagent waste.” However, a major
drawback can be the significant intellectual and experimental investment
that is often required to optimise biocatalysts into target parameters.*
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Figure 1: Metalloenzyme transformations compared to transition metal chemical trans-

formations. (A) Hydroxylation by cytochromes P450" vs. (B) C-H activation chemistry."®
(C) Halogenation by non-heme iron halogenases' vs. (D) C-H activation.”® (E) Amine to
ketone functional group interconversion* vs. (F) hydrogenation.” The cytochrome P450
17A1 protein structure was constructed from Protein Data Bank accession number
3RUK.”

Though the same could be true of modifying ligands for chemical cata-
lysts, the design stage can increase the time required for developing bio-
catalysts from an activity hit into their optimal final construct. Issues of
biocatalyst stability, especially within high organic solvent conditions, can
be an issue. However, these can also be addressed in the design stage, as
discussed later in this chapter and elsewhere.’

In the design process of novel biocatalysts, the difficulties inherent to
adapting a protein for new chemistry present both a challenge and an
opportunity. The extremely broad range of transition metal-catalysed
reactions unknown in biology suggests that many useful reactions are able
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Table 1: Comparison of design criteria for biocatalysis vs. metal-catalysed chemistry.
Parameter Biocatalysis* Chemical catalysis**
Chemistry

Product >75 g L' (moderate) Can be high

concentration
Conversion >95% (high) Very high

Catalyst activity

10°/h—107/s (moderate—

502-10%h (slow—very fast)*

(TOF/k_,) exceptional)?
(reactions typically complete <24 h)
Purity of product  High High
Product Often straightforward (phase Can be difficult; distillation,
separation separation), but can be extraction, immobilisation
challenging helps
Catalyst loading <2% (w/w) (moderate) Low-high: 0.0001-20%
Enantioselectivity =~ >99% ee (very high) >95% ee (high)
Regiochemistry Often protecting group-free Protected functionality often
required
Environmental Follows all 12 steps of “Green Often requires high energy
impact Chemistry” process design® (temperature, pressure)
and/or organic solvents
Catalyst stability Low; it may be necessary to add High, under the reaction

Development speed

fresh biocatalysts to stalled
reactions®

Can be slow: regularly extensive
development is required;
reactivity not always readily
applicable to analogs

conditions. Multi-ton
scales are regularly utilised

Fast: often readily adaptable
directly from primary
literature and condition
screening

Note: *Based on target parameters as reported for Codexis’ industrial process design criteria.’

**Generalised values based on common ranges in chemical literature.

to be redeveloped within protein frameworks.'” The goals of artificial met-
alloenzyme creation focus on combining the reactivity of metal-catalysed
chemistry with the control of biocatalysis. Equally important goals include
removing limitations such as the need for chemical protecting or directing
groups, as well as conditions which are detrimental to the environment.
The following sections summarise the key strategies utilised to access
new transition metal-based biocatalysts. Section 3 details the redesign of
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natural metalloenzymes to access novel, but often highly-related activity.
The following Sec. 4, discusses the installation of alternative transition
metals into protein cavities. This strategy could allow reactions wholly
new to biology to take place, directed by a protein cavity. The combination
of computational chemistry with bioinformatics towards the redesign of
active sites to accommodate alternative transition states is discussed in Sec.
5. Finally, progress in the de novo design of novel structural features from
first principles is addressed in Sec. 6. This approach can allow full control
over the folding and shape of new biocatalysts. All of these strategies are
complementary. Taken together, the construction of artificial metalloen-
zymes is an attainable goal that can enable powerful directions in catalysis.

3 Redevelopment of Natural Metalloenzymes
for Alternative Chemistry

Metalloenzymes make up some of the most powerful enzymatic machin-
ery in biology. By harnessing metal species that can be activated within the
interior of highly specialised protein architectures, these enzymes accom-
plish carbon- and heteroatom-functionalisation reactions involving highly
reactive species. The fact that the protein cavity can utilise these species in
an ambient, aqueous environment is remarkable. Moreover, the reactions
natural metalloenzymes catalyse are extremely specific, only recognising
and reacting with a tiny subset of the complex mixtures found within cel-
lular environments.*

The caveat to the selectivity of natural metalloenzymes is that they are
often unsuitable for catalysing reactions on unnatural substrates, even
those with only slight differences from natural motifs. To overcome this
limitation, one approach is to screen genomic data to identify related pro-
teins that have promiscuous activity with the desired substrate.”® Another
approach is to redesign the active catalytic site of a candidate protein to
accommodate a non-natural reaction.

This redesign process begins with a biocatalyst known to perform
similar chemistry to the desired transformation. Mutating the amino acid
composition of the protein can reconfigure the active site shape toward
novel substrates (Figure 2(A)). Additional mutations that can improve the
activity of a biocatalyst include focusing on increasing the stability. This



http://chemistry-chemists.com

Outperforming Nature’s Catalysts 95

Mutation of
amino acid
sequence

/\\\\ /UR
R
(A)

Introducing
salt-bridges for
stability to
temperatures

or solvent
—_—

(B)

Figure 2: Improving activity for protein catalysts. (A) Active site mutations can expand
substrate scope. (B) Surface or internal mutations can improve stability and solubility.

can be obtained through the addition of charged interactions® that form
salt-bridges between protein units (shown in Figure 2(B)) or by improving
the packing of a hydrophobic interior (not shown).”

These improvements can be incorporated using conformational
information like the solved crystal or NMR structure of a protein, or from
a homology model based on known structural information. These rational
design strategies are used when available.”

Conversely, one of the most powerful techniques utilised for protein
improvement do not rely on any de novo structural information, relying
instead on random mutation pressure to phenotypically reconfigure a
protein structure. The strategy of directed evolution®* combines random
mutagenesis with an unnatural evolutionary selection pressure such as
yield, stability or enantioselectivity. Libraries of mutants are tested for
improvements, and selected for their “fitness” along the target parameter.
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Briefly, mutations are introduced to the template DNA of the protein of
interest using error-prone polymerase chain reactions (PCRs). This cre-
ates protein sequence libraries with one to several mutations at random
positions over the protein, depending on the error-rate of the polymerase
reaction. These variants are then tested for their fitness along the
parameter of interest. Since protein folding is an extremely complex
process, this technique can identify cryptic mutations that greatly boost
activity and stability that would not have been predicted using other
techniques.”

Both rational and directed evolution techniques are used in conjunc-
tion to re-engineer existing metalloprotein scaffolds to fit synthetic needs.
Two case studies illustrate this concept, both involving iron-containing
metalloenzymes. Case Study 1 demonstrates how oxidoreductase enzymes
of the cytochrome P450 superfamily have been redesigned away from oxy-
functionalisation of C-H and C-C bonds toward C-N and C-C bond
formation. The Case Study 2 study involves rational re-engineering of the
active site of a halogenase enzyme, enabling it to preferentially incorporate
azide and nitrate ions over its natural chloride substrates.

(A) Case Study 1: Cytochrome P450 re-engineering

One of the first families of metalloproteins targeted for biocatalyst reengi-
neering is the superfamily of cytochromes P450.** These proteins share a
structural motif that tightly associates heme, an iron-containing porphy-
rin prosthetic group.”

The solution chemistry of metalloporphyrins has been well studied.
Before targeting P450 enzyme scaffolds for redesign, metalloporphyrin
systems outside of enzymes were observed to have hydroxylation and
epoxidation activities similar to those within P450 enzymatic frame-
works (Figure 3(A)).*® Furthermore, Breslow and Gellman showed that
metalloporphyrins could extend beyond hydroxylation chemistry by
demonstrating a metalloporphyin-catalysed intramolecular C-H amino-
functionalisation (Figure 3(B)). This was a reactivity type that had not
been observed with natural P450 enzymes.’” Subsequently, they reconsti-
tuted this catalytic activity in a P450 scaffold, proving that P450 enzymes
could be used for transformations beyond their natural functions albeit
with low turnover numbers (Figure 3(C)).* Reactivity was only observed
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Figure 3: (A) Metalloporphyrin oxene®® and (B) nitrene insertions.” (C) Nitrene inser-
tions in a rabbit P450 scaffold.® (D) Enzyme evolution applied to P450-catalysed nitrene
insertions." (E) Carbene chemistry performed by evolved P450 enzymes.”

with one of several CYP isoforms from multiple organisms, suggesting
that only a subset of promiscuous P450 enzymes could carry out this
unnatural activity.

In the time since this discovery, cytochromes P450 have been
extensively redesigned for higher activity using a combination of rational
design and directed evolution." Arnold and co-workers have made vast
strides in improving turnover numbers, enantioinduction and preparative
scale of P450 enzyme-catalysed reactions (Figure 3(D)). The workhorse
scaffold is P450 BM3, a bacterial enzyme that incorporates a cytochrome
P450 reductase domain and is self-sufficient in catalysis.* One of the key
mutations for enabling these proteins to obtain higher turnover numbers
is the cysteine 400 to serine mutation (mutations hereafter denoted as
Cys400Ser, etc.), which pushes additional electron density into the heme
and increases reactivity. Additionally, the Thr268Ala mutation removed a
conserved hydrogen bond that activated C—H hydroxylation activity in
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P450 enzymes. This increased the turnover of non-natural reactions rela-
tive to the competing natural hydroxylation chemistry.*! Interestingly, the
Ile263Phe mutation directed reactivity to the homobenzylic position,
overriding the naturally higher reactivity of the benzylic position toward
such C—H amination reactions.* Thus, varied rational strategies were used
to improve non-natural P450 reactivity.

Noting a potential similarity between oxene or nitrene-based C-H
insertions and carbene reactivity, Arnold has further stretched the bound-
aries of cytochrome P450-mediated chemistry to include stereoselective
cyclopropanation (Figure 3(E)).** Here, heme-carbene species can be gen-
erated from diazo precursors, which react in stereo- and regioselective
fashion with a broad array of olefins. In both nitrene and carbene engi-
neered systems, the use of an azido or diazo motif serves a major benefit
in allowing the iron to return directly to its resting Fe(II) state, avoiding
the need for an endogenous reductant to complete the catalytic cycle."

The intense work ongoing toward the engineering of P450 enzymes for
use in synthesis has produced biocatalysts that are beginning to rival tradi-
tional chemical catalysts such as rhodium complexes for cyclopropanation.”
The selectivity of P450 enzymes, both natural and evolved, can be highly
relevant for the preparation of fine chemicals. For example, this technology
was applied toward an enantioselective formal synthesis of the antipsychotic
drug levomilnacipran from simple starting materials on preparative scale.*

(B) Case Study 2: Iron halogenase engineering

Iron is also the key species for a non-heme class of metalloproteins, the
iron(II)- and a-ketoglutarate—dependent (Fe/aKG) hydroxylases and hal-
ogenases. Like most P450 enzymes, these enzymes use a high-valent iron-
oxo species to abstract a hydrogen radical from unactivated aliphatic
species.” Unlike the P450 enzymes, the active site iron of the Fe/aKG
halogenases has an additional open coordination site suitable for halogen
binding. This can react with the newly-generated aliphatic radical, leading
to halogenation (Figure 4(A)). This system was targeted by Bollinger and
co-workers to replace the halide with either nitro or azido ions."” When
screening putative halogenase enzymes for this purpose, SyrB2 from the
syringomycin biosynthetic pathway of the Pseudomonas syringae B301D
strain was found to have low levels of nitration activity (Figure 4(B)).
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The structure of SyrB2 had been previously solved by Drennan and
Walsh, providing a basis for rational improvement of activity.* While
chloride is a spherical ion, the azide ion is narrow and linear. Additional
space to accommodate the unnatural ion was engineered by the Alal118Gly
mutation, which expanded the active site in the suitable direction. SyrB2
Alal18Gly was found to have ca. 13-fold higher azidation activity com-
pared to the natural, wild type enzyme."

A significant limitation is the need for the substrate to be attached to
the carrier protein SyrBl. Presumably this could be overcome by engi-
neering a more accessible active site pocket. Additionally, the authors only
report single-turnover conditions." Despite these limitations, this type of
amino-functionalisation reaction on unactivated C-H bonds is unprec-
edented in biology, and offers an exciting target for further enzyme engi-
neering. The work on SyrB2 reveals that amine C-H functionalisation
chemistry can be engineered from a naturally-occurring halogenase
enzyme activity. This progress promises that further enzyme evolution
work could overcome the current shortcomings of this system to provide
valuable late-stage functionalisation reactions on biologically active
molecules.
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4 Incorporating Novel Metals into Protein Scaffolds
for Expanded Activity

Metalloenzyme scaffolds can alternatively be engineered to bind metals
that are not utilised in natural settings. This is a potentially powerful strat-
egy to expand the chemistry enabled by these catalysts further than by
simply allowing higher turnover or increasing the substrate scope — this
comprises an additional strategy to pursue catalytic reactions which are
unknown for natural enzymes."

Proteins can be engineered to bind alternative transition metals by
modifying or introducing compatible metal-binding motifs. For this strat-
egy, both the metal and the biological framework in question need to be
considered for mutual compatibility. Here we discuss both aspects, begin-
ning with how new metals are incorporated within proteins. Throughout
the design process, the protein scaffold’s production capability, structural
stability toward modifications toward metal binding, and ability to with-
stand putative reaction conditions must be evaluated.

Transition metal ions can be incorporated into the protein scaffold
using several motifs, which can be categorised into three groups: direct
covalent incorporation, a “tag-and-modify” approach, or through non-
covalent interactions (Figure 5). The strategies used depend on the
requirements for metal binding, i.e. if standard amino acids can form a
suitable ligand framework, whether an unnatural motif must be intro-
duced, or if the active site has evolved for binding a class of metal
complexes.

In the first strategy, metals may be directly coordinated to the protein
through backbone amino acid residues. These are either natural metal-
binding amino acids such as cysteine or histidine residues, or may be
unnatural amino acids incorporated by mutagenesis.* The geometry of the
metal binding site is critical for affinity and selectivity between transition
metals. When starting with existing metalloenzymes, the geometry of
the metal-binding site can be retained, the metal removed, and an exoge-
nous metal added.*® An example is human carbonic anhydrase, which
naturally binds Zn(II). The zinc was removed with a chelating group and
replaced with Mn(II) or Rh(I). These constructs were used to catalyse an
enantioselective alkene epoxidation* or the regioselective hydroformylation
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Figure 5: Different methods for metal insertion in artificial metalloenzymes. (A) The
metal is directly covalently bound to amino acids in the protein. (B) The protein scaffold
and the metal are “bridged” by a chemical modification step (“tag-and-modify”). (C) The
metal ion or complex is bound by non-covalent interactions.

of styrene, respectively.” Often, however, the geometry must be re-optimised
using unnatural amino acids or computational techniques (discussed in
Sec. 5). The use of non-canonical amino acids can expand the repertoire of
possible metal-coordinating groups.** These amino acid homologs include
selenocysteine or a bipyridyl tyrosine mimic, and can be introduced using
microbiological methods.*

The second strategy increases the complexity of the incorporation
methodology, but expands the range of possible metal-binding motifs.
A tag-and-modify sequence utilises the chemical reactivity or lability of a
subset of amino acids. These are selectively modified in a chemical step
following the biological production of the protein scatfold. These chem-
ically-modified proteins are then incubated with the metal to be incorpo-
rated. An example of this approach with an unnatural amino acid is the
incorporation of azidohomoalanine, the azide of which can be function-
alised using azide-alkyne 1,3-dipolar cycloaddition chemistry (“click”
chemistry).***” Natural amino acids used in this approach are cysteine®
or lysine’' groups, which can be alkylated with various electrophiles.
A key benefit to this approach is the ability to screen complex groups
(Figure 6) that can be quickly exchanged, since this approach is modular.
However, the scaffold must withstand the additional modification condi-
tions utilised.

In the third approach, the metal ion, often with additional substituents
such as a ligand framework, is coordinated to the scaffold non-covalently.
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metal ion. Incorporated into the protein scaffold via mutagenesis and/or chemical
modification.

Here, the use of covalent scaffold modification techniques is eliminated,
but it is limited to proteins that already bind specific metal complexes.
In the correct application, this can be less challenging than re-optimising
amino acid-based metal binding geometries in a protein scaffold.*
Heme proteins such as cytochromes P450 are often utilised for this pur-
pose, since the large heme co-factor can be removed (to provide the apo-
heme enzyme) and replaced, for instance with other metalloporphyins.>
Another non-covalent interaction that has found use for this approach is
the biotin-strepavidin ligand-receptor system.” Here, streptavidin is a
non-catalytic receptor protein that can tightly bind chemical material
attached to its ligand, biotin. Thus, a metal-chelating group can be docked
to the streptavidin protein cavity. This approach was pioneered in 1978 by
Whitesides and Wilson® and has since been used to successfully introduce
a large number of complexes into protein scaffolds. Using this technology,
Ward and co-workers have created a number of artificial hydrogenases,
transfer hydrogenases, and artificial enzymes for allylic alkylation reac-
tions.> As a powerful example, this system was used to create at Rhodium-
based hydrogenase. Through further chemical and genetic optimisation,
enantioselectivities of up to 94% were obtained.*

Considerations when choosing the protein scaffold involve the ease of
expressing and purifying the protein, its stability toward the reaction con-
ditions, and the possibility of retaining an active conformation after
mutation and or chemical modification. In addition, the affinity of the
metal complex must be sufficient and selective enough to avoid complex
dissociation or multiple binding events. The natural reaction is of lower
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importance, since this activity is often abolished by the removal of the
metal and modification to the backbone sequence. However, the numbers
of available proteins are in practice limited for alternative metal incorpo-
ration. The active site needs to be large enough to fit both the metal-
binding ligand complex and also its substrates. Therefore, this approach
has been utilised mostly for hydrolases or proteases, 3-barrel proteins and
apo-heme proteins, which all can have large active site volumes.”’

Though challenging, the use of alternative transition metals in a bio-
logical setting holds excellent potential promise for expanding the scope of
metalloenzymatic reactions. To date, artificial metalloenzymes have been
successfully utilised in a number of reaction classes; particularly oxidation
(sulfoxidation, epoxidation) and reduction (hydrogenation) reactions,”****
alongside C-C bond forming reactions such as allylic alkylation and
Diels—Alder reactions.”*%

There are expected to be some limitations on the reactions that can be
conducted using artificial metalloenzymes, for example those reactions
involving reagents incompatible with water. However, the solvent-shielded
active sites of some protein scaffolds have allowed the pursuit of reactions
in which the intermediates would be considered water sensitive. A recent
example is the development of a dirhodium artificial metalloenzyme for
selective olefin cyclopropanation.®’ The dirhodium-binding moiety was
introduced to active sites using azide-alkyne “click chemistry.” Notably,
this artificial metalloenzyme was found to reduce the formation of by-
products, including those resulting from the reaction of the metallocar-
bene intermediate with water. Thus, the protein scaffold improved the
water tolerance of the reaction.

In many of these cases, metal environments similar to those used in
traditional homogeneous chemistry were introduced to the protein envi-
ronment via the methods described before. Optimisation using genetic
tools such as directed evolution and rational design could then be used to
obtain constructs which exhibit useful selectivities. Despite this possibility,
only a few of the reported reactions were extensively subjected to scaffold
optimisation, due to the substantial time investment and the challenge of
manipulating covalently-bound metal complexes. Thus, this field has sig-
nificant potential for improvement as methods toward metal incorpora-
tion progress.
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Many other reactions still remain to be investigated in the context of
artificial metalloenzymes. Whilst Rh and Ir-catalyzed reactions have been
studied by a number of groups, the reactions of the neighbouring transi-
tion metals Pd and Pt have not yet been extensively studied. The following
section discusses a potential strategy for developing a palladium-utilising
metalloenzyme for cross-coupling reactions.

4.1 Opinion: C-C Cross-coupling with artificial palladium
metalloenzymes

Palladium carbon—carbon cross—coupling reactions pose an example for
which an artificial metalloenzyme system could be designed. Carbon-
carbon bond formation via palladium-catalysed cross-coupling reactions
such as the Heck-reaction® and the Suzuki-Miyaura-reaction® are essen-
tial tools in fine chemical production in the pharmaceutical and chemical
industry. An artificial palladoenzyme could improve cross-coupling reac-
tions by directing a reaction’s stereo and regiochemistry. Palladium-
catalysed reactions have been carried out in one-pot cascades alongside
biocatalysts,** and palladium has been added to protein scaffolds both via
the “tag-and-modify” approach® and using the biotin/streptavidin sys-
tems.® In the latter approach, the resulting artificial metalloenzymes were
successful in catalysing asymmetric allylic alkylation. However, this metal
has not been incorporated into a protein active site that retains catalytic
activity for transition metal-mediated cross-coupling reactions.

In a parallel effort toward this goal, a palladium—protein cluster was
synthesised through soaking free palladium into a large protein complex.”’
The cluster effectively catalysed both Heck and Suzuki coupling reactions,
but activity as attributed to the bound palladium surface rather than
within a designed active site. Similarly, the protein cage structure of apo-
ferritin, a carrier protein for insoluble iron ions, was used as a scaffold to
bind palladium ions.®® This palladium—protein construct was also able to
catalyse a Suzuki reaction. However, the role of the protein in both of these
reactions was simply as a metal ion carrier rather than a complex active
site, and did not take an active role in directing the catalytic reaction.

One strategy that is envisioned to accomplish the design of a true
palladium-utilising artificial metalloenzyme is illustrated in Figure 7.
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Figure 7: A strategy for an artificial palladoenzyme. (A) The catalytic oxidative Heck-
type reaction. (B) Schematic drawing of an artificial metalloenzyme incorporating the
non-natural palladium ion. Substrate 1 binds in a reversible covalent manner, anchoring it
in close proximity to the Pd metal. Diffusion of substrate 2 allows the formation of the
cross-coupled product.

A potentially useful protein scaffold is the serine hydrolase family of
enzymes. Though serine hydrolases are normally not metalloenzymes,
they have two conserved features in their active sites that could be useful
in directing a palladium-catalysed cross coupling reaction: the key serine
residue and an adjacent oxyanion hole. The serine residue forms a charged
tetrahedral intermediate with its carbonyl substrates, stabilised by the oxy-
anion hole, a small polar pocket in the active site that reversibly accom-
modates negatively-charged serine-bound adducts.® These two features
are envisioned to bind boronic acids in a reversible covalent manner,
localising them near the Pd metal for catalysis (Figure 7(B)).

To incorporate palladium into an active site that does not naturally
contain a metal, a tag-and-modify approach is envisioned.” The scaffold can
be mutated to incorporate a cysteine residue in the active site, enabling the
attachment of a metal-coordinating ligand. This tag-and-modify approach
has been previously applied to a serine hydrolase from Bacillus lentus.”
This cysteine could be modified by covalently attaching a metal-binding
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ligand via nucleophilic attack on a halide-containing ligand (refer to
Figure 5).

This type of design sequence illustrates the exciting possibilities for
using and modifying protein architecture to enable powerful reactions for
organic synthesis. We envision this type of biocatalyst redesign to be both
feasible and useful to direct the stereo and regiochemistry of challenging
reactions, in this case palladium-catalysed cross coupling reactions.

5 Computational Redesign Efforts for Metalloprotein
Active Sites

The continued development of computational methods to understand
protein structure and function is one of the most promising areas for
improving enzyme activities.” The ability to align and compare sequences
and structural information is widely used to identify potentially useful
biocatalysts for given reactions, especially as improvements in DNA
sequencing leads to larger biological datasets to draw from.”> We focus
here on strategies useful for the forward design of artificial metalloen-
zymes.

Structural biology is able to provide complete data about the architec-
ture of proteins, which is compiled in the RCSB Protein Data Bank (PDB).”
A subset of the PDB has been focused into MetalPDB, which simplifies the
analysis of how metals are incorporated into biological sites.”* Several inno-
vative programs are able to utilise these structural resources to quickly
identify useful scaffolds. One example is METAL-SEARCH, which probes
scaffolds for possible metal-binding cavities and suggests affinity improve-
ments by replacing natural amino acids with metal-coordinating residues
such as histidine or cysteine.”

In reaction design, the multidisciplinary nature of biocatalysis benefits
greatly from the application of diverse, complementary computational
methods. Powerful results arise from the combination of density func-
tional theory (DFT) and molecular modelling approaches to identify reac-
tions’ transition states with whole-protein conformation analysis efforts, in
order to facilitate the formation of candidate transition states by designing
active site complementarity.”® Software suites such as RosettaDesign and
ORBIT combine both molecular modelling and de novo protein structural
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prediction modules, and have led to improved workflows for the redesign
of enzyme active sites for novel activities.”” Further advancements in com-
putational packages include the use of non-canonical amino acids, increas-
ing the utility of Rosetta for artificial metalloenzyme development.”
Intriguingly, this software has also been used to widen public participation
inscience through the use of Rosetta@Home, a Berkeley Open Infrastructure
for Network Computing project,” which allows the idle computing time of
home computers to contribute to protein folding computations.

In order to obtain the desired efficiency with novel enzymes, an itera-
tive approach is typically utilised. These strategies cycle computational
techniques such as active site redesign suites or molecular dynamics with
the production and testing of candidate protein sequences. This approach
can be applied to other biocatalyst systems, but is especially amenable for
metalloenzyme redesign since modelling the metal ion-transition state
complex formed the core of the approach. This reveals the power of com-
putational methodologies such as RosettaDesign® for identifying initial
starting points for designed enzyme activity. However, the need for non-
rational improvement, based on random substitution of amino acids via
directed evolution,* shows that our abilities for computational redesign
face limitations when calculating the overall conformation and function of
large protein architectures. Nevertheless, computational strategies are
continually improving, and comprise an essential resource for biocatalyst
development.”

Several recent reviews further describe the advances made in compu-
tational modelling of proteins and computational design.** To directly
illustrate this concept, Case Study 3 details the re-engineering of a metal-
loenzyme for catalysis of an alternative reaction.

(C) Case Study 3: Zinc enzyme re-engineering toward an alternative
reaction

Developing new catalytic activity toward inert substrates in a metallopro-
tein active site is conceptually more difficult than enhancing low levels of
promiscuous enzyme activity as discussed in Sec. 3. As in the previous
examples, analogies between enzyme and solution-phase chemistry can
greatly enable reaching these aims. Zinc catalysts are used in phosphoester
cleavage reactions, both in** and outside® of biological systems.



http://chemistry-chemists.com

108 C. Fehl et al.

Introducing phosphohydrolase activity into a zinc-binding protein
scaffold was a challenge undertaken by the Tawfik and Baker groups.?
Zinc is a common metal in proteins and has diverse forms of reactivity,
including Lewis acidity, general basicity, or hydroxide formation from
water, depending on the environment.*® Baker and Tawfik saw an oppor-
tunity to reengineer the substrate binding sites of zinc-containing proteins
to accommodate aryl-substituted phosphates and catalyse their cleavage.
Aryl phosphates are potent nerve toxins, and these enzymes were proposed
to be useful in bioremediation or detoxification.

The approach centred on the structure of the transition state of this
organophosphate hydrolysis reaction using the RosettaDesign program.®”
This analysis suggested the key structural requirements for substrate
geometry, which facilitated the design of an artificial active site (Figure 8(A)).
The hypothetical structure of this idealised active site pocket, called a
“theozyme”, was then aligned against the enzyme architectures of all zinc-
binding proteins extracted from the PDB. This generated a series of puta-
tive redesigned proteins, incorporating as many as 15 simultaneous
mutations in the active site region. These synthetic gene sequences encod-
ing these scaffolds were then purchased and the proteins expressed for
activity studies.

Only one of these scaffolds, termed PT3, proved active. This was based
on a murine adenosine deaminase backbone.* In the natural adenosine
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Figure 8: Redesign of adenosine deaminase toward organophosphate hydrolysis.
(A) Natural and designed reactions achieved with active site redesign. (B) Directed evolu-
tion sequence to improve new enzyme activity.
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deaminase, the zinc ion serves as both a Lewis acid toward the amine and
an activator of a hydroxide nucleophile for the removal of the aniline moi-
ety of adenosine. Molecular dynamics were used to redesign the active site
into PT3.1, in which aniline deaminase activity was diminished 50,000-
fold whereas organophosphate hydrolysis was enhanced 7-fold over the
natural enzyme (Figure 8(A)). Further activity was obtained through two
rounds of directed evolution aimed at increasing turnover.” The final
variant, PT3.3, had organophosphate hydrolysis activity of 2,500-fold over
baseline, and undetectable adenosine deaminase activity (Figure 8(B)).

6 New Protein Structural Motifs in Catalysis

Until now, we have discussed targeting natural protein sequences for re-
design efforts. An alternative is the field of de novo structural design, a
bottom-up approach to the synthesis of new protein structural domains
from first principles. De novo design could enable precise control of pep-
tide structures designed around specific metals, ligands, or properties such
as stability. Furthermore, advances in this field can greatly expand knowl-
edge of protein folding and conformational dynamics.”" Researchers can
thus effectively probe the role of each facet of the protein scaffold on
catalysis, moving forward from biomimetic studies to protein folds that
are designed specifically for abiotic chemical catalysis.

Since even small proteins, such as a 40 amino acids/~4400 Da peptide,
are extremely conformationally complex, the computational power needed
to screen libraries of potential sequences is expensive. Therefore, the most
successful de novo approaches are based on reconfiguring natural back-
bone structures to provide a starting point for sequence exploration. To
date, there is only a single protein, Top7, with a completely novel protein
fold.”? However, Top7 lacks functional capabilities, which simplified the
modelling of its free-energy landscape, as allowing dynamic motions for
catalysis or ligand binding were unnecessary in the design stage.

Thus, this approach is in practice still limited to the small subset of
peptides whose folding properties have been characterised.”** Typically,
a-helical peptides such as a-helical coiled coils are utilised, but several
examples focus on all $-sheet structures such as porin domains.” The
majority of work has focused on mimicking heme and non-heme iron



http://chemistry-chemists.com

110 C. Fehl et al.

enzymes using a-helical single chain peptides or three- and four-helix
bundles. The use of a-helices is attractive as the construction is well
understood and can be achieved simply by using a repeating seven-residue
pattern of polar and non-polar residues. Helix formation can be driven by
providing a hydrophobic core, which can be designed computationally.

In the following case studies, we have focused on examples utilising
a-helices, which hold higher promise for the catalytic chemistry commu-
nity. Case Study 4 focuses on the ground-up design of redox catalysts
based on heme systems, a discrete iron-binding cofactor commonly used
in biology. The small size of these peptides places this class of catalysts into
an interesting space between homogenous and biocatalysis.

Case Study 5 details the design of simplified protein mimics of com-
plex dimetallic enzyme active sites (the Duo Ferri (DF) family), which
show either phenol oxidation or N-hydroxylation activities. The efforts on
(DF) protein design illustrate that complex biological motifs such as a
dimetallic active site can be reconstructed in simplified form (further dis-
cussed later). Computational tools were again able to design and improve
an artificial metalloenzyme active site for two different catalytic oxidation
reactions. Furthermore, substrate activity could be controlled by the resi-
dues surrounding the di-iron site, suggesting that the substrate scope of
these proteins can be controlled by design.

The work described in Case Studies 4 and 5 uses natural amino-acids
and cofactors, but just as we saw in Sec. 4, unnatural co-factors and unnat-
ural amino acids have also been used.”**” This results in artificial peptides
with redox properties different to those of the natural cofactors, showing
that it is possible to fine-tune the properties of the protein and possibly
access different reactivity patterns than those observed in native systems.

Alongside the work on iron, a-helices have been used in the design of
zinc and copper enzymes.”®” Notable examples include the development
of the dizinc protein MID1-zinc'® and the TRI family of peptides,'
which both show esterase activity. The TRI peptides have been shown to
be very versatile, also catalysing CO, hydration and the reduction of
nitrite.'*>"% The de novo design of functional enzymes is not just limited
to those for chemical synthesis, artificial enzymes for energy storage and
transport, biochemical sensing, and for biological functions have been
developed.'®' Dutton and co-workers have used alpha helices to create
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an O, transport protein.'® Whilst Ghirlanda and co-workers described an
artificial metalloenzyme which was able to interact with natural enzymes
to effectively participate in redox activity.'”

From the work presented, we can see that the design of novel protein
structures is a strategy that can take full advantage of transition metal-
promoted reactivity in both catalysis and catalysis related areas. The
smaller size of these catalysts facilitate both the capacity to model and
understand the interplay of their structure with function. Mainly due to
limitations in our ability to fully understand peptide folding and confor-
mational dynamics, these artificial catalysts do not yet approach the
efficiencies of natural metalloenzymes. However, they allow access to
novel protein sequence space, termed “post-evolution biology” by
Baker.”" This field is rich in possibilities for designing tailored peptide
catalysts.

(D) Case Study 4: De novo mimics of heme proteins

As mentioned in Sec. 3, metalloporphyrin systems are active catalysts in
both biological and abiological settings. Furthermore, their rigid structure
can comprise a defined starting point for a small protein core. Some of the
earliest de novo protein designs with catalytic activity were based on the
creation of artificial heme active sites. In 1989, Sasaki and Kaiser described
the synthesis and enzymatic activity of Helichrome, an artificial heme
protein.'® Helichrome was designed around a porphyrin scaffold, with
amphiphilic a-helices attached at each corner. This provided a hydropho-
bic pocket for substrate binding. Catalytic studies showed that this con-
struct was capable of acting as an aniline hydroxylase with similar activities
to those observed in native heme proteins (Figure 9).

These systems were used as starting points for alternative de novo
designed structures. The mimochromes from the groups of Lombardi and
Pavone represent a more advanced example.''"!? Early models consisted
of a helix-heme-helix structure, in which the heme was sandwiched
between histidines on each helix (Figure 10(A)). Consequently, no cata-
lytic activity was possible in these systems due to the lack of a free coordi-
nation site for the substrate. In mimochrome VI (MC6), one of the His
residues was removed to open up a free coordination site on iron (see
Figures 10(B) and 10(C)).'"?
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NH, Helichrome-Fe(lll)
7-acetylflavin (0.24 uM), NADPH (2.5 mM)
[
20 mM N-acetyl histidine buffer pH 7.0

NH,

OH
keat = 0.02 min~!, Ky = 5.0 mM

indoleamine 2,3-dioxygenase k., = 0.02 min~', Ky, = 3.7 mM
Figure 9: Depiction of Helichrome and its activity in the hydroxylation of aniline.

Indoleamine-2,3-dioxygenase, a natural heme protein, is listed for comparison. Adapted
with permission from Ref. [110]. Copyright 1989 American Chemical Society.

Ac-ESQLHSNKR-NH,

I

Ac-ESQLHSNKR-NH,
(B)

Ac-DEQQLSSQKR-NH,

Ac-DEQQLHSQKRKITL-NH,

(A) ©

Figure 10:  (A) Depiction of Co(III)-Mimochrome IV based on its crystal structure (PDB
code 1PYZ)."® (B) Schematic representation of mimochrome IV including amino
acid sequence. (C) Schematic representation of mimochrome VI including amino acid
sequence. Note the open coordination site for the metal, allowing catalysis. Key amino acid
residues are underlined.

The catalytic activity of mimochrome VI was assessed in a colorimetric
peroxidase assay, using H O, with 2,2"-azinodi(3-ethyl-benzothiazoline-
6-sulfonic acid (ABTS). The presence of 2,2,2-trifluoroethanol (TFE) sta-
bilised the mimochrome scaffold, resulting in turnover numbers of more
than 4,000 for the oxidation of ABTS vs. around 150 in the absence of TFE.
Mimochrome activity could be further improved by changing the N- and
C-terminal residues on the tetradecapeptide chain to a hydrophobic
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Table 2: Kinetic parameters for the oxidation of ABTS.

o
O, Enzyme )
03 N ]@ OSSN ]@
\@E =N sof Nfé NS sof

202 s

Pale yellow pH©5,25°C — Turquoise
Enzyme k. (s K, (mM) k. /K, (mM's™) TON
MCo6** 370 0.084 4400 4000
E*L(TD)-MC6* 780 0.050 16000 5900
Fe(III)-MP34 535 0.34 1570 >1000
HRP¢ 6200 1.07 5800 50000

Notes: (a) TFE added. (b) pH 4.6. (c) Data from Ref. [114]. (d) Data from Ref. [115].

leucine residue, resulting in turnovers of almost 6,000 (Table 2).'*
The catalytic efficiency for the activation of H O, (k_ /K =25 mM™'s™ for
E’L(TD)-MC6), although still several orders of magnitude lower than that
of Horse Radish Peroxidase (HRP, k_/K = 7.3 X 10° mM's™), is among
one of the highest reported among synthetic mimics of peroxidase. It is
also notable that the pH optimum for mimochrome VI is close to neutral
pH (pH 6.5), showing that they can catalyse reactions that require higher
pH conditions than HRP can provide. Besides peroxidase activity, mimo-
chome VT has also been shown to catalyse the nitration of phenol using
NaNO,/H,0, to give both 2- and 4-nitrophenol in about 15% yield.'"’
MiniPeroxidase 3 (MP3) was designed to mimic HRP, and has more
functionality then those seen for the mimochromes.'”” Importantly, it was
designed to mimic not just the axial residue but also its hydrogen bonded
aspartate residue, which stabilises high-oxidation state intermediates, and
the distal site arginine which is involved in O-O peroxide bond cleavage
(Figures 11(B) and 11(C)). Once again, the catalytic activity was assessed
in the oxidation of ABTS with H,O,. The Fe''-MP3 shows a higher k_ than
mimochrome VI but a lower number of turnovers (Table 2).

(E) Case Study 5: Design of dimetallic o-helical bundles

a-Helices have also been used as a scaffold for another class of de
novo designed metalloproteins, those containing a di-metal site. The a-
helix-rich di-metal binding sites observed enzymes such as bacterioferritin
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Joaw
g

© distal helix loop proximal helix
Ac-DPGTFKQQLTQLRDKVLK TNE PEERKQIGQISEQLFKLLG-NH,

T
—clet. L
) : \
’ .  AcDPGTFKQQDTQUWDKVLK TNE PEELKQLIQIHEQLLKLLDK-NH,

Figure 11:  (A) Representation of the metal sites in the dimer sub-unit of bacterioferritin
(PDB code 1BFR)'"” showing both the heme group and di-Mn site. (B) Starting point taken
from BFR and used to design MP3. (C) Schematic representation of MP3 including amino
acid sequence. Key amino acid residues are underlined. Images modified from Ref. [115].
Adapted with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2012.

Glu

2 Glu
Ribonucleatide Metal site
reductase R2 symmetry

Figure 12: Design strategy of dinuclear metallopeptide DF-1, using natural metalloen-
zymes such as ribonucleotide reductase as inspiration. Reprinted by permission from
Macmillan Publishers Ltd: Nature Chemistry (Ref. 81), copyright 2009.

and ribonucleotide reductase have been used as inspiration (Figure 12).!"8
The so-called DF class of peptides were designed as mimics of natural
di-iron metalloenzymes. The initial design was a peptide homodimer of
helix-loop-helix structures, with each monomer containing two gluta-
mate and one histidine residue for iron chelation.'”” Thus, where the
dimers interfaced a Glu His, dimetallic binding site formed, as shown in
Figure 12.'2
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This design was subsequently modified to improve solubility in
aqueous solvents and increase substrate access to the active site. This was
achieved by replacing the leucine residues at positions 7, 11, 21, 26 and 47
with more hydrophilic residues, and replacing a bulky set of leucine resi-
dues (Leul3 and its mirror across the dimer interface) with smaller ala-
nine residues, giving DF2 and Leul3Ala-DF1."2" This led to stabilisation
of the protein with Zn(II), Co(I1), Cu(11), Fe(IT) and Mn(II). Di-Fe(II)-DF2
rapidly reacts with oxygen to give rise to the diferric-oxo units (Fe(III)-O-
Fe(III)), a mimic of natural di-iron proteins. This complex was success-
fully probed with azide and acetate, indicating that small molecules were
able to access the active site.

Using the knowledge gained from these initial studies into the struc-
ture and activity of the DF series of proteins, the authors were able to
design artificial proteins showing phenol oxidase activity by increasing the
cavity size for substrate binding. Initial catalytic variants were tetramers of
the type referred to as DF A A B, or DF _ A B, which were identified
using a combinatorial approach.'” The most active variant was G,-DF ,
a symmetrical construct that contained the largest active site pocket of all
proteins studied. This variant showed a 1000-fold rate enhancement in the
oxidation of 4-aminophenol relative to the background reaction, giving
rise to over 100 turnovers.

The authors then introduced the successful design features of G,-DF
to the dimer DF1. This resulted in DF3, which was found to catalyse the
oxidation of a number of substrates including the bulky 3,5-ditert-butyl-
catechol, 4-aminophenol and para-phenylendiamine.'* A similar strategy
was applied to a single chain variant of the DF family, DFsc. Changes in
the active site switched the activity of this diiron protein from aminophe-
nol oxidation to arylamine N-hydroxylation.'” The introduction of four
smaller glycine residues improved substrate access.

7 Conclusion and Outlook

Biocatalysis with artificial metalloenzymes is a strategy that could poten-
tially improve the selectivity, efficiency, and environmental impact for a
wide range of chemical applications. Their challenging design has fostered
the development of several key strategies that utilise theoretical and exper-
imental techniques, bridging the biological and chemical interface.
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These examples of catalysis-driven biological design illustrate that
natural enzymes can be repurposed in a multitude of ways. Existing
metal-binding active sites can be redesigned not only for higher activity,
but also to access modes of reactivity not seen in nature, such as enanti-
oselective carbene- and nitrene-based C—H functionalisation. Alternative
metals can be incorporated into metalloproteins to change their chemical
capabilities, and active sites can be computationally redesigned to accom-
modate novel transformations. These developments are excellent early
steps towards the use of artificial metalloenzymes in a wide variety of
settings.

Several emergent areas show future promise for novel biocatalytic
reaction development. We suggest a possible strategy toward incorporat-
ing a wholly unknown metal in biology to create a protein biocatalyst for
palladium-mediated cross coupling reactions. The validation of compu-
tational techniques to build new active sites around the transition state of
a desired reaction is a powerful way to approach novel biocatalysts.
Finally, de novo approaches to build structural features from first princi-
ples is an exciting way to devise biocatalyst-like entities with greater con-
trol over their shape and dynamics. Moving forward, we can expect that
these approaches will be used together to build completely new biocata-
lysts, with de novo designed proteins being purpose-built around unnatu-
ral metal complexes. These constructs could then be optimised by the
routes shown in Sec. 3, which are already used regularly in the biocata-
lytic industry.

The continuous development and application of these strategies show
that these approaches are indeed useful for the design of new biocatalysts.
Coupled with the recent expansion of biocatalysis in industry,'® we expect
a strong outlook for the catalysis-driven design of biological systems.
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Chapter 4

Immobilisation of Homogeneous
Catalysts in Metal-Organic
Frameworks: Methods and

Selected Examples

Alexios Grigoropoulos

1 Introduction
1.1 Immobilisation of homogeneous catalysts

Homogeneous catalysts are predominantly well-defined highly selective
and reactive transition metal (TM) complexes bearing tailored organic
ligands, the design of which provides excellent control over the mecha-
nism, the rate and the selectivity in catalytic reactions. Their solubility in
common organic solvents or even water allows for the comprehensive
characterisation of reaction intermediates and products by common spec-
troscopic techniques and kinetic analysis methods, thereby facilitating the
elucidation of the overall catalytic mechanism. Mechanism can be further
investigated at a theoretical level using computational chemistry methods
which are now commonplace for discrete molecular systems. Despite these
advantages, separation from the products and recycling of the homoge-
nous catalyst after turnover is usually difficult and expensive. Moreover,
TM catalysts are not in general stable under elevated temperature and
pressure and are prone to deactivation, thus limiting their industrial use
(Table 1).1-3
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Table 1: Comparison of homogeneous and heterogeneous catalysts.

Property Homogeneous Heterogeneous

Form Molecular metal complexes ~ Metals (supported) or metal oxides
Active site Well-defined 11l-defined

Temperature Low (<250°C) High (250-600°C)

Stability Moderate High

Product separation Generally problematic Facile

Catalyst recycling Expensive Cheap and simple

Selectivity High Low

Reaction Mechanism ~ Well understood Poorly understood

Control and Tuning ~ Very good Limited

On the contrary, heterogeneous catalysts are more chemically robust,
can be easily separated from the reaction mixture and reused after turno-
ver. They are however compositionally less sophisticated materials, there-
fore being less reactive and selective than homogenous catalysts, although
progress has been accomplished in this field with the introduction of
porous heterogeneous catalysts.*” Moreover, limitations in both experi-
mental and computational methods applicable for solid-state materials
complicate the identification of the actual active site and the investigation
of the corresponding catalytic mechanism. As a result, tuning of the reac-
tivity and selectivity of heterogeneous catalysts based on the comprehen-
sive understanding of the mechanism at work is also more challenging,
compared to homogeneous catalysis (Table 1).

Considerable effort has thus been devoted to design new hybrid materials
which combine the advantages of both genres. One particularly promising
approach involves the immobilisation of homogeneous TM catalysts onto
solid-state supports, a process also known as heterogenization.** Hetero-
genization can suppress common intermolecular deactivation pathways for
TM catalysts such as dimerization or aggregation, provides better control of
the chemical environment of the catalyst’s active site for improved perfor-
mance and permits the use of solvents that otherwise could not be employed
because of the catalyst’s poor solubility. Examples of solid-state supports
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include insoluble organic polymers, metal-oxide surfaces, nanoporous
carbon, mesoporous aluminosilicates, zeolites and more recently Metal-
Organic Frameworks (MOFs).”1013

Insoluble organic polymers and metal oxides such as silica, alumina
and zirconia are the most extensively used solid-state supports up to date,
however they do not show crystallinity and ordered porosity. Crystallinity
is a highly desirable property in a solid-state support since the long-range
atomic scale order allows for controlling the spatial location and the den-
sity of the immobilised catalytic sites, leading to consistent and reproduc-
ible catalytic activity. Porosity allows for the immobilisation of a TM
catalyst not just on the surface but inside the pores of the support. In this
way, the catalyst is better protected and the molecular sieve action of the
pore itself can be exploited to regulate access of specific molecules to (or
departure from) the catalytic sites to promote selectivity. Nanoporous car-
bon and mesoporous silicates are porous materials with controllable pore
distribution and size but they lack atomic-scale periodicity. Zeolites and
MOFs are both porous and crystalline materials. However, the number of
available zeolites is rather limited (<200 to date) and the number of zeo-
lites with pores large enough to accommodate TM catalysts is even smaller.

MOFs are constructed by joining metal-based nodes, termed structural
building units (SBUs), with multitopic organic linkers via strong coordi-
nation bonds to form crystalline permanently porous open frameworks.
The large number of available building components (SBUs and organic
linkers) and their almost infinite combinations has led to the synthesis of
thousands of new MOFs during the last 15 years possessing a great variety
of topologies and porosities compared to the traditional porous materials
such as zeolites and mesoporous aluminosilicates.'*>> MOFs are crystal-
line materials, providing a well-defined nanospace environment with pore
sizes spanning from 3 A— 0 A (0.3— 3 nm). In addition, the shape, size and
surface of the pores can be engineered, by simply considering the coordi-
nation geometry of the SBUs and the connectivity of the organic linkers.
For example, introducing organic linkers with the same connectivity but
different size affords isostructural frameworks of the same topology but
with different pore size and surface (Figure 1). It should be noted that
MOFs are not as stable as zeolites when exposed to organic solvents and
particularly water, since solvent molecules can coordinate to the metal
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Figure 1:  Isoreticular expansion of metal-organic frameworks by increasing the size of the
organic linker whilst maintaining the same topology. In this example, MOFs are built from
octahedral [Zn ,O(CO,),] clusters and tritopic linkers (BTB = benzene-tribenzoate (MOF-
177), BTE = benzene-1,3,5-triyl-tris(ethyne-benzoate) (MOF-180), BBC = benzene-1,3,5-
triyl-tris(benzene-benzoate) (MOF-200). Unit cell expansion factor is listed on top of each
arrow. Reprinted with permission from Ref. [18].

ions and replace the linkers, thus inducing decomposition of the frame-
work. Nevertheless, there are now several MOFs built from oxo-clusters of
electropositive metal ions like AI(III), Cr(III) and Zr(IV) which are very
robust and can survive treatment with even strong Brensted acids or
hydrothermal conditions for long periods of time. Therefore, MOFs are
currently intensively investigated for a wide range of applications includ-
ing gas storage, separation, molecular recognition, conductivity, nonlinear

optics, drug-delivery, as well as catalysis.>!
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1.2 Metal organic frameworks as solid state supports

The fundamental design principle of MOFs requires the formation of
strong coordinative bonds between metal ions and organic linkers.
Consequently, metal-based nodes are usually coordinatively saturated and
therefore not accessible to substrates for catalytic transformations.
Nevertheless, there are MOFs in which the coordination sphere of the
metal ions also contains coordinated solvent molecules which can be
removed via mild heating under vacuum, a process known as activation.
This in turn leads to the generation of coordinatively unsaturated metal
sites (CUS) that can serve as Lewis acidic catalytic sites. It should be noted
though that activation may result in the collapse of the structure due to the
distortions produced upon changing the coordination environment of the
SBUs and removing the guests from the pores. All the same, MOFs which
can be directly used as heterogeneous catalysts even after activation repre-
sent only a small fraction. An excellent review on the field by Liu et al. in
2014 reported only 35 examples in which a MOF directly serves as a het-
erogeneous catalyst.”? The full potential of MOFs can only be exploited via
the incorporation of catalytically active guests inside their uniform pores.
To that end, various MOFs have been explored as solid-state platforms
(hosts) for the immobilisation of molecular TM catalysts, forming cata-
lyst-MOF materials. Such hybrid systems could potentially outperform
both homogeneous and heterogeneous catalysts since they contain a high
proportion of spatially isolated but accessible, highly reactive and selective,
well-defined catalytic sites and they can be easily recycled. The confined
space may even dictate selectivity by controlling access of the substrates,
stabilizing specific transition states or even assisting activation via auxil-
iary functionalities.

There are two major strategies for incorporating a homogeneous
TM catalyst inside a MOF: (i) covalent bonding onto the linker or the
SBU and (ii) direct encapsulation via non-covalent interactions (Figure 2).
Covalent bonding, also known as grafting, usually takes place post-
synthetically by attaching a TM catalyst onto an organic functionality of
the linker. An interesting variation is the conversion of a TM catalyst to
a metallolinker and employment of the latter to the direct synthesis of
the targeted MOE. This obviously requires very robust TM catalysts
which can survive the solvothermal process used for MOF synthesis.
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Figure 2: Incorporation of a TM catalyst (purple spheres) inside a MOF: (i) covalent
bonding to an available grafting site of the linker (depicted in blue); (ii) post-synthetic
linker exchange (shaded in grey) and (iii) direct encapsulation via non-covalent interac-
tions. Green sphere depicts the guest-accessible space.

Conversely, linkers containing suitable coordination or grafting sites can
be post-synthetically exchanged into the framework under milder condi-
tions. This process is known as post-synthetic exchange (PSE)*** and
has been widely explored. However, it requires multiple synthetically
demanding steps typically involving deprotection of the grafting sites
and modification of the coordination sphere of the TM catalyst which
may significantly change its electronic and structural properties and as a
result its overall catalytic activity.

On the contrary, simple encapsulation does not perturb the first coor-
dination sphere of the catalyst and in principle allows for the direct trans-
fer of solution-based chemistry to the solid state. However, although
simple in concept, encapsulation is synthetically challenging since the
catalyst must be firmly held inside the pores of the host via non-covalent
interactions in order to avoid leaching in the liquid phase upon turnover.
Therefore, examples are still rather limited.

The scope of this work is to introduce the reader to the fascinating
chemistry of MOFs and their potential as solid-state platforms for the
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immobilisation of homogeneous TM catalysts. To this end, representative
examples of the aforementioned methodologies are selected and discussed
involving some of the more well-documented MOFs like UiO-66, MIL-100
and HKUST-1. These specific examples may not necessarily report remark-
able catalytic activity, however they present in a comprehensive manner the
potential advantages as well as problems of each methodology and demon-
strate the benefits of MOFs compared to other solid-state supports.

2 Covalent Bonding

This approach requires the presence of suitable sites on the linkers where
TM catalysts can be covalently bonded (grafted). The respective linkers
can be either employed directly in the synthesis of the host MOFs or they
can be incorporated into the framework post-synthetically. The former
approach often requires protection (and subsequent deprotection) of the
grafting sites during MOF synthesis under solvothermal conditions. On
the contrary, post-synthetic exchange of linkers can be performed under
significantly milder conditions.

2.1 Post synthetic exchange

A well documented and investigated family of particularly stable MOFs is
the UiO-series (UiO stands for University of Oslo). UiO-MOFs are built
from the interconnection of Zr(IV)-oxoclusters with carboxylate-based
linkers. The prototypical member of the series is UiO-66, built from
cuboctahedral [Zr, (11,-O),(1,-OH),(COO) ,] SBUs and linear ditopic BDC
linkers (BDC = 1,4-benzene dicarboxylate). The SBU consists of an inner
octahedral Zr -cluster whose triangular faces are capped by 1,-O and
1,-OH groups in an alternating fashion to account for charge balance
(Figure 3). All 12 octahedral edges are bridged by carboxylate groups
originating from different BDC linkers giving rise to a porous MOF with
an overall [Zr (4,-O),(1,-OH),(BDC),] formula and an augmented face-
centred cubic array of 12-fold interconnected cuboctahedral SBUs (fcu-a
topology).* UiO-66 contains both octahedral and tetrahedral pores with a
diameter of 8.4 A and 7.6 A, respectively, after taking into account van der
Walls radii. It is remarkably stable due to its high connectivity between the
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Figure 3: Crystal structure of UiO-66 built from Zr -based cuboctahedral SBUs and lin-
ear ditopic BDC linkers. Six SBUs occupy the vertices of a super octahedron interconnected
with BDC linkers. The 12-fold connected SBUs form an augmented face centred cubic
array (fcu-a topology) with octahedral (green) and tetrahedral (yellow) pores.

SBUs and the intrinsic bond strength of the coordination bonds between
carboxylate groups and highly electropositive Zr(IV)-oxoclusters. UiO-66
retains its crystallinity upon heating to 400°C or treatment with water, com-
monly used organic solvents and strong Brensted acids or bases.”” Replace-
ment of BDC with longer linear ditopic linkers such as 4,4-biphenyl
dicarboxylate (BPDC) and terphenyl dicarboxylate (TPDC) leads to the
synthesis of isostructural analogues, namely UiO-67 and UiO-68. These
MOFs contain even larger pores and have been vastly explored as solid-
state supports, although they are relatively less stable than UiO-66.%

The excellent chemical and structural stability of UiO-MOFs allows
for partial PSE of the linkers. PSE is a powerful and facile method for
functionalisation of the framework under mild conditions, leading to
materials which otherwise would be inaccessible.*** For example, Cohen
et al. reported the successful introduction of catecholate groups into
UiO-66 via the exchange of BDC with catecholate-containing linkers,
such as dixydroxybenzene dicarboxylate (DHBDC), forming UiO-66-
CAT (Scheme 1).*° Subsequent metallation of the catecholate groups with
Cr(III) afforded UiO-66-CAT(Cr). This MOF contains spatially isolated
Cr-monocatecholate species and is therefore a very good and recyclable
heterogeneous catalyst for the oxidation of secondary alcohols to ketones.
Attempts to synthesize UiO-66-CAT directly from its components under



http://chemistry-chemists.com

Immobilisation of Homogeneous Catalysts in Metal-Organic Frameworks 131

UiD-66 UiD-E6-CAT
DHBDC {\\

COOH < /

a &

AL on —f—/’ A x 85 °C, H,0/0MF ( \
E/I + ) i——-“_}

Y o T

COOH \\\ )@ Y

RY:
H,504/MaOH
reflux Post Synthetic Exchange

[;]-/\DH hv, EtDAG \2{' B f' at

[ e
0" a \/ b é HaDieX
oy M0z
m _ | s5°c,DmF //_\
~F Post Synthetic Deprotection

C‘\I N O Oy OH oM
Sy e T KOH, THE \/\L Il
E—

POOE-Liy Y
l“l:“\) %L A‘ODMFJOOC\

Cl 0 oM

Scheme 1: Synthesis of UiO-66-CAT via post synthetic exchange or post-synthetic
deprotection. Post-metallation of the final material leads to UiO-66-CAT(Cr) which serves
as a heterogenised catalyst for the oxidation of secondary alcohols to ketones. Adapted with
permission from Ref. [39].

solvothermal conditions were not successful, presumably due to the pres-
ence of the hydroxyl groups which can also coordinate to the Zr -based
SBUs and disrupt the MOF synthesis. This demonstrates the value and
applicability of the PSE method. Direct synthesis was only feasible if both
hydroxyl groups were initially protected via coupling to ortho-nitroben-
zyl. In this case, the targeted material was obtained under solvothermal
conditions employing ZrCl, as the metal source and adding both linkers
in the reaction mixture. The photocleavable protecting groups were post-
synthetically removed via photolysis (Scheme 1). Clearly this route,
known as post-synthetic deprotection, involves multiple and synthetically
challenging steps. Moreover, the degree of MOF functionalisation is usu-
ally limited (in this case <35%) due to the large size of the protecting
groups.
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On the contrary, when the PSE approach was followed, linker exchange
was modulated with 18-75% of the original BDC linkers exchanged with
DHBDC, depending on the initial molar ratio between the two linkers in
the reaction mixture. Subsequent metallation with Cr, using K,CrO, as the
metal source under weakly acidic conditions led to a nearly quantitative
metallation of all catecholato groups in the framework, with a concomi-
tant reduction of Cr(VI) to Cr(III). The resulting UiO-66-CAT(Cr) MOF
remains crystalline, exhibits homogeneous particle morphology, with no
evidence of any other secondary phase or amorphous impurity present
and is permanently porous according to PXRD, SEM and N, sorption
experiments. Since PSE can be readily controlled permitting the incorpo-
ration of a different number of catecholato groups in the framework based
on starting conditions, materials with various metal loadings were pre-
pared and benchmarked as heterogeneous catalysts for the oxidation of
secondary alcohols, an important reaction for the industrial synthesis of
ketones.***!

Secondary alcohol oxidation was initially carried out at 1 mol% Cr
loading in the form of UiO-66-CAT(Cr) with t-butyl hydroperoxide
(TBHP) as the oxidant in chlorobenzene at 70°C. Nine secondary ali-
phatic, alicyclic or benzylic alcohols were used as substrates. The majority
of them gave nearly quantitative yields after 8—24 h (entries labelled as
A in Table 2). Performing the catalysis in a “greener” solvent-free environ-
ment increased the TOF under otherwise identical conditions (entries
labelled as B in Table 2). Control experiments using the same amount of
either the parent UiO-66 MOF or the chromium-free UiO-66-CAT MOF
gave yields below 15%, suggesting a minor contribution of the host to the
overall yield. The heterogeneous nature of the reaction was confirmed by
a hot filtration test. The supernatant was physically separated from the solid-
state catalyst via simple filtration after 2 h of reaction using 2-heptanol as
the substrate. Negligible additional product yield was observed in the
supernatant after additional 22 h, verifying that no catalytically active
species were released into the liquid phase. Moreover, ICP-OES analysis
confirmed that UiO-66-CAT(Cr) is a true heterogeneous catalyst since
only traces of Cr were detected in the supernatant after turnover.

UiO-66-CAT(Cr) outperforms a known Cr-exchanged zeolite in terms
of yield and TOF. In addition, significant Cr leaching was observed for the
Cr-exchanged zeolite, a problem often encountered for zeolite-based
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Table 2: Catalytic oxidation of secondary alcohols to ketones by UiO-66-CAT(Cr).*

Product Solvent Oxidant Time (h) Yield (%) TOF (h™)
1A o cHC TBHP 24 99 4.20
1B /\/\)l\ Solvent free TBHP 8 99 12.48
1C CH,CN HO, 24 39 1.63
24 o cHC TBHP 24 92 3.84
2B ©/\)‘\ Solvent free TBHP 24 99 4.20
3A o CHCI TBHP 24 70 2.94
3B (:/l/ Solvent free TBHP 24 72 3.00
4A o CéHSCI TBHP 24 95 4.02
4B Solvent free TBHP 24 99 4.20
5A o CHCI TBHP 12 99 8.34
5B Solvent free TBHP 24 99 4.20
5C CH,CN HO, 24 95 4.02
6A ¢ CGHSCI TBHP 12 929 8.34
6C ©f§ CH3CN HZO2 24 929 4.20
7A 0 cHCl TBHP 8 99 12.48
7C CH,CN H,0, 2 99 4.20

Note: *Reaction conditions: loading = 1 mol%, T'= 70°C, [sec-alcohol] = 1.0 M (or neat), [THBP] =
1.1 mmol (or 1.3 mmol), [H,0,] =2.0 M.

catalysts.*** The homogenous reaction using Cr(acac), or K,CrO /catechol
gave significantly lower yields (<40%) under identical conditions. Moreover,
UiO-66-CAT(Cr) shows comparable catalytic efficiency with other more
efficient homogeneous Cu-based catalysts which may use air or O, as the
oxidant but also require higher metal loadings (5-10 mol%) and toxic or
expensive co-catalysts.*** UiO-66-CAT(Cr) can be easily separated from
the reaction mixture by centrifugation and recycled for at least five times
without any obvious decrease of its catalytic activity. Oxidation of second-
ary alcohols was also carried out using H,O, as the oxidant an environmen-
tally benign alternative which produces water as the sole by-product.
Excellent yields (>95%) were achieved when benzylic alcohols were used as
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substrates (entries labelled as C in Table 2). However, the oxidation of
2-heptanol and other aliphatic alcohols produced poor results.

This selected example clearly demonstrates the benefits of using robust
MOFs for the immobilisation of homogeneous catalysts inside their uni-
form pores. It also highlights the value of PSE as a relatively straightforward
method for immobilisation under mild conditions, leading to materials
which cannot be otherwise obtained. Various linkers have been also
exchanged into UiO-type MOFs, establishing the generality of the PSE
method. The same group has employed thiocatecholato-based linkers con-
taining softer dimercapto groups which can be post-synthetically metal-
lated. The degree of linker exchange was again stoichiometrically controlled,
varying between 40% and 71% depending on the initial molar ratio
between BDC and its dimercapto-derivative. Subsequent metallation with
Pd resulted in a highly efficient, reusable and selective heterogeneous cata-
lyst for the oxidative functionalization of aromatic C-H bonds.*”

2.2 Direct synthesis

Although solvothermal synthesis of MOFs using linkers with available
grafting sites most often requires pre-synthetic protection of the latter,
there are a few examples in which this lengthy and often laborious proce-
dure is not necessary. For example, Lin ef al. published the synthesis of a
UiO-type MOF using 2,2’-bipyridine-5,5"-dicarboxylate (BPyDC) as the
organic linker. This MOEF, abbreviated as UiO-BPyDC, is isostructural
with UiO-67 (Figure 4) with an overall [Zr (x,-O),(11,-OH) (BPyDC) ]
formula and an augmented fcu topology.*® It contains considerably larger
octahedral and tetrahedral pores than UiO-66 with a pore diameter of
12.4 A and 9.6 A, respectively, including van der Walls radii, and a higher
BET surface area of 2277 m* g (c.f. 1580 m?* g™ for UiO-66). Moreover, it
features uncoordinated 2,2’-bipyridine (bpy) groups which can be readily
post-synthetically metallated with various TMs, forming UiO-BPyDC(M)
hybrid materials (M = Fe, Co, Cu, Ir, Pd).* For example, treatment of UiO-
BPyDC with [Ir(COD)(OMe)], (COD = 1,5-cyclooctadiene) afforded
UiO-BPyDC(Ir) in which approximately 25% of the bpy groups were
metallated. UiO-BPyDC(Ir) shows a significantly reduced BET surface
area (365 m* g”') compared to the parent UiO-BPyDC MOF due to the
presence of Ir and associated ligands inside the pores.
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Figure 4: Crystal structure of UiO-BPyDC(Ir) built from Zr -based cuboctahedral
SBUs and linear ditopic BPyDC linkers. Post-synthetic metallation with [Ir(COD)(OMe)],
forms a heterogeneous catalyst for ortho-silylation which is 1,250 times more active than
its homogeneous counterpart (inset). Adapted with permission from Ref. [48].

UiO-BPyDC(Ir) exhibited excellent catalytic activity in intramolecu-
lar ortho-silylation of benzylicsilyl ethers to give benzoxasiloles which are
important intermediates in organic synthesis.” The homogeneous reac-
tion using [{bpy-(COOMe)_ }Ir(COD)(OMe)] at 5.0 mol% loading under
otherwise identical conditions afforded only 4% conversion in 24 h, after
which the reaction essentially stops. In contrast, when UiO-BPyDC(Ir)
was used as the catalyst even at a lower loading of 0.1 mol% (based on Ir),
the yield increased linearly with time until completion after six days
(Figure 4, inset). Therefore, UiO-BPyDC(Ir) is at least 1,250 times more
active than its homogeneous counterpart. When Ir loading was raised to
1.0 mol%, in the form of UiO-BPyDC(Ir), good yields (83-94%) were
observed for various substrates without adding any H-acceptor, also a
significant improvement over the corresponding homogeneous reaction
in terms of atom efficiency (Table 3). Lower TOF was observed when
larger substrates carrying Ph groups were used, presumably because of the
slower substrate diffusion through the MOF channels.
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Table 3: UiO-BPyDC(Ir) catalysed intramolecular ortho-silylation®

Ro ,R2
o Uio-BPyDC(Ir) /@\/\
I —_—> /O +H,
R Et/S”\-l Lmol R ,Si\Et
Et Et
Entry R, R, Time (h) Yield (%) TOF (h™)
1 H Me 30 94 3.13
2 Me Me 30 92 3.07
3 Cl Me 44 92 2.09
4 OMe Me 50 85 1.70
5 H Ph 72 83 1.15

Note: *Reaction conditions: : catalyst loading = 1.0 mol% (based on Ir), solvent =
n-heptane, T'= 100°C.

Various other examples of post-synthetic metallation of UiO-BPyDC
have been reported in the last two years, clearly demonstrating the benefi-
cial effect of active site isolation via the immobilisation of TM catalysts
inside the pores of this robust MOF, leading to reusable single-site solid
catalysts for important organic transformations. Employment of
[Pd(CH,CN),][BF,], as a TM precursor resulted in an active heterogene-
ous catalyst for the dehydrogenation of substituted cyclohexenones to
phenols under an atmosphere of O2.* Li et al. used the same MOF as a
solid-state support for grafting PACl, which was subsequently reduced to
Pd(0) forming embedded Pd nanoparticles. Excellent catalytic efficiency
and shape-selectivity was observed in olefin hydrogenation and aerobic
oxidation of alcohols. Moreover, stability was considerably improved com-
pared to materials synthesised via traditional impregnation methods.”!

In the quest for solid-state supports with even larger pores, UiO-type
MOFs with even longer linear linkers have been recently synthesised con-
taining different coordination sites like bpy,* 2,2-bis(diphenylphosphino)-
binaphthyl (BINAP),*** norbornadiene® or mercapto groups.*® One
particularly interesting case involves sal-MOF(M) (M = Fe, Co) which is
isostructural to UiO-68 with the middle benzene ring of the terphenyl
dicarboxylate linker bearing a salicylaldimine group (Figure 5).7
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Figure 5: Post-synthetic metallation of sal-MOF to form a heterogeneous catalysts for
olefin hydrogenation. Reprinted with permission from Ref. [57].

Post-synthetic metallation with iron or cobalt affords robust, highly active
and recyclable heterogeneous catalysts for olefin hydrogenation. The crys-
tallinity of the sal-MOF was maintained upon metallation with approxi-
mately 60-70% of the salicylaldimine sites being metallated. Even after
metallation, the BET surface area was still higher than 3,000 m* g*', indi-
cating the benefits of isoreticular chemistry in MOFs in order to increase
pore aperture and channel dimensions without disturbing the overall
topology. The material obtained after post-synthetic metallation and pre-
treatment with NaBEt,H displayed excellent catalytic activity in the hydro-
genation of a wide range of aliphatic and aromatic terminal alkenes and
dialkenes. Even at 0.05-0.01 mol% Fe loading, very high turnover num-
bers up to 1.45 X 10° were observed, whereas the catalyst was recycled and
reused nine times without and significant drop in reactivity. Even after
partial deactivation, the catalyst was successfully regenerated upon treat-
ment with NaBEt,H. Notably, the synthesis of the corresponding homoge-
neous catalyst [(sal)Fe(THD) Cl] was not possible, consistently leading to
tetranuclear clusters. This suggests that such low coordination number Fe
species are not stable in solution and form oligomers instead. This process
is obviously prohibited upon immobilisation, demonstrating how MOFs
may also provide a platform for obtaining new TM catalysts.”’

2.3 Metallolinkers

Linkers containing coordination or grafting sites can be incorporated into
a MOF either directly or via PSE. A third attractive option involves
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employment of metallolinkers, i.e. TM complexes modified accordingly to
serve as linkers for the synthesis of MOFs. This chemically elegant method
in principle allows for higher loading of homogenous TM catalysts and
more accessible catalytic centres that are now part of the framework’s
inner walls. It is conceptually overlapping with the previously discussed
grafting methodology, thus it is not treated separately in this review. Two
types of metallolinkers have been extensively employed for the synthesis of
MOFs, i.e. modified metallosalens® and metalloporphyrins.®*® The most
characteristic example of a metallolinker is meso-tetrakis(4-carboxyphe-
nyl)porphyrin (H, TCPP-H,) which can be employed as a linker either in
its deprotonated metal-free (TCPP-H,) or metallated form (TCPP-M).

Yaghi et al. reported the synthesis of MOF-525 which consists of typi-
cal 12-fold connected cuboctahedral [Zr (u,-O),(4,-OH),(COO) ]
SBUs,® also found in the UiO-series of MOFs,*® and deprotonated metal-
free TCPP-H, linkers. Each SBU is situated on the vertex of a cube and
each tetratopic TCPP-H, linker is capping one face giving rise to a
3D porous framework with an overall [Zr (4,-O),(y,-OH) (TCPP-H,),]
formula and an augmented ftw topology (Figure 6, top). If the metal to
linker stoichiometric ratio is increased, then PCN-222(M) is formed
instead (M = Fe, Mn, Co, Ni, Cu, Zn).*** In PCN-222(M), only eight
edges of the Zr -based SBUs are bridged by TCPP-M linkers, in contrast to
MOE-525, while the remaining four edges are occupied by terminal water
and hydroxyl groups (Figure 6, bottom). Consequently, PCN-222(M) is
built from [Zr (4,-O),(y,-OH),(+0OH),(H,0),(CO0),] SBUs serving as
8-fold connecting nodes and giving rise to a 3D structure of augmented
csq topology and an overall [Zr.O,(OH),(H,0),(TCPP-M),] formula.
PCN-222(M) contains very large hexagonal and triangular open channels
with a diameter of 31.4 A and 11.0 A respectively, accounting for van der
Waals radii, and a BET surface area of approximately 2200 m? g.
Moreover, PCN-222(M) shows exceptional stability even in concentrated
hydrochloric acid.®

PCN-222 was benchmarked as a biomimetic analogue of heme pro-
teins like cytochromes and peroxidases which are capable of performing
oxidation of organic substrates at remarkable rates using H,O, as the oxi-
dant.®* Direct application of a metalloporphyrin as an oxidation catalyst in
aqueous solutions is usually hampered by the formation of dimers and
decomposition of the catalyst in the presence of oxidizing media.
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8-connected Zr; SBU > <>/ PCN-222

Figure 6: Crystal structure and topology of different Zr-based MOFs bearing TCPP link-
ers. MOF-525 is built from 12-fold connected SBUs (top) whereas PCN-222 is built from
8-fold connected SBUs (bottom) giving rise to different topologies. Cubic pores for MOF-
525 and hexagonal channels for PCN-222 are illustrated with yellow and green spheres
respectively. Adapted with permission from Ref. [61].

Therefore, bulky ligands are attached to the porphyrin backbone to pro-
tect the active sites, a process involving multiple synthetically demanding
steps. An alternative approach is immobilisation of the metalloporphyrin
on a solid-state support, a practice which inevitably dilutes the density of
active sites. Employing TCPP(M) as a metallolinker for the construction
of PCN-222(M) immobilizes the catalytic sites, maximises their density
and renders them accessible to substrates, since they are situated on the
walls of quite large channels.

To test the catalytic activity of PCN-222(M) pyrogallol was chosen as
a substrate, commonly used in standard assays to characterize the catalytic
performance of heme-like biomimetic analogues. Only an activated sam-
ple of PCN-222(Fe) exhibited peroxidase-like catalytic activity. The per-
oxidation of pyrogallol follows the conventional enzymatic dynamic
regulation of the Michaelis—-Menten equation. A comparison of the k_
values of the natural enzyme horseradish peroxidase (HRP) and PCN-
222(Fe) reveals that the native enzyme is approximately two orders of
magnitude more active, as expected (Table 4). Nevertheless, the Michaelis
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Table 4: Kinetic parameters for the oxidation of pyrogallol by

different catalysts in water.*
OH OH O

OH
PCN-222(Fe) W/
HO. _OH HO._ {
| B H:0z | -
= HO™ ™ =

Catalyst K (mM) k. (min™) k_ /K (M min™)
PCN-222(Fe) 0.33 16.1 4.85 x 10*
Hemin Not available 2.4 Not available
HRP 0.81 1.8 x 10° 2.20 x 10*

Note: “Reaction conditions: [Fe] = 2.5 M, [pyrogallol] = 0.2-2 mM, [H,0,] =
50 mM, T'=25°C.

constant (K ) value for PCN-222(Fe) is lower than that of HRP, indicating
a higher affinity of the substrate to PCN-222(Fe). Therefore, it is the
slower diffusion of the substrate into the pores of PCN-222(Fe) that slows
down the catalytic reaction. Moreover, the obtained k_ value of PCN-
222(Fe) is seven times larger than the one of hemin which is the
Fe-metallated protoporphyrin IX (Table 4). Oxidation of other substrates
verified that PCN-222(Fe) shows superior catalytic activity compared to
its homogeneous analogue hemin, with the obtained kcat values often
measured two orders of magnitude higher.®** Such an excellent catalytic
performance can be attributed to the construction of stable 3D structures
with large open channels in which dimerization of porphyrin centres is
prevented and diffusion of substrates is not a rate limiting factor.
Compared with other solid-state supports used for the immobilization of
metalloporphyrins, PCN-222 shows a higher density of catalytic centres
and a faster diffusion rate of substrates. Other metalloporphyrins and
metallosalen complexes have been employed as metallolinkers for the syn-
thesis of MOFs, showing in most cases increased catalytic efficiency com-
pared to analogous homogeneous systems.*>7¢

3 Encapsulation

This approach involves the encapsulation of a TM catalyst inside the
pores of a MOF via non-covalent interactions. It does not require any



http://chemistry-chemists.com

Immobilisation of Homogeneous Catalysts in Metal-Organic Frameworks 141

modification of the catalyst’s coordination environment and allows for
the direct application of solution-based chemistry to the solid state.
However, there are few examples up to date reporting the successful
encapsulation of a TM catalyst inside a MOF, mainly due to the inher-
ently weaker nature of non-covalent interactions. These examples
include (i) assembling the catalyst from its components in situ inside the
confined environment of the MOE, a methodology known as “ship in a
bottle”; (ii) assembling the MOF around the catalyst, a methodology
known as “bottle around ship” or template synthesis and (iii) direct
cation exchange of positively charged TM catalyst inside the pores of an
anionic MOE.

3.1 Ship in a bottle

The ship in a bottle methodology represents a general and versatile
method for the encapsulation of TM catalysts inside the pores of MOFs
(Figure 7). By definition, it involves multiple synthetic steps whereas sys-
tematic optimisation of the assembly reaction is necessary in order to
avoid side reactions leading to multiple species present alongside the active
catalyst.

This elegant but hard to realise strategy was originally employed using
zeolites as hosts”™ and was very recently demonstrated using MOFs.
Ma et al. selected an anionic MOE, [Me NH_],[Zn,(4,-O)(ad),(BPDC),]
(BioMOF-1) as the host (ad = adeninate, BPDC = biphenyldicarboxylate).®
Anionic MOFs are mainly built from negatively charged SBUs, giving rise
to an anionic framework whose charge is balanced by small organic cati-
ons trapped inside the cavities.

In particular, BloMOF-1 consists of infinite zinc-adeninate columns
with an overall formula of [Zn,(x,-O)(ad),(COO) ,]*~ which are intercon-
nected via ditopic BPDC linkers, giving rise to an anionic framework with
large channels running parallel to the c-axis.* The negative charge is
balanced by [Me ,NH,]* cations, produced in situ upon DMF solvent
decomposition and residing in the channels along with solvent mol-
ecules (Figure 8(A)). Exchange of these cations with Co(II) leads to
Co-BioMOF-1 (Figure 8(B)) with a concomitant colour change from
white (colour of the parent host) to pink due to Co(II) encapsulation.
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Figure7: Ship in a bottle methodology. Key: light blue sphere = metal-based SBU;
orange rod = organic linker; pink sphere = metal cation encapsulated inside the
pores of a MOF (cube); green hexagon = component of guest molecule. Reprinted
with permission from Ref. [85].

Figure8: (A) Structure of BioMOF-1 consisting of zinc-adeninate columns interconnected
via ditopic BPDC linkers. The negative charge is balanced by [Me,NH,]* cations (blue
spheres) generated in situ upon DMF decomposition. Step-wise incorporation of Co(II)
(magenta spheres) (B) and phthalonitrile (C) inside the pores leads to the formation of the
CoPC phthalocyanine complex which is too large to exit from the pores.

Subsequent treatment with a formamide solution of phthalonitrile
(1,2-dicyanobenzene) at 190°C for 10 min triggers the formation of the
phthalocyanine (Pc) ligand inside the pores and subsequent coordina-
tion to Co(II), producing CoPC-BioMOF-1 via a typical condensation-
complexation reaction (Figure 8(C)). The molecular dimensions of
CoPC (1.3 x 1.3 nm) are larger than the pore windows of BioMOF-1
(1 x 1 nm), hence CoPC is trapped inside the pores after assembly. For
the same reason, attempts to encapsulate pre-assembled CoPC inside
the pores of BioMOF-1 were not successful, verifying the validity of the
approach.

CoPC-BioMOF-1 was benchmarked as a heterogeneous catalyst in
styrene epoxidation using TBHP as the terminal oxidant (Table 5). It can



http://chemistry-chemists.com

Immobilisation of Homogeneous Catalysts in Metal-Organic Frameworks 143

Table 5: CoPC-BioMOF-1 catalytic epoxidation of olefins to epoxides.*

Entry Catalyst Substrate  Conversion (%)  Selectivity (%)
1 BioMOEF-1 Styrene 8 61
2 CoPC Styrene 38 60
3 CoPC-BioMOF-1  Styrene 72 65
4 After 3 cycles Styrene 64 63
5 CoPC-BioMOF-1  Cis-stilbene 14 68

*Reaction conditions: 1.5 mol% Co loading, solvent = MeCN, T = 60°C, t = 16 h,
[styrene] = 0.125 M, [TBHP] = 0.188 M.

efficiently catalyse the epoxidation of styrene to styrene oxide with a con-
version of 72% (1.5 mol% loading for 16 h at 60°C) and a 65% selectivity
towards styrene oxide (entry 3). In comparison, the homogeneous coun-
terpart under the same reaction conditions exhibits a much lower conver-
sion of 38% whereas selectivity is approximately the same (entry 2),
suggesting that encapsulation suppresses formation of aggregates via 7—m
stacking of CoPC molecules, a well-established deactivation process in
solution.’” The parent host has a negligible contribution to the overall
yield (entry 1) and CoPC-BioMOF-1 can be recycled at least three times
without any significant decrease in its catalytic activity (entry 4). Moreover,
leaching of the catalytically active species in the liquid phase is not
observed. The heterogeneous nature of the catalytic reaction was further
established by using the bulkier cis-stilbene as a substrate which showed
much lower conversion of 14% (entry 5). The larger substrate cannot
readily access the catalytic sites, suggesting that the reaction takes place
inside the pores of the host and not on its surface.

It is not necessary to use an anionic MOF as the host for this methodology.
Very recently, Li et al. reported the successful ship in a bottle encapsula-
tion of [Cu(phen),]Cl, (phen = 1,10-phenanthroline) inside the pores of
MIL-100(Al) and its use as a catalyst for the oxidation of cycloalkanes.®
MIL-100(M) MOFs {M = Fe(III), AI(III), Cr(III)} were initially synthe-
sised by Férey and co-workers (MIL stands for Materials Institute
Lavoisier). They are constructed from [M,(x,-O)(X)(COO), ] SBUs (X =
halide or hydroxide) and tritopic BTC linkers with a [M,O(X)(H,0),



http://chemistry-chemists.com

144 A. Grigoropoulos

[Al;O(0H)(05C)s] SBU
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Figure 9: Crystal structure of MIL-100(Al) built from [ALLO(OH)(COO),] SBUs and
tritopic BTC linkers. Four SBUs form a super-tetrahedron with BTC linkers capping all six
faces. Corner sharing between the super-tetrahedra gives rise to MIL-100(Al) which exhib-
its two types of mesopores with pentagonal and hexagonal windows.

(BTC),]-nH,0 overall formula (BTC = benzene-1,3,5-tricarboxylate).*~!
MIL-100(M) MOFs are chemically robust and contain two types of
mesopores with a diameter of 25 A and 29 A (Figure 9) which are acces-
sible via considerably smaller windows (5.5 A and 8.7 A, respectively).
Therefore, they are ideal supports for the ship in a bottle methodology. Li
et al. selected MIL-100(Al) as the host and incorporated CuCl, as the TM
precursor and phen as the ligand inside the pores, leading to the in situ
formation of [Cu(phen),]Cl,. The assembled TM catalyst was firmly
trapped inside the mesopores of MIL-100(Al) since it is too large to pass
through the pore windows and no leaching was observed even after
carrying out a soxhlet extraction for three days.

The catalytic performance of the hybrid material [Cu(phen),]-
MIL-100(Al) was investigated in the cyclohexane oxidation towards
cyclohexanol and cyclohexanone, using H,O, as the oxidant. As shown in
Table 6, parent MIL-100(Al) is catalytically inactive (entry 1), whereas the
homogeneous counterpart using [Cu(phen),]Cl, as the catalyst leads to a
TON of 71 with 75% selectivity towards cyclohexanol (entry 2). On the
other hand, the heterogeneous reaction using the hybrid [Cu(phen),]-
MIL-100(Al) material as the catalyst shows a six-fold increase in reactivity
with a TON of 458 without any significant decrease in selectivity (entry 5),
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Table 6: MIL-100(Al) catalytic oxidation of cyclohexane to cyclohexanol
and cyclohexanone.?

OH O
0.1 % Cu w/w
— -~
H,0,
Entry Catalyst Conversion  Selectivity TON
(%) (%)°
1 MIL-100(Al) — — —
2 [Cu(phen),]CL 12 75:25 71
3 Cu-MIL-100(Al) 8 67:33 93
4 [Cu(phen),]-Zeolite-Y 12 73:27 195
5 [Cu(phen),]-MIL-100(Al) 21 69:31 458
6 After three cycles 18 69:31 390

“Reaction conditions: loading = 0.1 wt.%, solvent = MeCN, T = 70°C, t = 3 h,
[cyclohexane] = 0.95 M.
" Cyclohexanol to cyclohexanone ratio.

suggesting that degradation of the catalytic species in the presence of H,0O,
is inhibited due to site-isolation.”” [Cu(phen),]-MIL-100(Al) is also more
reactive than Cu—MIL-100(Al) (entry 3), indicating that phen successfully
replaces the halide anions in the Cu(II) coordination sphere and promotes
reactivity. Notably, when [Cu(phen),]-Zeolite-Y was investigated as a het-
erogeneous catalyst, it also synthesized via the ship in a bottle method,* a
lower TON of 195 was obtained (entry 4). The difference in catalytic activ-
ity obtained was attributed to the larger cavities and windows present in
MIL-100(Al) compared to zeolite Y (pore diameter of 13 A and window of
7.4 A) which facilitate the diffusion of the substrates and the generation of
active transition-states,” demonstrating again the potential benefits of
MOFs as hosts compared to zeolites.

3.2 Bottle around ship

The bottle around ship or template synthesis approach requires very
robust catalysts which serve as structural directing agents (templates)
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around which the framework is built. Overall, template synthesis has been
extensively used in the field of zeolites™ and mesoporous silicates.”> By
default, the catalyst used as a template must endure conditions used for the
synthesis of the solid-state support. Given that the vast majority of MOFs
is synthesized at temperatures above 100°C in the presence of water, exam-
ples where a TM catalyst can fulfil such a role are rather scarce, currently
restricted to polyoxometalates (POMs) and metalloporphyrins.®~'® For
example, Su et al. reported the successful incorporation of a series of
Keggin-type POMs with an overall formula [XM ,0, ] (M = Mo or W,
X =Si, Ge, P, As) into the HKUST-1 MOF via a one-step bottle around ship
synthesis.”

HKUST-1 is one of the most systematically investigated MOFs. It is
built from [Cu,(COO),(H,0),] SBUs with a paddle-wheel geometry
linked with tritopic BTC linkers."" Each dinuclear Cu,-cluster is bridged
by four carboxylate groups from four different BTC linkers, thus serving
as a 4-fold connecting node. HKUST-1 is electrically neutral and diamag-
netic with a covalent single bond formed between the two Cu(II) cations
of each SBU and two weakly bound H,O molecules occupying the trans
apical positions. The fundamental component in HKUST-1 is a super-
octahedron formed by six paddle-wheel SBUs situated at the vertices with
four BTC linkers capping half of the triangular faces (Figure 10). Corner-
sharing between these super-octahedra leads to a framework with a face-
centered cubic unit cell and an overall [Cu,(BTC),(H,0),] formula.
HKUST-1 contains two types of octahedral pores with a diameter of 8.0 A
and 10.7 A, interconnected via 4.7 A windows (van der Walls radii
included). The pores do not have the same diameter since half of them also
contain H,O molecules coordinated to the paddle-wheel SBUs. These can
be readily removed under vacuum or replaced with other o-donor ligands
or coordinating solvents.

When a Keggin-type [XM O, | POM is added in the reaction mix-
ture as a template along with a small tetramethylammonium cation for
charge balancing purposes, a new series of MOFs is obtained, known as
NENU-MOFs, which are isostructural to HKUST-1 (NENU stands for
Northeast Normal University). The POM is encapsulated and firmly
trapped inside the larger pores of HKUST-1 since it is too bulky to exit
through the relatively small 4.7 A windows. Systematic investigation of the
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Figure 10: Crystal structure of NENU-1 with Keggin-POMs as templates. NENU-1 is
isostructural to HKUST-1 and is built from 4-fold connecting Cu,-based paddle-wheel
SBUs and tritopic BTC linkers (left). Six paddle-wheel SBUs form a super-octahedron with
four BTC linkers capping four of the eight faces (center). Corner-sharing leads to NENU-1
with the Keggin-POM encapsulated inside the larger size pores (right). Green spheres
depict guest-accessible space

stability of the as synthesized NENU-MOFs reveals that they are stable up
to 250°C with the encapsulated POM and the framework remaining
intact. Moreover, they do not show any framework decomposition, loss of
crystallinity or POM leaching in aqueous solutions (pH = 2-12) and com-
mon organic solvents even at elevated temperatures up to 80°C.”

The Keggin-type POMs are widely used as Brensted acidic catalysts in
solution, however catalytic applications of pure bulk POMs in the solid-
state are limited due to their small BET surface area (<10 m? g™') rendering
the active sites inaccessible to substrates.!*? Various supports with a higher
surface area have been employed for the immobilisation and dispersion of
POMs with limited success. To this end, NENU-3 containing the
[PW ,0,,]>" POM was benchmarked as a heterogenised catalyst in the
hydrolysis of ethyl acetate before and after thermal activation. When
NENU-3 was degassed under high vacuum at 200°C all the solvent mole-
cules and organic cations were removed from the pores. In order to main-
tain charge neutrality, the encapsulated POM was fully protonated,
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Table 7:  Activity of various catalysts for ethyl acetate hydrolysis in water.

Activity per Specific Activity
Acid Amount ~ Weight (ymol per Acid (mmol

Entry Catalyst (mmol g™) g, min™) mol ™ min™)
1 HKUST-1 — — —
2 NENU-3* 0.18° 49.3 273.9
3 NENU-3act® 0.57° 178.9 313.8
4 H,PW O, '/SBA-15 0.091 25.1 275
5 Cs, H, PW O, * 0.15 30.1 200.6
6 Cs,PW O, ¢ — — —
7 SO, */ZrO;f 0.20 25.5 127.5
8 H-ZSM-5¢ 0.39 27.6 70.8
9 Nb205C 0.31 4.0 12.9

10 HY zeolite* 2.60 0.0 0.0

11 Nafion-H resin? 0.80 161.9 202.3

12 Amberlyst-15¢ 4.70 193.6 41.2

13 HPW O, ¢ 1.0 70.4 70.4

14 H,50,° 19.8 911.9 46.1

“Reaction conditions: loading = 5.0 wt.%, solvent = H,O, T'= 60°C, t = 2 h, [AcOEt] = 0.56 M.
®Determined by acid-base titration.

“inorganic solid acids.

4organic solid acids.

¢liquid acids.

forming [H,PW O, ]-HKUST-1 (NENU-3act). The higher number of
acidic sites after activation was verified with an acid-base titration.

Table 7 compares the catalytic activity in ethyl acetate hydrolysis of
NENU-3act in excess water to that of other Bronsted acidic catalysts under
the same reaction conditions. The activity of NENU-3act per catalyst
weight (entry 3) was far superior to most inorganic solid acids (entries
5-10) and comparable to organic solid acids (entries 11-12). Importantly,
when specific activity was measured, i.e. activity per number of Breonsted
acidic sites of each catalyst (column 5), then NENU-3act outperforms all
the other acids tested, including HPW O, immobilised on SBA-15 (a
mesoporous silica) which was previously considered as the best catalyst
(entry 4).'” In addition, the yield of ethyl acetate hydrolysis was gradually
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increased for longer reaction periods, reaching a maximum of approxi-
mately 95% after 7 h. Control experiments confirmed the heterogeneous
nature of the reaction since no reaction took place in the absence of NENU-
3act or in the presence of only HKUST-1 (host MOF without an encapsu-
lated POM). Even when H,PW O, was simply mixed with HKUST-1, very
low conversion was observed which can be attributed to the activity of
H,PW O, as a homogeneous catalyst (entry 13). This also shows that the
POM anion can only be encapsulated via the bottle around ship approach
and more importantly that encapsulation significantly increases catalytic
activity. Excess water did not have any effect on the Bronsted acidic sites and
NENU-3act was readily separated from the reaction mixture by simple fil-
tration and recycled at least 15 times without losing its reactivity and selec-
tivity. The encapsulated POM anion did not leach into the liquid phase
even after thorough washing and drying at 200°C.

These results confirm that NENU-type MOFs possess excellent cata-
lytic properties, comparable to the more conventional POM-immobilised
catalysts and suggest that the encapsulation of robust TM catalysts inside
the pores of MOFs via the bottle around ship approach could lead to
hybrid material with unique catalytic properties. However, it should be
reminded that the vast majority of MOFs is synthesized under rather
harsh conditions. Therefore, the number of TM catalysts which can be
used as templates is currently limited.

3.3 Direct cation exchange

An interesting alternative for the encapsulation of homogeneous TM cata-
lysts inside the pores of MOFs is direct cation exchange during which a
positively charged TM catalyst can be encapsulated as a whole in one step
inside the pores of an anionic MOF through complementary electrostatic
interactions to form a [catalyst]'~[MOF]~ material. Anionic MOFs are
predominantly built from negatively charged SBUs interconnected by
polytopic carboxylate-based linkers giving rise to anionic frameworks. The
negative charge is balanced by organic cations trapped inside the pores
which are either generated in situ upon solvent decomposition during the
solvothermal synthesis or added in the reaction mixture as templates.
These organic cations can be readily exchanged with cationic organic dyes,
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Figure 11: Encapsulation of [(COD)Rh(dppe)]* in ZJU-28 MOF via cation exchange.
The immobilised catalyst compares favourably to its homogeneous counterpart (inset).
Adapted from Ref. [115].

drugs or metal cations like Li* and Na*."**""* Sanford et al. reported for the
first time the heterogenisation of a series of cationic TM catalysts via a
one-step cation exchange inside the pores of ZJU-28, an anionic indium-
based MOE' ZJU-28 consists of distorted tetrahedral [In"(COO),]-
SBUs interconnected via tritopic BTB linkers (BTB = benzene tribenzoate)
forming an anionic [In,(BTB),]* framework. The negative charge is bal-
anced by [Me NH,]* cations generated in situ upon decomposition of
DMEF solvent used in synthesis.!' Z]JU-28 contains two types of channels
running parallel to the long axis of the hexagonal unit cell (Figure 11) of
approximately 8.0 A, accounting for van der Waals radii.

[Rh(dppe)(COD)]* was successfully exchanged inside the pores of
ZJU-28 via cation exchange [dppe = bis(diphenylphosphino)ethane;
COD = 1,5-cyclooctadiene]. The degree of cation exchange was stoichio-
metrically controlled and 7-40% of the [Me NH,]|* cations were replaced
by [Rh(dppe)(COD)]* depending on the nominal stoichiometric ratio
between the endogenous and exogenous cations. Notably, encapsulation
did not take place at all when neutral TM complexes or considerably larger
cationic metalloporphyrins were examined as potential guests, verifying
that the process is indeed driven by electrostatic interactions but limited
by the size of the pore windows.

The catalytic activity of [Rh(dppe)(COD)]*—~ZJU-28 was investigated
in the hydrogenation of 1-octene to n-octane (0.2 mol% Rh loading
at 35°C under 10 atm H, in acetone). As shown in Figure 11, both the
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homogeneous [Rh(dppe)(COD)][BF,] and heterogeneous [Rh(dppe)
(COD)]*-ZJU-28 catalysts afforded approximately 450 turnovers after 4 h
corresponding to 90% conversion of 1-octene with the latter being slower
only at the initial stages of the hydrogenation reaction. Moreover, the
encapsulated catalyst was recycled four times under these conditions with
minimal loss of activity. On the contrary, when the homogeneous reaction
was recharged with additional substrate, only 200 additional turnovers
were observed after further 4 h. Therefore, the immobilized catalyst
exhibits superior catalytic performance relative to its homogeneous coun-
terpart.

Direct cation exchange of a well-defined TM catalyst inside the pores
of a solid state support requires relatively large pore windows, usually larger
than 1 nm. Therefore, it is not considered as a viable option using zeolites
as hosts and it has been only recently demonstrated with mesoporous sili-
cates which however are not crystalline materials.""” Following Sanford’s
work, a few more examples have been reported in which TM catalysts are
immobilized inside the pores of MOFs via electrostatic interactions.''#!2
A number of other well-established positively charged TM catalysts with
excellent catalytic activity in asymmetric hydrogenation, dehydrogenation
and olefin metathesis could be used as guests. However, the number of
anionic MOFs which contain large enough pore windows and are chemi-
cally and structurally stable under turnover conditions is currently rather
small, thus restricting the applicability of this approach.

4 Conclusion and Perspective

The objective of this short review was to present comprehensive and rep-
resentative examples in which MOFs serve as solid-state supports for the
immobilisation of homogeneous TM catalysts. The most extensively used
method for heterogenisation is the covalent bonding (grafting) of a TM
catalyst onto the framework. This approach permits by far more flexibility
regarding the selection of the TM catalyst for immobilization and the
MOF as the host. On the other hand, grafting requires multiple synthetic
steps involving amongst others the modification of the coordination envi-
ronment of the catalyst which may eventually affect its overall catalytic
properties.
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By contrast, encapsulation does not perturb the catalyst’s coordina-
tion environment and allows for a direct and more accurate comparison
between the heterogeneous and the homogeneous systems. However,
encapsulation requires that the host MOF must possess large enough
pores to accommodate relatively bulky TM catalysts but narrow pore win-
dows to prevent leaching of the encapsulated catalyst into the liquid phase.
Taking also into account that the pore windows dictate circulation of the
substrates and the products to and from the catalytic sites, it becomes clear
that this approach calls for a very specific host—guest combination. Three
different variations have been examined: (i) ship in a bottle; (ii) template
synthesis also known as bottle around ship and (iii) direct cation exchange.
Ship in a bottle is a very elegant approach, however it still requires multi-
ple synthetic steps and most importantly the assembly reaction must be
fast and produce a single product to suppress undesired side reactions.
Template synthesis by default requires very robust catalysts that must sur-
vive the solvothermal conditions used for MOF synthesis. If successful, it
results in ideally dispersed and firmly trapped catalytic species inside a
porous host. In general, if the catalyst can be made easily in a small num-
ber of steps, then ship in a bottle is preferred. If the catalyst is difficult to
make but is stable under solvothermal conditions, then bottle around ship
is preferred. An interesting alternative is direct cation-exchange which in
principle is the most facile method of encapsulation. It is based on the
exchange of small organic or inorganic cations trapped inside the pores of
anionic MOFs with cationic TM catalysts. Therefore, it is limited to cati-
onic catalysts and most importantly anionic MOFs which are usually not
as stable as their neutral analogues.

All the examples presented herein also demonstrate the benefits of
immobilization of a TM catalyst inside a MOF, compared to other more
traditional porous materials. MOFs are crystalline materials allowing for
tailoring the density of the catalytic sites and for assessing structure-
activity relationships. They show permanent porosity which can be pre-
engineered via the proper selection of the principal structural components
(linkers and SBUs). This provides a chemically and spatially tunable con-
fined environment which can be crucial for advanced catalytic properties.
The main disadvantage of MOFs is their instability compared to zeolites
or mesoporous silicates. However, more and more thermally and chemically
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stable MOFs have been prepared in the last five years. This will allow for
employing MOFs in more sophisticated areas of catalysis like asymmetric
catalysis and one-pot multi-component coupling or tandem reactions
where the superior tunability of MOFs can be exploited without being
hampered by stability issues.
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1 Using CO, as a Feedstock

Carbon dioxide is a ubiquitous renewable feedstock and would be a highly
abundant, low cost C, source. Considering these attributes and its low
toxicity, CO, is one of the most desirable feedstocks for the production of
fine chemicals.! From an environmental perspective, replacing petrochem-
icals with CO, is attractive to reduce fossil fuel depletion and, in some
cases, greenhouse gas emissions. Currently, the scale of using CO, for
chemical synthesis remains rather small (=100 Mt per year), this is not
least due to challenges in activating and catalysing reactions using this
stable molecule. It should always be made clear that using carbon dioxide
to make chemicals is very unlikely to be able to influence net CO, levels in
the atmosphere, but it can contribute to reducing greenhouse gas emis-
sions associated with chemical manufacture and, if coupled with carbon
capture and sequestration (CCS), can provide an economic stimulus for
large-scale carbon dioxide sequestration.'>'™?
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The thermodynamic stability of CO, makes its use as a feedstock
difficult, but not impossible."™ Before CO, can be used in the synthesis of
important chemicals, it needs to be reduced, which generally requires high
temperatures and pressures; the addition of highly reactive reagents or the
use of catalysts that can lower the energy barriers for incorporating CO, in
chemical reactions. Such catalysts will allow accessing CO, as a feedstock
at lower physical energy inputs, which are more manageable and less

costly.!>%

2 Polymer Production

Currently 288 Mt of polymers are produced worldwide annually.’™

Approximately, 8% of the world’s oil and gas supply annually is used in
polymer synthesis.'» More specifically, 5 Mt of polycarbonates are synthe-
sised by industry per year.** They are used in many applications, such as,
clothing, adhesives, packaging and construction.”® The conventional route
to producing polycarbonates involves copolymerising bisphenol A and
phosgene, using a base catalyst (NaOH).!®

A desirable alternative process involves the ring opening copolymeri-
sation (ROCOP) of epoxides and CO, (Figure 1).° This is because approx-
imately 20-40% of the polycarbonate produced is derived from a
renewable resource (CO,), depending on the epoxide monomer used.” By
using renewable epoxides, such as, limonene oxide provides the potential
for synthesising 100% renewably derived polycarbonates."™® Although, it
must be emphasised that the properties of such polycarbonates are quite
different to those of the material produced from bis(phenol) A.

Conventionally, low number average molecular weights (M ) polycar-
bonates are produced and these products may be used in the synthesis of
higher polymers, such as, polyurethanes.”® Polyurethanes are also a highly
desirable commodity (roughly 20 Mt are produced globally each year).

(o] + Co, Catalyst %/O 09\
R4 R» W n

Figure 1:  Polycarbonate formation from the ROCOP of epoxides and CO,.
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Figure 2: Two synthesis routes for polyurethane production.

Polyurethanes are used to make furniture, coatings, elastomers, adhesives

and insulation foams.*¢

Currently, a significant proportion of polyure-
thanes are synthesised using polyether polyols, which are reacted with
diisocyanates. The polyols are usually synthesised by the homopolymerisa-
tion of epoxides.'* However, substituting these polyols with polycarbonate
polyols, derived from the copolymerisation of epoxide and CO,, has been
demonstrated to significantly improve the sustainability of polyurethane
synthesis, including reducing fossil fuel depletion and greenhouse gas
emissions by ~20% (Figure 2).” Furthermore, in some cases, it has been
shown that the properties of the polycarbonate containing polyols are

similar, or even better, than conventional polyether polyols.'!

3 Catalyst Development for Epoxide/CO, ROCOP

Catalysts for the ROCOP of epoxides and CO, have been explored since
the late 1960s.° Frequently, the catalysts incorporate a Lewis acidic metal
halide, carboxylate, alkoxide or aryloxide functionality with an ancillary
ligand (L)."

The proposed mechanism involves epoxide monomer coordination to
the metal centre and ring opening by the nucleophilic attack of the co-
ligand (X — in Figure 3)."* Then, CO, insertion occurs to form a metal
carbonate species. The metal carbonate species produced then nucleo-
philically attacks another metal bound epoxide monomer, to form another



http://chemistry-chemists.com

162 P K. Saini & C. K. Williams

Initiation:
VAAN CO O
M-X ——— MO~ —Z— wmo
OR
Propagation: o Potential Side Reactions:
VAN
h O 7
o o yaN M O\/\O/\/OTOR
M*O% M*O\/\O (0]
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XOR /
\ o
M-OR + oéo
CO,

Chain Transfer:

M = Lewis acidic metal centre
- ROH
M O\/\X M-OR + HO\/\X X = Halide, carboxylate
ROH = Alcohol

Figure 3: Mechanism for the ROCOP of epoxide and CO,. Adapted from Ref. [1b] with
the permission from the Royal Society of Chemistry.

metal alkoxide species. This cycling between metal alkoxide and metal
carbonate species produces a polycarbonate chain.'

Two side reactions can occur during these copolymerisation reactions.
Either the sequential enchainment of epoxide monomers to form ether
linkages within the polycarbonate chain, or backbiting within the propa-
gating polycarbonate chain to form a five-membered cyclic carbonate
by-product may occur. This latter by-product is thermodynamically more
stable than the copolymer and therefore forms more readily at higher
temperatures.'®

Furthermore, the ROCOP of epoxides and CO, also undergo chain
transfer reactions with alcohols or water. Chain transfer reactions produce
hydroxyl terminated copolymer chains and metal alkoxide or hydroxide
species, which can further initiate copolymerisation.'® Under such condi-
tions, the M, of the copolymer chains produced depend on the quantity of
alcohol/chain transfer agent added and the dispersity indices (PDIs)
remain narrow. Such polymerisations are termed “immortal polymerisa-
tions” and are characterised by the rate of chain transfer being more rapid
than chain propagation."
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The productivity and activity of catalysts are described by the turno-
ver number (TON), which is the number of mols of monomer consumed
per mol of catalyst used, and the turnover frequency (TOF), which is the
TON/M, respectively. The productivity of the catalyst can also be reported
as a g/g value, which may be of more use in an industrial context.'

4 Catalyst Development — Early Discoveries

Many homogeneous and heterogeneous catalysts have been synthesised
over the past 60 years and the area has been extensively reviewed.!>8¢!4
One leading hypothesis, and the topic for this chapter, is the mechanistic
proposal that bimetallic or dinuclear catalysts are necessary for high
activity and selectivity. Such concepts were articulated since the inception
of the field but were not followed for a number of decades®®'*; here, a
selection of relevant studies are presented which demonstrate the poten-
tial for bimetallic catalysts. The reader is also referred to other reviews for
an extensive coverage and discussion of the development of this
hypothesis.'>8¢!4

A significant and important class of homogeneous catalyst are the zinc
B-diiminate (BDI) complexes, which were first reported by Coates and
co-workers (Figure 4). In a series of elegant mechanistic and kinetic studies,
Coates and co-workers established that the most active catalysts adopted

R:Q1 /L Rs "

Tt
:<O—P
o)
N N
G )= o ~—"10
2 /o 0"\ 2 <:<Zn(\ ParaN )
N \f N 0—=0"""N
R3 R1
Rs R, L i
R1 & R3 =Et; R2 = CN, R4 =H

Figure 4: Zinc $-diiminate complex and proposed bimetallic transition state.'>'
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dimeric structures under the conditions of the catalysis. Thus, it was pro-
posed that the catalysis was enabled by a pathway involving two metal
centres during copolymerisation reactions. It was suggested that one metal
coordinates the epoxide and the other metal provides the co-ligand or
growing copolymer chain to attack the epoxide for ring opening and thus
alkoxide formation (Figure 4).'>'¢

Some years later, Rieger and co-workers re-visited a very well-known
class of heterogeneous catalysts — the zinc dicarboxylate surfaces.”” They
proposed that catalysts which featured a high proportion of Zn-Zn
surfaces with separations of 4.6-4.8 A had the highest activity. An ideal
Zn-Zn distance of 4.3-5.0 A was calculated in an accompanying DFT
study. It was suggested that these separations may reduce the activation
energy barrier to epoxide ring opening. Additionally, it was hypothesised
that such heterogeneous zinc dicarboxylate catalysts operate by a bimetallic
mechanism (Figure 5)."”

Recently, a surge into the development of discrete bimetallic catalysts
for epoxide/CO, copolymerisation reactions has occured.”® Three main
classes of bimetallic complexes have been developed: bimetallic complexes
containging a single binucleating ligand, monometallic complexes that
form dimeric and multimeric structures and monometallic complexes
covalently tethered together via the ligand motif. In the remainder of the

R,
O
0”9
-, Z - - Z .
iz
R0
o
¢ S
)=0
Ci) z Ci) ‘\J('z)
7N, - ; 7N, - ;
Winliiavry Vi
Figure 5: Proposed bimetallic mechanism adopted by heterogeneous zinc dicarboxylate

catalysts. Reprinted with permission from Ref. [17]. Copyright (2011) American Chemical
Society.
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chapter, we will focuss only on the bimetallic complexes containing a
single binucleating ligand.

5 Dinucleating Ligand Motifs for Bimetallic Catalysis

Lee and co-workers reported one of the first bimetallic catalysts based on an
anilido-aldimine ligand coordinated to two zinc metal centres (Figure 6)."®
These catalysts are very active (TON =2980) in cyclohexene oxide (CHO) and
CO, copolymerisation reactions and produced high CO, content (85-96%)
copolymers. The high M values (90-280 kg/mol) reported showed broader
dispersities (1.30—1.70). Structure-activity studies revealed that bulky groups
on the R” position and electron withdrawing groups (fluorine) on the anildo-
amidinate moieties (R”) increased the activity."®® Adding bulky substituents
on the R position reduced the activity (Figure 6).'

Ding et al. also reported di-zinc and di-magnesium complexes coordi-
nated by a chiral phenolate ligand (Figure 7)." The zinc analogue showed
only a low activity in CHO/CO, copolymerisation at 80°C (TOF = 142 h™)
and was used at high loadings (5 mol%) compared to the zinc anilido-
aldimine catalysts (0.006 mol%).'*2°

Very recently, Lin and co-workers have synthesised bis(benzotriazole
iminophenol) bimetallic zinc(II), nickel(IT) and cobalt(II) catalysts for

R=Me;R =Pr;R"=H

Figure 6: Zinc anildo-amidinate complexes by Lee and co-workers.'®
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M =Zn, Mg; R = Et, Bu

Figure 7: Trost phenolate complexes by Refs. [19] and [20].

Z
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O/\/
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N/\\
M = Zn, Ni, Co

Figure 8: Complexes produced by Refs. [21] and [22].

CHO/CO, copolymerisation reactions (Figure 8).”' The di-zinc catalyst
has poor copolymer selectivity (66% cyclic carbonate) compared to the
di-nickel and di-cobalt analogues (94 or >99% copolymer selectivity,
respectively). However, the copolymer produced did not contain a high
proportion of ether linkages (>99%). The di-nickel and di-cobalt catalysts
have similar activities (TOF =40 and 53 h™', respectively at 120°C, 21 bar
of CO, pressure and 0.0625 mol% catalyst loading).*"**

So far, the range of deliberately dinucleating ligands remains rather
narrow; however, it is clear that the choice of metal and substituents on the
ligand backbones are important. This is because the electronic properties
of the metal centre affect epoxide binding and the lability of the metal
co-ligand or metal carbonate bonds to nucleophilically ring open epoxides.

6 Macrocyclic Dinucleating Catalysts

Our research team have also synthesised several homodinuclear cata-
lysts based on a single binucleating macrocyclic ligand.” A range of
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Scheme 1:  Catalyst 1 or 2 in CHO/CO, copolymerisation reactions using; (a) 80°C, 1 bar
CO, pressure.

metals have been investigated with an order of activity of Co(III/II)
> Mg(II) > Zn(II) > Fe(III), at 80°C, 1 bar CO, pressure and 1:1000
catalyst:epoxide loading. The catalysts are particularly remarkable in
being able to operate at 1 bar pressure and show a high tolerance to
impurities. The activity and productivity obtained for these catalysts in
cyclohexene oxide and CO, ROCOP reactions can be controlled and
maximum values of 27,000 (TON) and 9000 h™' (TOF) have recently
been reported (Scheme 1).232%124

In a series of unoptimised reactions in glassware, the di-magnesium
catalyst (1) showed a rate which was double that of the di-zinc derivative.?*¢*"
Various other di-zinc complexes, coordinated by derivatives of the macro-
cyclic ligand showed slightly reduced activity, for example the electron
donating capabilities of the methoxy phenolate substituent was
investigated.” Additionally, trimetallic zinc and cobalt(III) catalysts
(Figure 9) showed lower activities compared to their dinuclear counter-
parts. The third Zn or Co(III) metal centre is proposed to hinder the
ability of CHO and CO, to bind to the catalyst and hence result in a lower
activity.?»*

Experimental, spectroscopic and computational investigations using
theses dinuclear catalysts, specifically, the di-zinc and di-cobalt derivatives,
have been carried out in order to gain insight into the mechanism adopted
by these catalysts in CHO/CO, copolymerisation reactions.”**
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X = OAc or CF3CO, M= Zn or Co
R = Bu, Me, OMe

Figure 9: Analogues of the produced by Williams and co-workers.?*fi2¢

7 Rate Law for the Di-zinc Catalyst (2)

The rate law for CHO/CO, copolymerisation reactions using catalyst 2
(di-zinc catalyst) is:

Rate = kp[CHO] [catalyst]. (1)

The rate law suggests that the rate determining step of the ROCOP reac-
tions is the ring opening of the epoxide and not CO, insertion.”" The
reaction is first order in the concentration of catalyst 2 which indicates
that both metal centres of the homodinuclear catalyst are involved in the
rate limiting step and that catalyst aggregation does not occur. The first-
order dependence on the epoxide monomer concentration (cyclohexene
oxide — CHO) implies that only one copolymer chain grows per catalyst
molecule and therefore suggests that only one of the acetate co-ligand
groups initiates copolymerisation. The other acetate ligand is hypothesised
to maintain an octahedral coordination sphere at the zinc centres and to
ensure that the overall complex neutral charge state is balanced. It is pro-
posed to maintain a bridging coordination mode between the two metal
centres throughout the polymerisation.”® The rate of copolymerisation is
zero order on the pressure of CO, (1-40 bar), which indicates that CO,
insertion is non-rate determining.?*
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8 Support for Dinuclear Mechanism — Di-cobalt (11)
Catalysts

Various propagating structures have been reported in literature: (A) —
dinuclear mechanism!>!%2%2 (B) intermolecular binuclear mechanism;*-%"
or (C) and (D) — mononuclear co-catalyst mechanisms? (Figure 10) and
were investigated using a series of di-cobalt(II) catalysts.?***

Di-cobalt(II) derivatives of the Williams™ group catalysts have been
reported and consist of a macrocyclic ligand, two chloride co-ligands and
a neutral nucleophile (Figure 11).*** These analogues crystallised in a
fashion where the ligand adopts a conformation that consists of all the
N-H substituents on the same face (concave) of the molecule (Figure 11).
The ligand adopts a “bowl-shape” and thus has two different faces.”!
Moreover, a chloride co-ligand bridges between the two metal centres on
the concave face of the catalyst structure and due to its small size, the two
axial coordination sites on the convex side of the complex are pushed
apart. Therefore, the other chloride co-ligand on the convex face does not
bridge between the two metal centres (Figure 11) and hence one axial
position is occupied by a chloride co-ligand and the other vacant axial site
is occupied by a nucleophile (methyl imidazole — Melm or dimethyl
amino pyridine — DMAP).>f

These di-cobalt(II) catalysts are active in CHO/CO, copolymerisation
reactions under unoptimised conditions in laboratory glassware. Amongst
the series of compounds, the TOF values obtained (20 h™* and 104 h™,
DMAP and Melm, respectively), are lower than the TOF value recorded

| X
—M— | Y
ey O S
. 0 (5(*
)&\(0 RK R’ AR' A
X R( R R’
R R |
—\/] Y
(A) (B) (&) (D)

Figure 10: Proposed mechanisms for epoxide/CO, copolymerisation reactions.
M = metal, L = ligand, X = co-ligand or initiator, Y = co-catalyst.
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|
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CN OH N)
N OH NZ

TN

Nu = Melm or DMAP

Figure 11:  Di-cobalt catalyst with crystal structure showing the “bowl-shape” conforma-
tion of the macrocyclic ligand.?f

for the di-cobalt catalyst with acetate as the co-ligands (Scheme 1 — 159
h™).2824 Additionally, the poly(cyclohexene) carbonate (PCHC) samples
have a bimodal M distribution and MALDI-ToF mass spectrometry
showed that one copolymer chain series is Cl end-capped and the other
series is hydroxyl end-capped. No chains were end-capped with either of
the nucleophilic co-catalysts used (DMAP and Melm) and hence it can be
inferred that the co-catalysts do not initiate the copolymerisation.?

From these findings, it was hypothesised that the nucleophile dis-
sociates from the cobalt metal centres, once a vacant coordination site is
formed, the epoxide can bind to the metal centre. The DMAP molecule
binds strongly to the cobalt metal centres and thus this complex has a
low activity (TOF =20 h™').*f The reduction in activity also implies that
both chloride co-ligands do not initiate copolymerisation. Moreover,
this observation implicates both metals in the copolymerisation
reaction.” Overall, these results suggest an intramolecular dinuclear
mechanism is adopted during CHO/CO, copolymerisation reactions
(A — Figure 10).%f

Additionally, the rate of propagation is identical for both the di-cobalt
analogues (DMAP and Melm), which is expected as they both have the
same chemical structure once the nucleophile dissociates from the metal
centre. The difference in the TOF values recorded (20 h™' vs. 104 h™') is
explained by different initiation periods. This is because TOF is a point
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kinetic measurement and combines initiation and propagation periods.*
The DMAP derivative has a longer initiation time (takes longer to dissoci-
ate) compared to the Melm analogue.

9 Computational Studies

Computational studies using the dinuclear catalysts in CHO/CO, copoly-
merisation reactions (using DFT and the basis set 6-31G(d)) showed that
the “bowl-shape” confirmation was favoured, as was the growth of one
copolymer chain per catalyst structure and therefore, one acetate co-ligand
remains bridging between the two zinc metal centres.?*

Moreover, the potential energy surface (Figure 12) for CHO/CO,
copolymerisation reactions using catalyst 2 was determined. The “bowl-
shape” catalyst conformation was used as the initial point with one site for

Rate Limiting Step

AG¢,c = 23.5 kecal/mol
AGexp= 25.7 kcal/mol

Calculated Free Energy

(AAG353) / keal/mol

Reaction Coordinate

Figure 12: [Illustrates the calculated rate limiting step in the copolymerisation cycle.
Reprinted with permission from Ref. [25a]. Copyright (2012) American Chemical Society.
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copolymer chain growth. The results revealed that the alternating incorpo-
ration of epoxide and CO, molecules within the growing copolymer
occurs more favourably compared to side reactions. Sequential epoxide
addition to produce ether linkages requires more energy and sequential
CO, insertion is reversible and thermodynamically disfavoured. The cal-
culations also suggest that CO, insertion is not rate limiting, the insertion
process has a low activation energy barrier. In contrast, the rate determin-
ing step (process with highest activation energy barrier) is the ring open-
ing of CHO by a zinc-carbonate species, a theoretical finding which is in
line with the experimentally derived rate law.>*

10 Solid State and In Situ IR Spectroscopy Studies

In order to investigate the catalyst structure, in particular the coordina-
tion modes of the carboxylate co-ligands, during polymerisation, a series
of spectroscopic studies using the di-zinc catalyst (2) were carried out.>®
The solid state IR spectrum and two in situ IR spectra of catalyst 2 were
recorded. The latter in situ IR spectra showed catalyst 2 dissolved in TCE,
which was heated for 15 min at 80°C and catalyst 2 dissolved in neat
CHO, heated for 2 h at 80°C and stirred for 14 h under 1 bar of CO,

22 The solid state IR spectrum of catalyst 2 showed resonances

pressure.
at 1,591 and 1,615 cm™ assigned to the two carboxylate groups. The two
values are attributed to the two bridging acetate co-ligands being in
different chemical environments, which can be explained by the “bowl-
shape” conformation of the ligand motif (structure (E) — Figure 13).
The in situ IR spectrum of catalyst 2 in TCE has a shifted carboxylate
resonance (1,601 cm™), which could be due to solvent effects. A small
signal at 1,737 cm™ indicates a terminal acetate (k') coordination mode,
assigned to the ligand on the convex face (structure (F) — Figure 13).
The second in situ IR spectrum produced a signal at 1,741 cm™ assigned
to a x* bound acetate group and two resonances at 1,804 cm™ and
1,825 cm™ assigned to a zinc-bound «' carbonate group and a cycloh-
exene bound acetate group, respectively (structure (G) — Figure 13).
These observations support the notion that one acetate group may remain
bridging between the two metal centres during the copolymerisation
reaction.
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Figure 13: Catalyst structures observed during solid state and in situ IR spectroscopy.
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Figure 14: Hypothesised mechanism for homodinuclear catalysts.>**

11 Hypothesised Mechanism

The hypothesised mechanism for catalyst 2 in the ROCOP of CHO and
CO, indicates that both zinc metal centres are involved in the copoly-
merisation reaction and that one acetate group remains bridging on the
concave face of the catalyst. The copolymer chain is proposed to propagate
on the convex face of the catalyst and the copolymer chain “shuttles”
between the two metal centres of the catalyst twice per catalytic cycle
(Figure 14).2®
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12 Development of Heterodinuclear Catalysts

The hypothesised mechanism led to the development of heterodinuclear
catalysts. It was proposed that by using two different metals, with differing
electronic properties, within the symmetrical macrocyclic ligand, that one
metal centre will ring-open the epoxide and the other will insert CO,.

The synthesis of a mixed catalyst system containing a Zn/Mg
heterodinuclear catalyst as well as both the di-zinc and di-magnesium
homodinuclear counterparts has shown higher activity in CHO/CO,
copolymerisation reactions at 1 bar CO, pressure and 80 °C (TOF=79 h™")
compared to the homodinuclear catalysts alone (TOF = 17 h™! for di-Zn
and 52 h™* for di-Mg) or in a 50:50 combination (TOF =40 h™'). This finding
provides preliminary support for a positive cooperative effect occurring
between the two different metals.?”

13 Immortal Copolymerisation Reactions

In controlled living copolymerisations, the M of the copolymer depends
on the concentration of initiating groups within the catalyst structure.”
However epoxide/CO, copolymerisation reactions are immortal poly-
merisations, i.e. polymerisations occurring in the presence of a chain
transfer agent.*? In such polymerisations, protic compounds, such as water
or alcohols, serve to “swap” the polymer chains rapidly on and off the
metal centres. The rate of chain transfer occurs more rapidly than
propagation.’® In such circumstances, the Mn depends on the concentra-
tion of protic compounds present, both provided by the catalyst and the
chain transfer agent.”2>

Additionally, it is commonly observed that the PCHC polymers also
have bimodal M distributions even when chain transfer agents are not
deliberately added. In the case of the dinuclear catalysts, MALDI-ToF
reveals two series of chains: one is acetate end-capped and the other is
di-hydroxyl end-capped. The acetate end groups result from initiation by
the homodinuclear catalyst. However, the other copolymer series, which
was usually double the M, of the acetate end-capped chains, is hydroxyl
end-capped. The latter series forms from chain transfer reactions with
cyclohexane-1,2-diol (CHD) and the growing copolymer chain. It is pro-
posed that CHD forms as a result of the epoxide, CHO, reacting with trace
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Figure 15: Cyclohexane-1,2-diol (CHD) mediated chain transfer reactions in CHO/CO,
ROCOP.

amounts of water present in the copolymerisation reaction or in the
carbon dioxide. The hydroxyl end-capped series is double the M of the
acetate end-capped copolymers because the CHD initiated copolymer
propagates from both hydroxyl groups to form a telechelic copolymer
(Figure 15).»

14 Side Reactions During Copolymerisation Reactions

Side reactions within ROCOP form either ether linkages or cyclic carbon-
ates as by-products.'® Ether linkages form from the sequential ring open-
ing of epoxide monomers. This presence of ether linkages in the PCHC
chains formed can affect the thermal, chemical and mechanical properties
of the copolymer, for example, these linkages reduce the T, (glass transi-
tion temperature).”

Cyclic carbonate by-products form from backbiting reactions within
the growing copolymer chain,'® which can be metal bound or dissociated
from the metal centre (Figure 16).** Trans-cyclic carbonate is usually
formed and occurs because of backbiting from a metal alkoxide
species.>®¢¢2d Cis-cyclic carbonate is rarely observed, but occurs from
backbiting from metal carbonate species (Figure 16).2¢*

Elevated temperatures are required to form cyclic carbonate by-products
because they are the thermodynamic product (Figure 17).** The energy
required to convert copolymer to cyclic carbonate with the di-zinc catalyst
(2) is 137.5 kJmol™". This is similar to the energy requirements needed to
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Figure 16: Formation of trans- and cis-cyclic carbonate by-product.
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Figure 17: Reaction co-ordinate vs. energy profile for PCHC and CHC formation.

form cyclohexene carbonate (CHC) using chromium salen catalysts
(133.0 kJmol™).*>*¢ Using catalyst 2, the activation energy barrier for
PCHC formation is 96.8 kJmol™ and closely matches the computationally
calculated value.” The activation energy barrier for PCHC synthesis using
chromium salen catalysts is 46.9 kJmol™" which is double the value for
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catalyst 2 and thus higher temperatures are required with the di-zinc cata-
lyst (2) (>60°C) compared to the chromium salen complexes (25-50°C) in
CHO/CO, ROCOP.»>*

When using the di-zinc catalyst (2) and increasing the temperature of

the copolymerisation reaction from 80°C to 100°C, cyclic carbonate pro-
duction increases to 6% compared to <1%, as expected. However, the
di-magnesium catalyst (1) does not (>99% copolymer at 100°C), which
implies that the activation energy barrier for CHC production with the
di-magnesium catalyst (1) is higher than for the di-zinc catalyst (2).2%&?%
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Numerous environmental problems exist which may be solved using
catalysis, in particular by supported precious metal nanoparticles. We
focus here on the use of gold as a catalyst, which since the 1980s has
become an important field of research. The use of gold-based catalysts for
tackling environmental issues is discussed, within the context of projects
currently being undertaken within the environment theme of the UK
Catalysis Hub; the applications of gold catalysis for utilisation and valori-
sation of biomass derivatives, treatment of waste water using photo-
catalysis and vehicle emissions control are considered.

While supported metal catalysts such as platinum and palladium have
been used in industrial processes for a number of decades, the potential
use of gold in catalyst systems is a more recent development. Two key dis-
coveries were made that led to the current levels of research being carried
out in this field; Hutchings predicted and subsequently confirmed that
based on electrode potentials, gold should be the most active metal for the
hydrochlorination of acetylene,"* and Haruta et al. demonstrated that gold
nanoparticles supported on transition metal (TM) oxides, e.g. Fe O, are

273
active for the catalytic oxidation of CO at low temperatures.’ Previously,
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gold had largely been considered unreactive, although the use of gold
catalysts had been reported for oxidations of ethylene and propylene* and
reductions of olefins.” However, these new findings illustrated the poten-
tial use of gold as a catalyst when present in nanoparticle form. In particu-
lar, Haruta showed that the activity of the nanoparticles is determined by
their size.

There are many different methods that have been reported for the
preparation of nanoparticles of gold, but the most commonly used
amongst these are impregnation, deposition precipitation (DP), co-
precipitation and sol-immobilisation, with new techniques such as
nanoalloying being developed recently. Variations and modifications to
these methods are frequently reported, since the variables within each
method have been shown to significantly affect the activity of the resulting
nanoparticles; the main advantages and disadvantages are further described
briefly.

Impregnation is by far the simplest method of preparing supported
metal catalysts, and can be used with any porous support. The metal pre-
cursor is made into a solution (in the case of gold catalysts HAuCl, is
commonly used), which is then mixed with the support to be used. Metal
particles form on the external surface and within the pores of the support,
when the sample is dried (in order to remove the solvent) and calcined (to
decompose the precursor). Gold catalysts prepared by impregnation
methods tend to have a range of nanoparticle sizes, including larger nano-
particles, which are likely to be in part due to the high chloride content
which may cause sintering of the gold. There are numerous variations of
the impregnation process, for example in incipient wetness impregnation
the minimum amount of solvent to fill the pores of the support is used;
this method is favoured industrially due to the minimal waste and the
accurate dosing achieved.

DP is a method of producing smaller supported metal particles than
afforded by impregnation; it involves the modification of the pH of a
stirred mixture of the support in a solution of the metal precursor in order
to form the desired species (the metal hydroxide), which precipitates onto
the support. This technique has been successfully used to produce gold
catalysts on a range of supports. Catalysts prepared via this method are
often found to be more active than those prepared via impregnation for
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various reactions; for example, this has been attributed to smaller metal
particle size in the case of Au/titania catalysts for CO oxidation.® There are
a number of variables within the DP preparation procedure which may
affect a catalyst’s activity, for example the pH of the mixture, the base used
and the temperature at which the preparation is carried out. Moreau et al.
investigated the effect of pH during preparation of Au/TiO, catalysts by
the deposition—precipitation method.” Catalysts were prepared with a
range of initial pH values of a HAuCl, solution, varied by addition of
NaOH; gold particles with a smaller particle size were attained at higher
pH, with pH 9 the optimum in terms of catalytic activity.

In co-precipitation, the metal particles and the support are formed
simultaneously. This is a method commonly used for metal oxide sup-
ported catalysts, such as Au/Fe,O,, and was the method used by Haruta in
the early work on gold catalysts for low temperature CO oxidation.? For
gold catalysts, an aqueous solution of HAuCl, is typically mixed with a
solution of the corresponding nitrate to the desired support and then the
pH is adjusted by addition of a precipitating agent, such as sodium car-
bonate, so that precipitation of the desired product occurs. The mixture is
then filtered, washed, dried and may be calcined. A benefit of using this
method is that good dispersion of small metal particles (<10 nm) within
the support can be achieved.® Important variables in this method that can
affect the activity of catalysts are the precipitating agent used,’ the speed at
which precipitation is carried out and the aging time,' all of which can
affect the gold loading, particle size and residual chloride content.

The sol immobilisation (SI) method was first described by Prati et al.
as a novel way of forming sufficiently small particles of gold on a carbon
support.! Whilst SI is one of the most complex and sensitive methods
used for preparation of catalysts, it has the unique advantage that the size
of the metal particles that are being prepared may be strictly controlled.
The method involves first making a sol of metallic gold particles, which is
done by adding a stabilising ligand, such as poly vinyl alcohol (PVA), and
then a reducing agent, usually NaBH , to a dilute solution of HAuCl, in
water. By adjusting variables such as the ligand that is used and the ratio
of ligand to metal, different sizes of metal particles are produced. The sup-
port is then added to the sol, to immobilise the metal particles on it. It is
important that the metal particles bind to the support, so the pH of the
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mixture may be adjusted in order to encourage this, by addition of small
amounts of acid or base. The pH used is dependent on the iso-electric
point of the support being used, in order to encourage interactions
between the support and the metal particles. For example, when using a
carbon support a small amount of concentrated H SO, is added to reduce
the pH to approximately 2. In a number of cases, it has been demonstrated
that catalysts prepared using SI techniques are more active than those
prepared by other methods, such as impregnation and DP. For example,
when Miedziak et al. prepared Au-Pd/TiO, catalysts by impregnation,
deposition—precipitation and SI methods, the order of activity for benzyl
alcohol oxidation was SI > DP > impregnation.'?

An alternative strategy, which has gained popularity in recent years,
for producing active unsupported gold catalysts is the preparation of
nanoporous gold.'»* This type of catalyst has been found to be active for
a range of oxidation reactions. Formed from the dealloying of AuAg, the
presence of residual Ag within the nanoporous gold network is inevitable.
This has resulted in much discussion as to whether Ag nanoparticles are in
fact responsible for much of the activity observed with these catalysts.'
Despite this, the area of catalysis by nanoporous gold is significant and
requires attention within the context of this review.

1 Biomass Derivatives

In addition to the remediation of environmentally harmful waste products,
produced by industry and society, the principles of green chemistry propose
the mitigation of waste products.’”> Through atom efficiency, lowering reac-
tion temperatures and pressures, and using more renewable feedstocks,
catalysis fundamentally fulfils the requirements of green chemistry. The use
of heterogeneous supported gold catalysts for the utilisation and valorisation
of biomass derivatives will be discussed within this section. For a broader
view of the use of catalysts in biomass conversion, the reader is directed to
the excellent review articles by Corma and co-workers and Dumesic and
co-workers.'>'® Gold nanoparticles supported on a range of TM oxide or
activated carbons are known to be active for a range of selective oxidation
reactions.'”2° With respect to biomass conversion, this chapter will consider
research into gold catalysis with three principle bio-mass substrates: glycerol,
glucose and 5-hydroxymethylfurfural (HMF). In each case, the nature of
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Figure 1:  Scheme of glucose oxidation.

the supported gold catalyst and the variation of reaction conditions have
been found to have a significant effect on the activity and selectivity of the
catalysts.

1.1 Glucose

Glucose, derived from starch, cellulose, lactose and sucrose by a hydrolysis
process, is a widely available bio-derived platform molecule. The selective
oxidation of glucose can produce gluconic acid (Figure 1), an important
compound for the food, pharmaceutical and hygiene industries.?' Initial
studies into the use of a heterogeneous catalyst for glucose oxidation
focused on platinum supported by carbon at high reaction pH.?* However,
this catalyst was found to be prone to significant deactivation, which could
be slowed but not eliminated by maintaining pH 9 throughout the
reaction.

The first reported use of gold catalysts for glucose oxidation was by
Biella et al., where a 1 wt.% Au/C catalyst prepared by SI was used.” The
selective oxidation of glucose to gluconic acid, with no isomerisation side-
reaction products, was successfully carried out with O, as the oxidant at
mild pressures and temperatures (1-3 bar and 50-100°C). Similar to pre-
viously reported monometallic (Pt or Pd) and bimetallic (Pt-Bi and Pd-
Bi) catalysts, alkaline conditions of pH 9.5 were found to be most
favourable for high conversion. As the reader will observe, alkaline condi-
tions are favourable for all of the discussed biomass oxidation reactions.
However, unlike Pd or Pt-based systems reported for glucose oxidation,
the Au/C catalyst was found to have some activity in less alkaline media,
with some activity being observed even under neutral conditions. Initial
TOFs of the Au/C catalyst were significantly higher than comparable Pd or
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Pt-based catalysts. Deactivation of the Au/C catalysts was noted and
attributed to leaching of Au during reaction. Despite this, the reported
high initial TOFs for the Au/C catalysts demonstrated the viability of gold
as a glucose oxidation catalyst and stimulated considerable further
research into its use in this reaction.

Design of the gold catalyst forms a significant part of research that has
stemmed from the initial work. Onal et al. studied the effect of changing
the sol-immobilisation technique and the carbon support type on the
activity of the catalysts.” The activity of the catalysts studied was corre-
lated to the surface area of gold, calculated from TEM analysis, with a
strong dependence of initial activity on high gold surface area being
found. Priifle and co-workers investigated alteration of support type, and
its effect on the gold catalysts’ stability under reaction conditions.”>
Initial studies suggested that gold supported on alumina, by DP or wet
impregnation, produced catalysts stable over 20 reaction cycles.”>?
However, the reaction was oxygen mass transfer limited, which could have
masked potential deactivation phenomena. Studies with gold supported
on titania have further demonstrated that stable glucose oxidation cata-
lysts could be prepared on metal oxide supports.”? While batch reactions
provide ideal conditions for catalyst screening, stability can be more reli-
ably determined by testing under continuous flow conditions. Glucose
oxidation testing has been performed on Au/Al O, catalysts under flow
conditions, and confirms that good stability can be maintained for 110
days on line.”®

The dependence of the support-metal interaction in catalysed reac-
tions is an often discussed and researched area.*® With respect to glucose
oxidation by gold, several interesting reports have been published which
suggest that gold itself is intrinsically active for this reaction. Comotti
et al. demonstrated that short lived “naked gold” colloids (i.e. in the
absence of stabilising agents such as PVA) are highly active for glucose
oxidation, when compared to similarly prepared Cu, Pt, Pd and Ag col-
loids.” Initial rates were found to be constant with those of an Au/C cata-
lyst. Interestingly, the initial TOF of the gold catalysts competed with an
enzymatic catalyst under comparable conditions (30°C, 1 bar and pH 7).
However, “naked gold” was found to agglomerate and deactivate rapidly
in the absence of the support. Hence, it could be concluded that gold is
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the active component in the reaction with metal-support interactions
providing stability of Au particle size only. Yin et al. have reported on the
selective oxidation of glucose to gluconic acid using nanoporous gold.
This nanoporous gold catalyst was found to behave in a similar way to the
Au/C catalyst reported by Biella er al? The catalyst showed the same
dependence on reaction pH, with the catalyst being most active at pH 9,
but still having notable activity at pH 7. In addition, notable deactivation
occurred on catalyst re-use. Direct comparison between this nanoporous
gold and a conventional supported gold catalyst has not-to-date been
provided.

A growing body of evidence, such as that described before, suggests
that for glucose oxidation, the gold itself is the active component and that
the support is integral to the long-term stability of the catalyst. However,
the support can play additional roles in the reaction if designed correctly.
For a range of oxidation reactions (also see sections on HMF and glycerol
oxidation), basic supports can be used to enhance activity, while removing
the requirement for sacrificial base (such as NaOH). Specifically for glu-
cose oxidation, Kondrat et al. showed that gold supported on MgO
(Mg(OH), under reaction conditions) gave high conversion and selectivity
to gluconic acid under mild conditions, without the addition of sacrificial
base.”> However, it was found that the catalyst deactivated due to a
combination of product inhibition and the leaching of the support by the
gluconic acid formed during reaction.

The paper by Kondrat et al. also reported that partial alloy formation
with Pd enhanced the activity of the gold catalysts. Similarly, Comotti
et al. showed that alloying with Pt could modestly enhance the activity of
Au catalysts for glucose oxidation.” It is interesting to note that for many
other alcohol oxidations, Au alloying has a far more substantial synergistic
effect.!$20

1.2 5-Hydroxymethylfurfural (HMF)

HMEF is a platform molecule obtained from the dehydration of fructose or
glucose. 2,5-Furandicarboxylic acid (FDCA), formed from the selective
oxidation (see Figure 2) of HMF, has become an alternative to terephath-
alic acid in the manufacture of polymers.*
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Figure 2: Scheme of HMF oxidation pathway.

Several heterogeneous catalysts, including supported gold, have been
investigated for this reaction. In general terms, it has been observed that
oxidation of HMF is relatively easy, though only to the single carboxylic
acid product 5-hydroxymethyl-2-furancarboxylic acid (HFCA). Further
oxidation to the dicarboxylate (FDCA) is much more difficult, with more
vigorous conditions required.

Gorbanev et al. reported the first direct oxidation of HMF to FDCA
using a gold catalyst, supported on titania.”® At a mild temperature of
30°C, with 0, as oxidant and water as solvent, it was noted that selectivity
towards FDCA or the single carboxylic acid intermediate was highly
dependent on oxygen pressure and high base to substrate ratio. Under
optimal conditions, which required significant excess of sacrificial base,
71% vyield of FDCA was produced. Davis and co-workers investigated
HMF oxidation with monometallic Pd, Pt and Au catalysts and found that,
under specific conditions (NaOH:HMF ratio of 2:1), while the Au catalyst
had a significantly higher turnover frequency than the other metals the
reaction predominantly stopped at HFCA, while proceeding to FDCA
with Pd and Pt catalysts.” Increasing the concentration of base within the
reaction then facilitated the alcohol group oxidation to convert HFCA to
FDCA for the Au catalysed reaction.

Davis and co-workers further developed the work on supported
monometallic Au and Pt with a mechanistic study. These authors asserted
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that molecular oxygen was not directly involved in the mechanism. It was
shown that the aldehyde oxidation (HMF to HFCA) could proceed in the
absence of oxygen, with only NaOH. While the oxidation of the alcohol
arm, to proceed from HFCA to FDCA, was shown to require oxygen, it
was still asserted that O, did not play a direct role in the mechanism.
De-protonation of the alcohol arm to form an alkoxy intermediate can be
facilitated by base. Then hydroxide ions on the metal surface were thought
to activate the C—H bond required to produce the aldehyde, with further
oxidation to carboxylic acid and FDCA proceeding in the same manner as
the aldehyde group in HMF. Oxygen was thought to participate by remov-
ing the electrons from the metal during the adsorption and reaction of
hydroxide species. The higher selectivity to FDCA with the Pt catalysts
compared to Au catalysts, under comparable base:substrate ratios, can be
attributed to the ability of Pt to activate geminal hydrogen associated with
alcohols.

Given the undesirably high base substrate ratio required to obtain
good FDCA vyield with Au based catalysts, several strategies have been
employed to limit or eliminate the requirement of sacrificial base. As dis-
cussed previously when reviewing glucose oxidation, a heterogeneous base
as the support for Au can be employed. Gupta et al. showed that both
hydrotalcite and magnesium hydroxide could successfully be used in the
base-free oxidation of HMF to FDCA, though MgO was not as selective as
the hydrotalcite.”® While this work initially appears as promising, it must
be considered that the good FDCA selectivities were observed at substrate
to metal ratios of only 40:1. An alternative approach could be alloying of
Au, with AuCu alloys showing a clear synergistic effect with respect to

activity.>*

1.3 Glycerol

Glucose and HMF oxidation, while receiving significant scientific atten-
tion, have not been developed to the same extent as polyol oxidation.
Polyols, the main example of which is glycerol, are produced by the trans-
esterification or saponification of tryglycerides in processes including
biodiesel production. Crude glycerol from this process is traditionally
considered a waste product and consequently its valorisation could be
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Figure 3: Scheme of glycerol oxidation pathway.

considered to make biodiesel production more economical. As with many
bio-derived molecules there are many transformation reactions, aside
from selective oxidation, that can be performed with glycerol. For a
broader view of glycerol valorisation and transformations the reader is
directed to the review by Corma et al.*' In the context of this chapter, the
discussion will be focused on the selective oxidation of glycerol with het-
erogeneous gold catalysts.

Potential oxidation products of glycerol and the relevant reaction
pathways are shown in Figure 3. Initial oxidation of glycerol produces
glyceraldehyde or dihydroxyacetone (which exist in equilibrium with each
other); sequential oxidation results in glyceric acid, then tartronic acid and
finally mesoxalic acid. Further, oxidation then results in C—C scission and
the formation of C, glycolic or oxalic acid and C, products such as formic
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acid or carbon dioxide. An interesting side reaction, which occurs at ele-
vated temperature and high reaction pH, is the dehydration of glyceralde-
hyde or dihydroxyacetone followed by rearrangement to lactic acid.

Early work with monometallic Pd or Pt catalysts showed promise for
the selective oxidation of glycerol with O, or H,O, as oxidant. However,
the catalysts were prone to deactivation from product inhibition and over
oxidation.*>* Carrettin et al. investigated glycerol oxidation using Au, Pd
and Pt catalysts all supported on graphite and showed that Au provided
the highest selectivity to glycerate. They also noted that base was essential
for Au catalyst activity, with no conversion of glycerol being detected in its
absence. It was hypothesised that initial hydrogen abstraction from glyc-
erol required base.*** Davis and co-workers, in a similar study to that
published on the HMF oxidation mechanism, showed that surface hydrox-
ide ions were the active oxygen species and not molecular oxygen.*

Initial catalyst development, as with reactions with other substrates
discussed here, focused on the gold deposition method and correlations of
activity with particle size. Ketchie et al. observed that high turnover fre-
quency was associated with small (ca. 5 nm) Au particles but selectivity to
glycerate was better with larger (ca. 45 nm) particles.”” What was not con-
sidered within the work was that selectivity-conversion relationships could
result in misleading conclusions and that iso-conversion selectivities
would have provided clearer evidence for any structure—selectivity effect.

Bimetallic AuPd and AuPt catalysts have been shown to have a strong
synergistic effect on both activity and selectivity for glycerol oxidation.*
While such a strong effect was not observed for glucose oxidation, it has
been frequently noted in other alcohol oxidation reactions.'® Given the
dramatic improvement in catalyst performance on introducing other met-
als to Au, a substantial body of work has been carried out on alloy forma-
tion and its effect on the reaction mechanism. This body of work is far too
substantial to be included within this book and the reader is recommended
a recent review dedicated to the topic of bimetallic catalysts for bio-mass
transformations.*®

One exception, that helps with the continuity of the chapter, is the
work by Brett et al. on the use of MgO as a heterogeneous basic support
for AuPt catalysts.”® As with the work on glucose oxidation, it was shown
that good conversion of glycerol to glyceric acid occurred. However, unlike
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with glucose oxidation, Mg** leaching was found to be negligible in the
glycerol oxidation reaction.

Several overarching conclusions can be made, with respect to Au cata-
lysed reactions with the substrates discussed. First, gold is active with good
selectivity to desired products, compared to other noble metal catalysts.
However, alloy formation with other noble metals often, but not exclusively,
improves activity and selectivity towards desired products. The presence
of hydroxide, in the form of a sacrificial or catalytic species, is paramount
for activation of HMF and glycerol (glucose reactions can proceed, all be
it slowly, without base).

2 Waste Water Treatment

Photocatalysis is the use of a catalyst for the conversion of light into
chemical energy; generally a semiconductor is illuminated with photons of
energy that is greater than its band gap energy. This creates electron—hole
pairs, which can either recombine or migrate to the surface where they can
interact with adsorbate species to give reduction and oxidation products.
Typical examples of photocatalysts are metal oxides, particularly TiO, and
ZnO; these have the advantage of a suitable band gap (3.2 eV for both TiO,
(anatase) and ZnO) and are stable under irradiation. TiO, is the most
widely used oxide owing to its aforementioned stability, but also its avail-
ability and lack of toxicity. The most frequently used form of titania is the
commercially available P25 (Degussa), which is 80% anatase and 20%
rutile; the advantage of this is that is a commercially available standard and
should have good reproducibility. The main disadvantage of TiO, is that it
is most active when irradiated by UV light. Ideally a photocatalyst would
be able to utilise solar light. Most of the light in the solar spectrum is at
longer wavelengths than the UV, in the visible region; in fact only about
4% of solar irradiation is in the UV range.

Strategies to improve the photocatalytic response in the visible region
include doping of the titania with either metallic or non-metallic ele-
ments. Doping with metallic elements can lead to metal leaching or corro-
sion problems, while doping with non-metallic elements adds considerable
complexity to the preparation procedures, with specific doping levels
required for optimum performance making them hard to reproduce.
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Characterisation can also be difficult with these doped titanias. The sec-
ond approach, the deposition of metal nanoparticles onto the surface of
the titania, is where the metal is in a separate phase but in interfacial con-
tact with the titania. The deposited metals can act as electron sinks, pre-
venting recombination with the electron holes and increasing the
probability that they can be used for the desired chemical reactions.
To form a stable catalyst, this metal should be chemically inert with respect
to photocatalysis, making noble metals excellent candidates. For these
reasons, gold is a good candidate for such reactions; as outlined earlier in
the chapter, the use of gold in catalysis has received increased attention in
recent years and this trend is just beginning to extend to the field of
photocatalysis.

2.1 Photodecomposition of organic compounds

The addition of gold to titania for photocatalysis has been reported for
various organic compounds and the effect of the addition of gold varies
from compound to compound. Hidalgo et al. investigated the effect of the
addition of gold to titania for the photodecomposition of phenol.* The
catalysts were prepared by a photo deposition method with variation of
several parameters, most notably light intensity and deposition time.
While the authors reported better initial reaction rates for some of the
catalysts, others were worse than bare P25 titania; this shows the impor-
tance of the parameters in the preparation method and indicates that the
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Figure4: Initial reaction rates for phenol degradation (mg of phenol per litre per second)
over the indicated catalysts prepared by photodeposition with high light intensity. Reaction
conditions: [phenol] = 50 mg/L, V= 0.2 L, [catalyst] = 1 g/L and I = 140 W/m’. Reaction
conditions: [phenol]0 = 50 mg/L, V = 0.2 L, [catalyst] = 1 g/L and I = 140 W/m?.
Reproduced based on the data reported from Ref. [49].
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Figure 5: Initial reaction rates for phenol degradation (mg of phenol per litre per second)
over the indicated catalysts prepared by photodeposition with low light intensity. Reaction
conditions: [phenol]’ = 50 mg/L, V = 0.2 L, [catalyst] = 1 g/L and I = 140 W/m?.
Reproduced based on the data reported from Ref. [49].
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Figure 6: Photodegradation of phenol under UV illumination by pure and modified P25
photocatalysts. Black squares, P25; red circles, Au/P25; green triangles, AuCul:1/P25; dark
blue crosses, AuCul:3/P25; light blue diamonds, Cu/P25. Reproduced based on the data
reported from Ref. [50].

nature of the metal particles in the final catalyst has a significant influence
on the activity (Figures 4 and 5).

Subsequently Hai et al. have also reported on the use of gold for the
photodecomposition of phenol.*® They prepared gold, copper and gold—
copper bimetallic catalysts by a sol-immobilisation methodology. Figure 6
shows that while the gold catalysts displayed a very similar activity to tita-
nia for the photodecomposition, the combination of both metals, particu-
larly with a 1:3 Au:Cu ratio, resulted in a more active catalyst.

Gold supported on TiO, has also been reported for the photodecom-
position of methyl tert-butyl ether and 4-chlorophenol, using a fixed bed
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flow-through reactor by Orlov et al. In this case, the authors coated the
walls of the reactor with the catalyst and reported a significant improve-
ment in the reaction rate with only a low loading of gold.

2.2 Nitrate removal

The contamination of ground water with nitrates from highly soluble
nitrogen based fertilisers is a major problem. Nitrate and nitrite, which is
formed by reduction of nitrate, are toxic to the human body, particularly
infants. For a comprehensive review on the photocatalytic destruction of
nitrates using titania based materials, the readers are directed to the review
by Anderson and Shand.” The World Health Organisation (WHO) has
introduced a recommended maximum nitrate concentration of 10 ppm®
and the European Union recommends levels of 50 ppm and 0.1 ppm for
nitrate and nitrite respectively.” Current methods to reduce the nitrate
levels in drinking water include ion-exchange,” biodegradation® and
reverse osmosis,” however, all these methods have the disadvantage of
producing waste brines, which subsequently need to be disposed of.
Photocatalysis provides an alternative to these methods, its main advan-
tage being its simplicity which would enable the transfer of the technology
to the required point of use where more complicated technology may not
be available.

There have been several examples of photocatalytic nitrate removal
using metal supported on titania. Cu, Pt, Pd and Ag photocatalysts have
been reported, with the most active and selective of these being Ag which
has a selectivity towards nitrogen of almost 100%.*” The first example of
the use of gold supported on titania was reported by Kominami et al.”’
who reported the use of P25 titania as the catalyst along with various metal
salts with the pH adjusted with sodium hydroxide. Under the reported
conditions, gold was found to be less effective as a co-catalyst than either
silver or copper, however, the greatest selectivity towards nitrogen was
achieved when using a palladium copper alloy (Table 1).

Anderson subsequently reported 1% Au/TiO, prepared by a DP
method using two different types of titania support, P25 and Hombikat;
these were also compared to a commercially available Au/TiO, catalyst in
project AuTEK.*® These were used for the simultaneous removal of nitrate
and oxalic acid, a pollutant that can also be found in waste water. With
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Figure 7: Conversion of nitrate at 15°C over Au/P25, Au/Autek and Au/Hombikat using
0.008 m oxalic acid as hole scavenger. Red, Au/TiO, Autek P25; blue, Au/TiO, P25; green,
Au/TiO, Homb. Reproduced based on the data reported from Ref. [58].
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Figure 8: Nitrate conversion at 30°C over Au/Autek and Au/Hombikat using 0.008 m
oxalic acid as hole scavenger. Red, Au/TiO, Autek P25; green, Au/TiO, Homb. Reproduced
based on the data reported from Ref. [58].

oxalic acid as the hole scavenger, different nitrate reduction rates were
reported at different temperatures (Figures 7 and 8). While photocatalysis
should be independent of temperature, the author ascribed this affect to
the rate of desorption of the final product at low temperatures (15°C); at
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higher temperatures (30°C) there was very little difference between the
catalysts.

The rate of reaction with these gold catalysts compared favourably
with the previously mentioned Ag/TiO, catalyst, although the selectivity
towards nitrogen was lower.

Overall, it seems apparent that gold supported on titania can be active
as a photocatalyst, however, it is more effective for some substrate systems
than others. In almost all of the currently reported papers, the preparation
method seems to have a large effect of the activity of the catalyst. This sug-
gests that particle size of the gold is a significant factor on the overall activ-
ity of the catalyst. It has also been demonstrated, as has been reported for
oxidation reactions,'® that gold alloyed with a second metal may provide a
significant improvement in the activity and this may be an avenue of future
research in this subject area that could lead to significant breakthroughs.

3 Vehicle Emissions Control

Vehicle emissions are a large contributor to environmental pollution and
can also be toxic to human health. Since 1970, European legislation has
been in place to limit these emissions, which is continually being updated
with reduced limits for the amount of CO, NO, unburnt hydrocarbons
(HCs) and particulate matter that are permitted from the exhaust. The
most recent directive is EURO 6, which came into effect in September
2014.% Targets are currently met using catalytic converters, and an addi-
tional particulate filter in the case of diesel vehicles, however, improve-
ments to the current technology are always desired, due to the likelihood
of stricter legislation in the near future.

As discussed previously, one of the earliest uses of gold catalysis was
for low temperature CO oxidation,® which is a key process in emissions
catalysis. Gold has therefore been investigated as a potential catalyst for
emissions treatment particularly during cold starts, not only for CO oxi-
dation®-*! but also for hydrocarbon oxidation®*** and NO, reduction.®>®
However, other precious metals were found to be preferable because they
combine low light-off temperatures with durability at high temperatures,
and so current “three-way catalysts” used in petrol vehicles for simultane-
ous oxidation of CO and HCs and reduction of NO, utilise Pt, Pd and Rh.
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Other potential uses of gold in automotive applications include as a pref-
erential CO oxidation catalyst to avoid poisoning of fuel cells,*” and as
electrodes in electrochemical cells which act as ammonia sensors in heavy
duty diesel systems,” which use ammonia in the reduction of NO,.

Diesel emissions treatment systems are typically more complex than
those used in petrol vehicles, with separate catalysts for oxidation (diesel
oxidation catalysts, DOCs) and reduction (selective catalytic reduction,
SCR), and a particulate filter (diesel particulate filter, DPF). More recent
publications regarding the use of gold as an emissions treatment catalyst
are about its potential use in the DPF. After a period of use, DPFs become
blocked by the soot particles they have trapped and need to be regener-
ated — this can be either passive, such as is the case for heavy duty vehicles,
whereby the NO, in the exhaust gas is used to oxidise the trapped soot, or
active, which is more common in light duty vehicles where the exhaust gas
is cooler and contains less NO,> in which case some fuel is injected into a
catalyst upstream of the filter where it combusts and generates the high
temperatures needed in order to oxidise the soot. However, it is considered
that a catalyst coating on the DPF would be beneficial in order to reduce
the temperature that the soot can be oxidised at; this would improve fuel
efficiency by eliminating the need for fuel injections for regeneration, and
enable the oxidation in passive systems to use the oxygen in the gas
stream rather than NO, — this would reduce the amount of NO emitted.
A catalyst-coated filter also has potential use in a gasoline particulate filter
(GPF) which may be required in the near future due to legislation
changes — particulate matter will be regulated in terms of particle num-
ber rather than particle mass, as it currently is, which means that the large
amount of very small particles typically emitted from petrol exhausts will
need to be mitigated in order to meet targets.

Research concerning soot oxidation is not always directly comparable,
due to significant variations in the methods adopted for catalyst testing.
For example, diesel soot can be difficult or time consuming to accumulate,
so researchers use a variety of carbon-based model soot materials, most
commonly types of carbon black including a commercial material used for
printing, Printex-U. In some cases, bench-top soot generators are used and
on occasion test engine set-ups are used. It should also be noted whether
the catalyst is in powder or coated monolith form. Where powders are
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used, important details to note are the catalyst:soot ratio used (commonly
around 10:1 by mass) and the type of mixing used — this is described as
either tight contact, where the materials are ground together in a pestle
and mortar, or loose contact, where they are simply mixed with a spatula.
Loose contact is generally accepted to be the more realistic of the two mix-
ing modes so is often used for this reason, however tight contact generally
gives much lower temperatures for soot oxidation so a catalyst tested this
way may not be as active as it first appears.

The use of Au/perovskite catalysts for DPF regeneration was investi-
gated by Russo et al.,”" who investigated the activity of catalysts for both
soot and CO oxidation. Four LaBO, perovskites were used (B=Cr, Mn, Fe
and Ni) both with and without Au (2% weight loading), and it was found
that the best of these was the LaNiO, perovskite, which had a peak soot
combustion temperature of 431°C. For all cases, the addition of Au did not
affect the soot combustion temperature, but did significantly increase the
activity for CO oxidation. The Au/LaNiO; catalyst, being the most active,
was also prepared on a SiC monolith which was then tested on a diesel
engine bench, enabling the DPF to be loaded with soot and regenerated
under real-life conditions; it was found that the filter was able to be regen-
erated in a third of the time of a non-catalytic filter, and performed better
than a Pt/Al O, catalytic filter tested previously by the same group.” This
is illustrated in Figure 9, which shows the pressure drop and temperature
in non-catalysed and catalysed filters with respect to time during loading
and regeneration.

The high activity of the LaNiO, catalysts for soot oxidation was
considered to be due to its ability to desorb suprafacial oxygen at low
temperatures (approximately 250°C), as identified using oxygen tempera-
ture-programmed desorption (TPD) experiments and indicative of an
increased amount of weakly chemisorbed oxygen species which was
thought to be key for soot oxidation. The “spongy” morphology of the
catalyst, as obtained using the solution combustion synthesis (SCS) prep-
aration method which involves a sudden release of gases, was also consid-
ered to contribute to the activity by favouring contact between the catalyst
and soot particles. Microscopy images of a catalyst prepared by this
method are shown in Figure 10, which illustrate this structure; the final
image is from TEM and the gold nanoparticles can be clearly seen, with
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Figure 9: Results of the loading and regeneration runs for the 2 wt.% Au-LaNiO,-
catalyzed and the non-catalyzed wall-flow traps, reproduced with permission from Elsevier
(Ref. [71]).

an estimated size of 5-25 nm. A similar structure was obtained when the
catalyst was prepared on a SiC monolith support.

A number of papers regarding the use of gold in catalysts for soot
oxidation have recently been published by Wei et al., a common theme of
which is the use of three-dimensionally ordered macroporous (3DOM)
structures, which are used in order to improve the contact efficiency
between soot particle and catalyst. A range of support materials have been
used, including L21F<30373’74 and CeZrO,.”” The 3DOM materials have
uniform, large pore sizes of >50 nm which enable the soot to come into
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Figure 10: FESEM views of the 2 wt.% Au-LaNiO, catalyst: (A) 5000x magnification;
(B) 150,000x magnification; (C) TEM micrograph, reproduced with permission from
Elsevier Ref. [71].
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Figure 11: CCT catalyst preparation method, reproduced with permission from Elsevier
(Ref. [73]).

contact with more active sites. The materials exhibit good activity; how-
ever, they have poor stability, which is attributed to the sintering of Au
particles during the reaction. Therefore, the same group further developed
the method of catalyst synthesis in order to produce more stable catalysts,
which is reported for Au/LaFeO,.”” The novel method is described as
in situ colloidal crystal template (CCT) and involves the assembly of poly-
methyl methacrylate (PMMA) spheres with Au deposited on the surface
into a face-centred cubic template, the voids of which are then filled with
an inorganic precursor solution containing La and Fe nitrates. Finally,
calcination steps remove the PMMA template, resulting in the Au/LaFeO,
catalyst structure. This process is illustrated in Figure 11.

A 1.25 wt.% loading Au/LaFeO, catalyst was found to be the most
active of the materials tested; the catalyst prepared by the CCT method
had higher activity than LaFeO, particles, and the activity increased with
an increase in Au content. In addition, re-usability of the catalyst was
tested and for three temperature-programmed oxidation (TPO) testing
cycles, the soot oxidation temperature did not change significantly, indi-
cating that the catalyst has good stability. The high activity of the catalysts
is rationalised in terms of the macroporous network allowing highly effi-
cient contact between the catalyst and soot particles, and the supported Au
nanoparticles improving the redox ability of the support. It is also demon-
strated that the presence of Au increases the selectivity to CO,, to >99%.
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An alternative strategy to improve the stability of the gold nanoparticles
described in a previous publication was to create Au—-CeO, core-shell
nanoparticles, supported on a ZrO, 3DOM structure.”” The Au/Ce ratio
was optimised, with a moderate thickness CeO, shell exhibiting the best
activity, and the high activity of these catalysts was attributed to the
improved amount of active oxygen species and the resistance to sintering
of the Au nanoparticles.

Due to the activity of NO, in soot oxidation, another route is to con-
sider a catalyst which includes nitrate species. The use of gold-promoted
cesium nitrate catalysts for soot oxidation was reported by Ruiz et al.,”
with gold/lithium nitrate catalysts investigated subsequently.”® Alkali met-
als are known to have good activity for soot oxidation and are frequently
investigated as components of catalysts for this purpose. The authors
report previous work which demonstrates the high activity of catalysts
prepared using alkali metal nitrate precursors (with cesium nitrate found
to be the most active), which was explained by the ability of the nitrates to
reduce to nitrite species upon oxidation of the soot.” However, such mate-
rials typically have low selectivity to CO, and so the addition of gold was
investigated due to its known activity for CO oxidation and its lower cost
and higher availability compared to other precious metals. Cesium nitrate
(23.6 wt.%) and gold (2 wt.%) were impregnated both individually and
together onto either a zirconia or silica support and catalyst activity was
tested using TGA and TPO. The catalyst that was found to be the most
active by TGA, with tight contact conditions in an air atmosphere, was the
cesium nitrate/zirconia. However, by TPO testing, which is considered to
be more lifelike due to using loose contact mixing of catalyst and soot and
including NO in the gas stream, it was found that the addition of gold to
this catalyst enhanced the soot oxidation activity and increased the CO,
selectivity to 100%. This effect did appear to be somewhat support-
dependent however, since the same trend was not observed for all cases —
for a different (hydrated) zirconia support the addition of gold led to an
increase in soot oxidation temperature by TPO. Lithium nitrate catalysts
were then considered, due to the differences in behaviour between cesium
and lithium nitrate precursors upon calcination; while caesium nitrate
remains abundant after calcination, lithium nitrate decomposes into lith-
ium oxide, nitrogen dioxide and oxygen. The presence of NO, in the
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exhaust can then generate nitrate ions in situ, which have good catalytic
activity. The decomposition of the nitrate was only observed where gold
was present in the catalyst as well, and was therefore considered to be due
to reaction between the lithium nitrate and chlorine generated from ther-
mal decomposition of the HAuCl, precursor. As for the cesium catalysts,
the Au-LiNO,/ZrO, was found to be most active under the same testing
conditions (TPO, NO in the feed, loose contact), with 100% selectivity to
CO, obtained. There is little difference in the peak soot oxidation tem-
peratures observed for these catalysts however, with the lithium and
cesium based catalysts at 357°C and 360°C, respectively.

Overall, it can be seen that in cases where gold-containing catalysts are
investigated for soot oxidation, the main role of the gold is as a CO oxidation
catalyst, to increase the CO, selectivity of the reaction to values of or close to
100%. This is an important feature of the catalysts, since CO emissions are
targeted by the legislation, and is a good example of a new use for one of the
longest-known reactions that can be catalysed by gold. It is also evident that
the morphology of the whole catalyst is important, and structures that
enable efficient contact between the soot and the catalyst are preferable.

4 Summary/Conclusions

Compared to photocatalytic water treatment and automotive soot reme-
diation reactions, selective oxidation of bio-mass derived platform mole-
cules has been far more extensively researched; however, through all these
subject areas, the overall theme seems to emerge that the key factors affect-
ing the performance of the catalysts are the particle size, morphology,
oxidation state and the metal/support interaction of the gold, which are
strongly affected by the preparation method. All the preparation methods
described in this chapter have disadvantages, the main one amongst these
being that even what we describe as good control of particle size contains
an inherent massive variation, with SI resulting in particles of a range
2-10 nm; a 10 nm particle will contain 25 times the number of gold atoms
compared to a 2 nm particle. To fully utilise the potential of gold, prepara-
tion methods with better control of the particle size will need to be devel-
oped. Despite the large increase in the volume of papers published in the
area of gold catalysis since the 1980s, the majority are still focused on the
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traditional areas such as alcohol oxidation. It is the opinion of the authors
of this chapter that there are still considerable discoveries that can be made
by applying gold catalysts to different reaction systems which have until

now received little attention.
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Precious metals have been attracting significant interest as active catalysts
for sustainable fuel production and environmental remediation. This
chapter is divided into two parts encompassing the use of precious metals,
mainly Pt, Pd and Rh in the utilisation of CO, for fuels production and for
sustainable H, production. For CO, utilisation, we focus on CO, hydro-
genation using heterogeneous catalysts, photocatalytic CO, reduction and
electrochemical reduction of CO,. The influence of metal oxide support,
alkaline promoter and bimetallic catalysts is discussed in detail. Basic prin-
ciples and application of precious metal catalysts for electrochemical
energy application (fuel cells, FCs) are discussed briefly.
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1 CO, Utilisation to Value-added Molecules on Precious
Metal Catalysts

1.1 Introduction

Direct fixation of CO, has received tremendous attention, largely to tackle
the rising level of CO, in the atmosphere. Recognised as a major green-
house gas, the utilisation of CO, as a carbon source for sustainable fuels
production is seen as an ideal solution to address this issue. Conversion of
CO, to value-added products requires very active catalysts for the activa-
tion of the thermodynamically stable C=O bond. There is a growing
interest in utilising CO, as a sole carbon source for methanol synthesis
assuming a renewable or sustainable source of H, is available. Methanol is
currently produced from synthesis gas, which consists of a mixture of CO,,
CO and H, gases derived from natural gas. The first commercial methanol
production using CO, as a feedstock was carried out by ICI using Cu-based
catalysts on an AL O, support. In industry, the reaction takes place over Cu/
ZnO/Al O, catalyst at ~50 bar pressure and 250°C."* In this case, CH,OH
is produced by hydrogenation on CO, with the CO acting as a promoter
to enhance the rate of methanol production.’ The kinetics of methanol
production in the presence of CO is more advantageous in comparison to
the process without CO.* Methanol formation enhances with an increase
in the concentration of CO, in the proportion of CO in the feed gas.
However, deactivation over time is observed, mainly caused by the sinter-
ing of the Cu metal.” The reaction scheme for methanol production from
CO,,CO and H, mixture are given in Eqs. (7.1)—(7.3).

CO +2H, «<» CH,OH, AH°,  =-90.77 kjmol™, (7.1)

298K

CO,+3H, <> CH,OH +H,, AH°, =-49.58 kJmol", (7.2)

298K

CO,+H, &> CO+HO, AH°,  =-41.19kJmol".  (7.3)

298K

CO, as the carbon source for methanol production demands a catalyst
to deoxygenate and hydrogenate CO, molecules and preserve methanol
from reverse water—gas shift reaction (RWGS). CO,, being a thermody-
namically stable molecule, requires a substantial amount of energy to
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activate the C=0 bond. Temperatures of more than 240°C are needed to
activate CO, molecule for methanol production. Also low temperature
and high-pressure conditions are required as the hydrogenation of CO, is
an exothermic reaction. However, as the temperature increases, the forma-
tion of CO as a result of RWGS is favoured. The catalysts must also have
high resistance towards water. Methanol synthesis may also compete with
further C-O bond dissociation and hydrogenation reactions that could
lead to methanation process.

CO, +4H, — CH, + 2H,0. (7.4)

Cu on ZnO support is a popular choice of catalysts that gives higher
conversion and selectivity towards methanol.®” The strong interaction
between Cu—Zn on the catalyst surface is believed to influence the forma-
tion of methanol.*'° CuZn species may possess a bifunctional catalytic
property which was created by the interaction between Cu and ZnO in a
closed vicinity."”” The hydrogenation of CO, to formate species occur on
the Zn-deposited Cu surface.'” Cu’ provides active sites for H, dissociation
for hydrogenation steps, meanwhile Cu+ stabilises the intermediates such
as formate or methoxy species.'>'* The presence of both species is impor-
tant and to maintain the oxidation charge throughout the reaction is
rather difficult as the Cu species tends to oxidise to CuO. Metal oxide sup-
ports have an important role during CO, conversion, normally accepting
the hydride H-spillover for second hydrogenation steps into formaldehyde
species to form the methoxy intermediate. Hydroxyl groups on the sup-
port have been shown to be advantageous as they facilitate the hydrogena-
tion of the methoxy intermediate to form methanol. CO, reduction may
also be activated with reducible supports such as CeO, which can accept
oxygen from the CO,."” The concentration of oxygen vacancies created on
ceria after reduction at high temperatures enhance catalytic activity by the
annihilation of these oxygen vacancies by oxygen from CO,."

Due to the strongly connected reaction network, it is important to
consider the thermodynamic properties of CO,, methanol and related
molecules that may be produced by CO, reduction. These are summarised
in Table 1. CO, being a stable molecule requires a substantial amount of
energy to activate the C=O bond. Any chemical reaction is driven by
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Table 1: The Gibbs free energy of CO,, methanol and related molecules

from CO, hydrogenation.
Gibbs free energy Gibbs free energy

Molecules AG°; (k] mol™) Molecules AG°; (k] mol™)
c,0,() -671 CH,OH -166
HCO, (1) -586 CH,OCH,(g) 113
Co; 528 HCHO(]) ~102
(CH,),CO,(I) —-492 CH,(g) -51
CO,() -386 CH, O —4
CO,(g) -394 H,(g) 0
HCOOH(1) 361 H, (1) +18
H,0(g) -237 C,H,(g) +68
H,0(]) -228 CH,() +124
CO(g) -137 C.H,(g) +130

differences in the Gibbs free energy of the reactant and products under
reaction conditions. This can be calculated by the Gibbs—Helmholtz rela-
tionship as shown in Eq. (7.5):

AGP = AH® — TAS®. (7.5)

In the formation of methanol, the conditions must avoid CO forma-
tion and for the reaction to follow the formate intermediates, the C=0
bond cleavage and H insertion should be equally efficient. AG® provides
the information on the yield of product at equilibrium through the rela-
tionship as shown in Eq. (7.6).

AGP =-RTInK. (7.6)

The calculated thermodynamic equilibrium conversions of CO, to
methanol and CO within the range of 250-650 K and 10-90 bar are shown
in Figure 1. As shown, the reaction favours a low temperature condition to
force the reaction equilibrium towards methanol. However, this must
obviously be balanced by the lower rates of reaction at low temperature
and thus consideration of the thermodynamic limitations and the kinetics
must be considered.
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Figure 1:  Calculated CO, conversion to CO and CH,OH at equilibrium for the feed gas
of H,/CO, of 3.0.” (a) Influence of pressure on equilibrium yield at 250°C; (b) Influence
of reaction temperature on equilibrium yield at 20 bar.

1.2 CO, Conversion on precious metal-based heterogeneous
catalysts

1.2.1 Pd, Pt and Rh catalysts

CO, is selectively reduced to methanol, methane and carbon monoxide
depending on the active metal and type of support used to catalyse the reac-
tion. Precious metals, Pt,'*'” Pd,'®"” and Rh* provide facile hydrogen dis-
sociation and strongly promote the hydrogenation of CO.,. Pd is the most
common precious metal studied for CO, hydrogenation*~** with the result-
ing products dependant on the type of support and the promoter used.”

1.2.2 Role of support

CO, is converted via two kinetic pathways; deoxygenation and hydrogena-
tion. As noted before, reducible supports such as Fe O,, TiO,, CeO,,
MnO *** provide an alternative pathway for the deoxygenation of CO, due
to facile surface oxygen vacancy formation compared with irreducible
oxides such as ZnO, ZrO, Ga O, A1203.2'9'29'3° A1203 is a common metal
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oxide support for CO, reduction as it provides stability towards reaction at
high temperature and pressure.>’' However, Al O, deactivates over time by
reacting with water or is inhibited with carbon deposits.”»* ZrO, has better
resistant towards water than Al O, although the activity for the conversion
of CO, is relatively lower.* TiO,, which is a reducible support and relatively
more acidic than ZnO show higher conversion of CO, than ZnO when
impregnated on Au nanoparticles. The initial activation of CO, occurs on
the support which strong interaction between CO, and ZnO leads to a low
reactivity. Methanol prefers a basic support, where ZnO and Fe O, are
much better catalysts than TiO,, which the main product was CO.

The catalytic activity of Pd is strongly associated with the type of metal
oxide support'>*"****%* including ZnO,*"* CeO," and Ga,0,.*** Pd has a
strong inclination to form intermetallic species with the metal oxide when
exposed at high temperature under a reducing environment. PdGa bimetal-
lic phase formed in Pd/Ga,O, catalysts and PdZn alloys are formed on ZnO.
These are formed via hydrogen from the Pd surface to the support and
reduction of the oxide at the interface of the Pd and oxide support initiating
intermetallic phase formation. This formation subsequently reduces both
CH,OH decomposition and CO production.”*** In addition, high CO,
conversion to methanol in Pd/Ga,O, has been ascribed an optimal amount
of Pd™ (0<n<2) species stabilised by a Ga, O suboxide layer on the surface
of Pd.? The Pd-Zn alloy formed is strongly dependent on the reduction
temperature with PdZn formed at 200°C and at higher temperatures of
300°C leading to a close bulk value of a 1:1 PdZn alloy.*® At higher tem-
peratures of 550°C, the alloy shows a loss of Zn at forming a Pd,Zn binary
phase.®” There are different proposals concerning the role of PdZn alloys
towards CO, hydrogenation. Kim and co-workers suggested that the PdZn
bimetallic species led to the deactivation of catalysts for methanol synthe-
sis.! In contrast, Liang and co-workers indicated that the active site for
methanol formation was the PdZn alloy rather than metallic Pd.”

1.2.3 Influence of promoter

As well as changed in the support used, promoters have been explored
including using alkaline promoters.**> Alkali adatoms increase the
binding energy of adsorbed CO, and subsequently promote dissociation
of CO,.** Surface studies of CO, adsorption on Pd metal surface have
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revealed that CO, does not adsorb strongly on Pd; however, this can be
enhanced by the presence of alkali metals, for instance, Na.* In this case,
CO, activation proceeds via a bent anionic CO,” at intermediate Na cover-
ages” and the adsorbed CO, is further dissociated into CO and chem-
isorbed oxygen.” At high Na coverages, surface carbonate is formed
whereas at low Na coverages spontaneous dissociation into CO and O
occurs.* Studies on CO, adsorption on Pd, Pt and Rh show weak physical
absorption of CO, on the clean metal surface.* Lithium has also been
shown to promote Rh supported on zeolites wherein CO selectivity is
enhanced by suppressing the methanation pathways.”> At Li/Rh atomic
ratios of 10%, the CO selectivity was found to be 86% and leading to
CH,OH and C,H,OH formation. In situ FTIR studies indicated that the
presence of Li on the Rh surface provided the active site for CO, adsorp-
tion and stabilisation of adsorbed CO species.*> Adding Li, however, results
in lower catalyst activity for CO, conversion.

Ca has also been used as a promoter on Pt/C catalysts leading to a high
activity and selectivity for CO in contrast to the absence of Ca.”® This effect
has also been observed on supporting Pt on CaO. Therein, the CO,*
formed on the basic support dissociates into CO but further hydrogena-
tion was not observed.”

Koizumi and co-workers have investigated the effect of Ca, Mg and/or
K promoters on the activity of Pd catalysts deposited onto mesoporous
silica supports.”> While the small mesoporous structure of the support
ensures the formation of small Pd® nanoparticles, the presence of Ca, Mg
and/or K promoters were essential to increase the methanol yield.”

The surface studies of CO, adsorption on model precious metal cata-
lysts is in agreement with the catalytic activity that suggest the addition of
alkaline metal promoter enhances the activity by providing a site for CO
stabilisation. In general, the addition of alkaline metal promoters on
precious metal catalysts have been found to improve the selectivity to a
range of products (methane, carbon monoxide, methanol) but the catalyst
activity is decreased.

1.3 Bimetallic catalysts

In a pursuit of developing improved catalyst for CO, conversion to meth-
anol, catalysts with both deoxygenation and dehydrogenations sites have
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been designed. In particular, bimetallic catalysts have been examined. For
monometallic and bimetallic surfaces, the surface d-band centre value,
with respect to the Fermi level, is a useful parameter to describe the elec-
tronic properties of a metal catalyst. The d-band centre parameter is a
measure of the average energy of the unoccupied and occupied states in the
d-level of a metallic surface. The position of the d-band centre relative to
the Fermi level determines the interaction with the adsorbate. The adsorb-
ate binds more strongly on metal surface when the d-band centre is above
the Fermi level. Bimetallic catalyst allows this to be tuned by the interaction
of the two metals and thus allows changes to the binding energy of reac-
tants and reactive intermediates which, in turn, influence the surface
chemistry.” It has been shown that the binding energy of an adsorbate to
the metal surface is linearly correlated to the d-band centre of the metal.™

Studies on selective hydrogenation of C=O bond in acrolein on Pt-
Ni—Pt and Ni—Pt—Pt shows a correlation between the experimental studies
and the theoretical calculation of d-band centre for the bimetallic sub-
strate.”® The surface d-band centre of the Pt—3d—Pt(111) subsurface struc-
ture determined from DFT calculations shows the value shifts away from
the Fermi level as the subsurface 3d metal moves toward the left-hand side
of the periodic table.* Hydrogenation of the C=0O only occurs on the sur-
face Pt-Ni-Pt(111) but negligible activity is found on Pt(111) or Ni-Pt—
Pt(111) surfaces.”® HREELS has been used to differentiate between the
bonding configurations of acrolein on Pt—Ni—Pt (111). It reveals that the
C=0 bond in acrolein strongly interacts on Pt-Ni—Pt(111) surface at 200
K via the formation of di-o-bonded acrolein through the C=O moiety,
whereas the Ni-Pt-Pt(111) shows weak interaction with the C=0.%

The analysis of bimetallic catalyst is interesting because it opens a new
aspect of the design of catalysts for CO, hydrogenation. Pt-Ni, Pt—Co,
Pd—Ni bimetallic catalysts for CO, reduction are active to activate C=0O
bond for CO and CH . formations.” For these bimetallic systems, the sub-
surface structures, Pt—Ni—Pt, Pt—-Co—Pt and Pd—Ni—Pd were identified as
the thermodynamically stable structures in the presence of hydrogen.
Using the combinations of these metal, catalysts based on a reducible
CeO, support showed higher activity than on a non-reducible AL O, sup-
port. The ability of CeO, to uptake oxygen facilitates a greater extent of
CO, hydrogenation.
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Well-dispersed Pd—Cu bimetallic species increased selectivity to
methanol compared with Pd or Cu catalysts.”® The alloy is thought to
increase the chemisorption of CO, and enhancing the hydrogenation pro-
cess by providing a weakly-bound hydrogen atom. The Pd—Cu alloy for-
mation is dependent on Pd(Pd+Cu) ratios which reflect the chemisorption
of CO,and hydrogen on the intermetallic surface. In addition, the activity
is found to be strongly influenced by the preparation method with
co-impregnation found to lead to a homogeneous alloy which is thought
to be important to high methanol selectivity.”®

1.4 Photocatalytic reduction of CO,

Photocatalysis offers an alternative route for CO, conversion and thus a
green sustainable approach compared with thermal activation.
Photocatalytic reactions require photon energy from sunlight that excite
electrons in the valence band (VB) to the conduction band of a semicon-
ductor. This photogenerated energy carrier is responsible for the photo-
catalytic reaction. Potential reducing agents for CO, are H,, H,O, NH, or
CH,OH and TiO,, WO,, CdS, GaP, SiC and ZrO, are among the metal
oxide semiconductors that have been shown to reduce CO,.>
Photocatalytic reduction of CO,is a thermodynamically unfavourable
reaction involving multi electron redox processes. The products vary from
CO, CH, to higher hydrocarbons in the gas phase, and various oxygenates
in the liquid phase such as alcohols, aldehydes and carboxylic acids. CO,
reduction does not originate from photocatalytic water splitting as in this
case the H,O acts as a reducing agent by providing H* as opposed to H,.
The CO, reduction process is considerably more difficult that water split-
ting due to the high endoergonicity of the process.

CO, +2e +2H" — HCOOH; E°=0.61YV, (7.7)
CO,+2e +2H"— CO+H,0; E°=0.53V, (7.8)
CO, +4e +4H" - HCOH + H,0; E°=0.48YV, (7.9)
CO, +6e +6H" - CHOH+ H,0; E°=0.38V, (7.10)
CO, +8e +8H" — CH, +2H,0; E°=0.24V. (7.11)



http://chemistry-chemists.com

220 H. Bahruji et al.

Although photocatalysis for CO, reduction appears to be an ideal
approach to take full advantage of sunlight energy for green sustainable
fuel production, the conversion remains relatively low. The main challenge
for CO, photoreduction is that it is competing with water reduction with
the standard reduction potential of H O to form H, being considerably
lower (E° , = 0V) than the standard reduction of CO, to form CO,
(B ,=-1.9V).

The rates are also dependent on the solubility of the CO, in water
as this determines the surface concentration on the photocatalyst
surface. Conducting the reaction in the alkaline NaOH solution helps to
improve solubility of CO, in water.”” However, the resulting species
from CO, dissolution, CO32‘ or HCO,, are thermodynamically more
stable than CO,.

TiO, has received significant attention as a photocatalyst for CO,
hydrogenation. The conduction band is above the redox potential for CO,
reduction to methanol and the VB is well below the redox potential of
water oxidation. Precious metals including Pd,**¢> Rh® and Pt*%® are often
added to TiO, to prolong the lifetime of the photogenerated energy carrier
and these systems have been examined for CO, reduction with the photo
generated products dependent on the metal used. There is an uncertainty
in the literature on the actual source of carbon that contributes to the
product formation.®”® Since the level of conversion is relatively low <1%
conversion, in general, the presence of carbon contamination on the TiO,
surface may contribute to the product formation. For example, Yui et al.”!
highlighted the discrepancy of products formed from untreated and air
annealed TiO, due to the presence of carbon species mostly in the form of
acetate on the surface of fresh TiO, catalyst. CH, was formed as main
product from untreated fresh TiO, photocatalyst via the photo-Kolbe
decomposition of acetate.”! CO becomes a major product when TiO, cal-
cined in air at 350 °C was used. Deposition of Pd on TiO, initiates the
formation of CH,.”"

Pd and Rh metal supported on TiO, improved the photoactivity of
TiO, for CO, photoreduction under UVA irradiation compared with the
pure oxide.” In addition, improved activity was found, TiO, ceramic hon-
eycomb monolithic structures threaded with optical fibres were employed
rather than the powder suspended in water. Therein, the quantum
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efficiency of the reaction was improved significantly which indicates the
importance of the need to increase the surface area of the catalyst and thus
enhance the rate of CO, adsorption.”” CO, photo reduction on Pt-doped
TiO, nanotube catalysts have also been shown to result in a higher yield of
CH, compared with a TiO, nanoparticle support.”

1.5 Electrochemical reduction of CO,

Electrochemical reduction of carbon dioxide provides an excellent
method for new energy storage by using renewable energy sources.”*”"¢
The process involves CO, gas and uses H, gas or aqueous electrolytes as
the source of H'. There are several advantages that this process may
provide. First, it gives better chemical efficiency than the traditional
Sabatier process (>80%), which has been considered heavily for produc-
ing alternative fuels, involves the conversion of CO, and hydrogen gas
into methane and water catalysed by nickel at high temperatures and
high pressure.”” Second, depending on the reduction method, high
Faradaic efficiency can be achieved. Faradaic efficiency is the energy
efficiency with which charge (electrons) is transferred in a system facili-
tating an electrochemical reaction. Hence, high Faradaic efficiency sug-
gests that the process requires lower energy to complete the reaction so
that it makes the chemical process more feasible. Third, compared to the
Sabatier process, which involves both high temperature and pressure, the
electrochemical process of CO, reduction can be achieved at low
temperature.”®”

It has been found that the products being formed in the electrochem-
ical reduction of CO, include a wide variety of hydrocarbons and alcohols,
as well as environmentally friendly water.®** Different metal electrodes
have been used in this process and these play a significant role of deter-
mining the types and yields of the products. It is reported that, at most
metal electrodes, the major reaction products are carbon monoxide and
formic acid.”**” For example, CO is the predominant reduction product
on Ag, Au, Pd and Zn electrodes, while the main product on Hg, Pb, Sn, In
and Cd electrodes is formic acid. Almost no reduction of CO, takes place
on Ti, Mo, Rh, Fe, Ni and Pt. According to Hori et al*** and confirmed
by other studies workers,*=* copper electrodes can reduce CO, to CH,,
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C,H, and alcohols in aqueous electrolytes at ambient temperature Later,
Cook and co-workers improved the efficiency of methane production.
They reported that cumulative CO, reduction to CH, and C,H, had high
Faradaic efficiencies on in situ electrodeposited Cu layers on glassy carbon
electrodes.®>** It has been shown that electroplated Ru metal electrode is a
good candidate for methanol and CH, production.** Currently, the molec-
ular mechanism for each electrochemical reduction of CO, is not fully
understood. Therefore, the properties of metal electrodes which deter-
mine the electrocatalytic activity and selectivity remains unclear.

However, previous studies have shown that many factors may determine
the product distribution, which include the temperature, the electrolyte, the
electrode potential and the electrode surface.®°>** For example, the partial
current densities for CO, reduction at a pressure of 1 atm are not enough for
the reaction to occur (4.7 mA cm™ on Cu electrodes® and 10 mA cm™ on
Au?') even though the Faradaic efficiencies are high. Therefore, it is expected
that CO, reduction at large current densities can take place at high pressure
due to the high concentration of CO, in the electrolyte.”* Ito and Mayorova
investigated the electrochemical reduction of CO, at high pressure (<60 atm)
on group 8-10 metals (e.g. Fe, Ni, Co, Pd and Pt) in aqueous solutions.””
They have found that formic acid and CO were formed with high Faradaic
efficiencies under high pressures whilst only small quantities were produced
at a CO, pressure of 1 atm. The results have shown that the product selec-
tivities changed dramatically with increasing CO, pressure. Sakata and co-
workers reported electrocatalytic activities of 32 metal and non-metal
electrodes for the electrochemical reduction of CO, in aqueous KHCO,
medium at a pressure of 30 atm.” Table 2 summarises the current efficien-
cies for reduction products on some of the metal electrodes at ~0°C.

It was concluded that the formation of methane and ethylene is
observed on almost all metal electrodes, although the efficiency is very low
(except for Cu). HCOOH is the main reduction product on the Hg elec-
trode. It can be seen from Table 2 that the temperature effect on the CO,
reduction efficiency has also been studied. The current efficiency of CO,
reduction on Ni, Ag, Pb and Pd increased substantially with decreasing
temperature. Kaneco et al. also reported that, on Au, Ag and electrodes, the
formation efficiencies for CO increased as the temperature decreased.'*'!
Temperatures of <0°C were also found to effective for the suppression of
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Table 2: Typical current efficiencies (%) for CO, reduction products at —2.2 V vs. SCE in
a CO,-saturated 0.05 M KHCO, aqueous solution at about 0°C.”

Metal TFC CH, CO CH, CH, HCOOH H, Sum
Cu 0 247 165 65 0.015 3.0 493 100
20 178 54 127 0.039 10.2 520 98
Ni 0o o071 21 0.069  0.18 13.7 617 97
20 013 0.60 0010  0.021 0.10 988 100
Ag 0 14 407 00052 0013 205 326 95
20 11 300 0.0090  0.0027 16.0 500 98
Pb* 0 039 012 0.008  0.0014 16.5 829 100
20 0.06 0.10  0.001  0.0003 9.9 933 103
Pd* 0 008 116 0011 0014 16.1 733 101
20 031 32 0061 0078 8.6 903 103
Hg 0 00004 020 t t 90.2 9.5 100
20 00035 064 00002 000006  87.6 79 9

Note: *At —2.0 V vs. SCE.
t: trace.

hydrogen formation in the KOH-methanol electrolyte. On Pb electrode,
not only C, and C, reduction products, but also, C, products such as
propylene and propane were observed.”

For the reduction of CO, into HCOOH on a Hg electrode in an aque-
ous medium, there are two possible mechanisms proposed.” They are as
follows:

Electron transfer mechanism

CO, +e — CO;, (7.12)

CO, + H,0(or H*) = HCOO, (7.13)
HCOO + e~ — HCOO", (7.14)

HCOO" + H,0(or H*) = HCOOH. (7.15)

Adsorbed hydrogen mechanism,

H*(or H,O) +e — H_, (7.16)
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H ,+ CO,— HCOO,,, (7.17)
HCOO,, +H_, - HCOOH. (7.18)

The first mechanism may be favourable in a neutral and weakly alka-
line solution while the latter reaction is favourable in acidic conditions.

Since, the low temperature can increase the efficiency of CO, reduc-
tion, Kaneco and co-workers investigated the electrochemical reaction at
the Cu electrode in a methanol-based electrolyte using various supporting
alkaline salts at 243 K.'”> Methanol was used as the electrolyte in this case
because organic aprotic solvents dissolved much more CO,.'*"'* It was
discovered that methane formation tends to increase in the order Cs*, Rb*,
K*, Na* and Li*, i.e. in decreasing order of the cation size. In all sodium
supporting electrolytes tested, the methane current efficiency was rela-
tively high (=243.4%). In contrast, for potassium, rubidium and cesium
supporting electrolytes preferential formation of ethylene was observed,
with a highest Faradaic efficiency of 35.7% in the methanol-based catho-
lyte with potassium hydroxide supporting salt. In halide and thiocyanate/
methanol-based electrolytes, the trends that the current efficiency for CO
increased with an increasing cation size was also examined. The main
function for different anionic and cationic species added in the electrolyte
was to depress hydrogen formation so that the applied energy was used for
CO, reduction instead of hydrogen evolution.'”

Finding high selectivity of the reduction product is crucial so that
practical and industrial application of CO, reduction can be possible in the
future. Fundamental studies of single crystal electrodes have been used to
reveal the unique electrocatalytic properties of metals. Since Cu electrodes
favourably reduce CO, to CH,, C,H,, and alcohols,*** the electrochemical
reduction at single crystal Cu electrodes, Cu{111}, Cu{110} and Cu{100},
was studied by Frese et al.'® Therein, it was found that CH ) formation was
favoured in the order of Cu{111}>Cu{110}>Cu{100}. Hori and co-workers
also reported that CH, is predominantly produced on the {111} surface,
and C H, is formed preferentially on the {100} surface."” Interestingly, as
the intermediate of the electrochemical reduction of CO,, CO is also
reduced to form similar products at these single crystal Cu electrodes of
low index planes.’*!%® Tt was also found that the introduction of {111}
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steps to Cu{100} basal plane may significantly promote C H, formation
whilst suppressing CH, formation. The selectivity ratio C H,/CH, on Cu’
in terms of the current efficiency was found to reach 14 in this case, which
is 2 orders of magnitude higher than that on the Cu{111} surface.'””

2 Electrocatalysts for Direct Fuel Cell Anodes
2.1 Introduction

Fuel cells (FC’s) are energy conversion devices (galvanic cells) which con-
tinuously and directly convert chemical energy in a fuel e.g. H,, methanol,
ethanol, etc.) to electrical energy bypassing the intermediate, energy inten-
sive, heat to mechanical energy conversion, as in conventional heat
engines.'” Since FCs are not limited by the Carnot limit as in the internal
combustion (IC) engine, they are more efficient than ICs with efficiency
of about 40-50% in electrical energy and 80-85% in total energy (electric +
heat production).'® Although, the state of the art FCs are limited by their
low efficiency, insufficient durability and high cost which makes them
unsuitable commercial applications,'"" significant improvements in the
performance have been achieved in the last decades with the advancement
in engineering and chemistry. Among different FC, proton exchange
membrane fuel cells (PEMFC) are considered as the most efficient and
promising fuel cell for low-temperature operation of up to 200°C.
Schematic of a typical PEMFC is given in Figure 2.

The electrochemical reactions take place on the anode and cathode
catalyst layers. The fuel (H2> methanol, ethanol, etc.) are fed into the anode
side, which oxidise to form H* and is transported through the proton
exchange membrane to the cathode side where it reduces to H,O in the
presence of O /air (Figure 2). The net reactions taking place in an alcohol/
O, fuel cell can be written as in Eqgs. (7.19)—(7.21).

Anode CH, OH+ (2n-1)H,O0 — nCO,+ 6nH" + 6ne™. (7.19)
Cathode O, +4H" +4e” — 2H,0. (7.20)
Net reaction C H, , OH+ 3—nO2 —nCO, +(n+1)H,0. (7.21)

2n+1
2
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CO, <«— —> water
H+ H+
+
!;E‘ Electrolyte % (
o >
=
H+
Alcohol 5 < o,
+ water

Figure 2: The schematic of a direct alcohol fuel cell with acidic membrane.

The major challenges in Direct Alcohol Fuel cells (DAFC’s) are''? their
(i) lower performance compared to H_/O, fuel cell (poor alcohol oxidation
kinetics) (ii) mixed potential at cathode due to the alcohol permeation to
the cathode (thus lower fuel utilisation) (iii) difficult water and thermal
management due to the alcohol cross over (iv) catalyst detachment from
the electrode due to the membrane swelling in presence of alcohol.

Pt and Pt alloys are found to be the most active catalyst for alcohol
oxidation in acidic media. According to a study by US Department of
Energy (DOE), in 2007 based on a projected cost for large scale fuel cell
production, about 56% of the cost in a FC stack comes from the Pt-based
catalyst layers.'”® Increasing the catalyst activity, stability, durability and
reducing the catalyst loading on the electrode layer are the major chal-
lenges in the commercialisation of FCs. Also, there are drawbacks associ-
ated with the Pt catalyst such as poor CO tolerance and Pt dissolution at
high potential.'"* It is significant to reduce the metal loading while main-
taining the activity in the catalyst in order the system to be industrially
viable and is a challenge in electrocatalysis research. In this section, elec-
trocatalysis for the alcohol oxidation reaction is briefly reviewed with a
major focus on methanol and ethanol electro oxidation as they can be
considered as model systems for other organic molecules with 2 or more
carbon atoms. Since the state of the art of FCs are running on acidic based
membrane system (e.g. Nafion), only active catalysts in acidic media are
being discussed.
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2.2 Electrocatalysts for alcohol oxidation reaction

Though H, is considered as the most suitable fuel for PEMFC with higher
efficiency, the production, storage and distribution are still limitations.
Ultimately, the fuel for PEMFC should be chosen based on the electro-
chemical activity, availability, production, storage, transportation and
distribution of fuel, its safe handling and its effect on the environment, the
convenience of refuelling and the suitability under any working condi-
tions. In addition, effects of the emissions of intermediate products as well
as leakage problems, etc., should also be taken into account.'? In this con-
text, hydrogen carriers such as low molecular weight alcohols (e.g. ethanol,
methanol, etc.) are proposed as promising alternate fuels to H, due to their
liquid nature (which simplifies the problem of storage), high energy
density (5-8 kWhI™) compared to liquid hydrogen (2.6 kWhI™),"*!> Jow
toxicity (except methanol), bio-availability, ease of handling, storage and
transport.!!>!¢

To recover the maximum energy in an alcohol, complete oxidation
leading to CO, formation should be achieved as given in Eq. (7.19). The
formation of CO, by alcohol oxidation involves the breaking of C-C
bonds (except methanol) and goes through various intermediate species
depending on the alcohol molecule. Complete oxidation to CO, is gener-
ally difficult to achieve and, to date, only methanol has been reported to
form CO, by complete oxidation on Pt in acidic media. In practice, alcohols
undergo partial oxidation to give intermediate products without the C-C
bond cleavage. Poor reaction rates and the difficulty in breaking C—C bond
at low temperature (25-80°C) leads to the need for high over-potentials,
which decreases the fuel cell efficiency. The breaking of C—C in the alcohol
molecule to achieve complete oxidation is a challenging task in alcohol
oxidation catalysis and is the central problem in DAFC.

When an alcohol molecule interacts with the Pt catalyst surface, vari-
ous destruction processes occur (dehydrogenation, destruction of the
molecule at C-C bond and hydrogenation)."” and various intermediate
species are formed as a result. Even small alcohols such as methanol oxida-
tion to CO, involves a 6e” transfer indicating a complex reaction mecha-
nism which involves multiple e~ transfer and consecutive adsorption/
surface reaction/desorption of several reaction products or by-products.
In addition, poisoning species such as CO are produced during the alcohol
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oxidation reaction which irreversibly adsorb on Pt surface blocking the
catalyst surface."'® It is clear from Eq. (7.19), that the number of electrons
exchanged during the electro oxidation of alcohol increases with increase
in the number of carbon atoms in the alkyl chain. However, extending the
carbon chain increases the complexity of the reaction pathway as well as
the number of possible intermediates which reduce the overall conversion
efficiency of alcohol oxidation to CO.,. For example, on a Pt electrode
operated in acidic media within the fuel cell operating potential range, the
number electrons obtained for a range of fuels were lower than the theo-
retical e~ yield including CH,CH,OH (4e"), HCHO (4e"), HCOOH (2¢"),
n-PrOH (4e7), i-PrOH (2¢), ethylene glycol (4e).!** Only methanol gives
the theoretical yield of 6e” to form CO,. Ethanol is predominantly oxidised
by 2e” and 4e” pathways to give acetaldehyde (AAL) and acetic acid (AA),
respectively, as the major products (Figure 3).'2*!?! Further oxidation of
these intermediates to CO, are generally difficult. An active electro-catalyst
thus should be able to increase the reaction rate and modify the reaction
step to reach the final step rapidly (i.e. production of CO,)." It was found
that most active catalyst for alcohol oxidation, to date, are Pt and Pt alloys
in acidic media.

Various experimental techniques have been adopted to identify the
intermediates/products formed during the oxidation reaction to elucidate
the mechanism of alcohol oxidation which involve both electrochemical
(e.g. cyclic voltammetry, chronoamperometry, Coulometry, etc.) as well as
analytical (e.g. HPLC, electrochemical quartz crystal microbalance, chem-
ical radiotracers, etc.) and spectroscopic techniques (e.g. FT-IR, differen-
tial electrochemical mass spectrometry, etc.).'*?

CH,-CH,-OH CH,-CHO

7 Rl
o,

CH,-COOH

Figure 3: Number of electrons transferred during the ethanol electro-oxidation in acidic
media and the corresponding products formed."!



http://chemistry-chemists.com

Precious Metal Catalysts 229

The electro-oxidation mechanism of methanol"®'* and ethanol have
been widely studied and the intermediates and products formed have been
clearly identified. From IR studies, it was shown that the main poisoning
species during primary alcohol oxidation is CO, either linearly bonded or
bridge bonded to the catalyst surface."**'* The CO_, formed blocks the Pt
active sites deactivating the system and revealing the need for high CO
tolerant catalysts for alcohol oxidation.

2.2.1 CO oxidation on platinum

CO oxidation reaction is an important and widely studied reaction in
heterogeneous catalysis.'**!¥” It is the simplest molecule that can be elec-
trochemically oxidised in a low temperature fuel cell at reasonable (but
not practical) potential."”® CO is also an intermediate formed during CO,
reduction and direct alcohol oxidation in FCs. In addition, hydrogen pro-
duced by reforming processes normally contain a small amount of CO,
which affect the Pt catalyst activity in H,/O, FCs as a high anodic potential
is required to remove the strongly adsorbed CO from Pt. In contrast, alco-
hol oxidation in DAFCs produces CO as an intermediate species during
fuel oxidation at the anode which blocks the Pt sites and prevents further
adsorption of the alcohol molecule. High CO tolerant catalysts are thus
required if H, generated from reforming or alcohols are to be used as fuel
in PEMFC.

CO preferentially adsorbs on Pt compared with H,, with adsorption
probability 15 times higher than that of H, and the Gibbs free energy of
CO adsorption decreases with temperature.'?® Linear or bridged type CO
are formed on Pt catalysts. Such strong bond between CO and metal was
explained due to the electron donation from 50 CO orbital to the metal
and subsequent transfer of 2 electrons (back-donation) from the d metal
atomic orbital to the 27* antibonding orbital of CO."® Two mechanisms
have been proposed for the oxidation of CO on Pt, bi-functional mecha-
nism and ligand effect or electronic effect. Gilman"' first proposed that the
oxidation of CO involves the reaction between an adsorbed O-containing
species and CO_, molecule to form CO, through either a non-competitive
or competitive Langmuir—Hinshelwood (L-H) type reaction.””” Under
electrochemical conditions in aqueous media, this O containing species is
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believed to be OH_,, formed from the dissociation of water molecule on Pt
in acid media, or OH- in alkaline media.’*'* It has been demonstrated
that the addition of oxophilic metals such as Sn, Ru, Mo and W to Pt have
higher CO tolerance compared with clean Pt and was attributed to the
bi-functional mechanism and electronic effects in bimetallic catalysts.>»!**13>
In these cases, the oxophilic metal oxidises water at lower potentials
forming OH_, species which then reacts with the CO_, to form CO,

(bi-functional mechanism) as in Egs. (7.22) and (7.23).
HO - OH , +H" +e, (7.22)
CO,,,+OH , — CO,+H" +e. (7.23)

The electronic effect results from the charge transfer from Pt to
oxophilic metal resulting in the weakening of Pt—CO bond which helps in
the easy removal of CO_,."*® The high activity of bimetallic catalyst for CO
oxidation compared to pristine Pt is well documented in literature.'*~'4
This positive effect of bimetallic catalysts for CO oxidation has been suc-

cessfully used for the oxidation alcohol molecule on Pt-M binary catalysts.

2.2.2 Methanol oxidation

The mechanism of methanol oxidation reaction (MOR) is generally
believed to occur in two parallel pathways, (i) direct oxidation in which the
methanol oxidises to CO, directly without going through any intermediate
species and (ii) indirect pathway in which poisoning species such as CO_, is
formed.'"*! The CO is formed by the dissociative adsorption of methanol on
Pt'**'* and it can reach up to 90% coverage on a smooth Pt surface. The
CO_, on Ptwas clearly observed using in situ FTIR spectroscopy.'* Methanol
can adsorb through C atom or O atom and successively loses H atoms to give
various intermediate species as shown in Figure 4 where -CHO , is a com-
mon intermediate species in both O and C adsorption geometries. The
Pt—-CHO,,, then loses a hydrogen to form Pt-CO_,.""® The CO strongly
binds to Pt and its oxidation to CO, requires a high over potential and the
methanol oxidation on Pt was observed only at potentials > 0.5 V vs. RHE.
Intermediate reaction products such as HCHO and HCOOH are also
observed during MOR using HPLC analysis.'”> The methanol adsorption is
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Figure 4: The electro-oxidation mechanism of methanol on Pt in acidic media. Adapted
from Ref. [116].

also sensitive to the crystal plane of the Pt electrode. Pt(110) shows a high
coverage of linearly bonded CO, whereas CO, and multi-bonded CO are
observed on other crystal planes.'

In order to oxidise the CO on Pt as CO, and free the Pt active sites,
OH,, is necessary as discussed in Sec. 2.2.1, and this is provided by the
dissociation of water on Pt. Though Pt is active towards the decomposi-
tion of alcohol molecule (C-bound species), it is less active for water acti-
vation (O-bound species),'** thus, water oxidation on Pt requires high
anodic over potential. In practical FCs, however, a high potential is not
desirable. Multi-metallic catalysts have been proposed as the solution to
this problem where the secondary oxophilic metal can oxidise at lower
potentials than on bare Pt.

Watanabe and Motoo'* first explained the enhancement of methanol
oxidation on PtRu based on bifunctional mechanism as well as the ligand
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Pt-CO,4+M-0OH, 4 = Pt + CO, +H* +e-

ey
CO,+ H T
\ 8

Figure 5: Bi-functional mechanism on Pt-M catalyst. Schematic representation.'?
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effect. The over potential for MOR was found to depend on the chemical
binding energy of CO* and OH* on Pt.'* Since the binding energies of
CO* and OH¥* are not closely related, it is possible to tune the bimetallic
catalyst towards a high MOR activity. According to the bi-functional
mechanism (Figure 5), both the Pt and second metal play their role inde-
pendently with each adsorbing one of the reactant. The Ru atom adsorbs
and dissociates water at low potential forming OH_, which helps in the
oxidation of CO,_, and CHO, to CO, as given in (24)—(26)."**'* The O-H
activation in the alcohol molecule by metal alone is unlikely due to the
high activation energy whereas a surface bound OH reduces the activation
energy by activating the O-H bond by a proton transfer reaction.'*
Among the Pt-M catalysts, PtRu was found to be the best catalyst for
methanol oxidation””'*"*! and was attributed to both bi-functional
mechanism!*”15>-158 and electronic effects'** as described before. PtRu(1:1)
and PtRu(3:1) was found to be the best catalyst for methanol oxidation.'*
The activity of PtRu is also dependent on the composition, morphology,
particle size and alloying degree.'* Other bimetallic Pt-M catalysts (M=Sn,
Os, W, Mo) are also found to help in the CO oxidation.'*®

However, some studies have reported that, in the case of PtRu cata-
lysts, the CO adsorb and oxidise on both Pt and Ru. Once the CO is oxi-
dised on Ru, the active sites become free and are active for OH adsorption
and enhance the CO oxidation.”’ i.e. Ru has dual role for OH and CO
adsorption. This is slightly different from the bi-functional mechanism
where each metal adsorbs only one of the reactant.

Pt+ CH,OH — PtCO,, +4H" + 4e", (7.24)



http://chemistry-chemists.com

Precious Metal Catalysts 233
Ru+H,0 — Ru(OH) , + H" + e, (7.25)
PtCO_, + Ru(OH) , — CO,+Pt+Ru+H" +e". (7.26)

The higher activity was also attributed to a ligand effect. In this case,
the second component alters the electronic property of the catalytically
active metal. This can be caused by two effects such as broadening and
lowering (or narrowing and increasing) the d-band energy of the parent
metal or a direct influence of the second metal on the electronic properties
of parent metal.*»*>'®* A shift in the d-band centre affects the strength of
interaction of the parent metals with adsorbates (e.g. H,, CO)'**'** which
in turn help in the easy removal of CO by weakening the Pt—CO bond as
mentioned in Sec. 2.2.1

Recently, Adzic et al.'®* observed a significant improvement in MOR
activity in acidic media for Pt monolayer on Au substrate. This was attrib-
uted to a substrate induced lattice strain in the Pt monolayer and also a
possible ligand effect. The Pt /Au catalyst was assumed to help in the
dehydrogenation of the intermediates and formed CO, without going
through the CO_,. Also, a high OH coverage was observed on Pt /Au
catalysts which helped in the oxidation of -COH__ directly to CO,. A DFT
calculation on Pt on various substrates showed that the Pt/Au catalyst
effected the d-band energy centre of Pt which increased the bond strength
of Pt—CO and Pt—OH.'**

2.2.3 Ethanol oxidation

A complete oxidation of ethanol to CO, yields 12e~ per molecule
(Eq. (7.19)). Unlike for methanol, the complete oxidation requires C-C
bond cleavage (which requires a higher activation energy than the C-H
bond cleavage) and formation of two C-O bonds from the methyl frag-
ment of ethanol, as well as the oxidation of the CO, formed from the
alcoholic fragment.'® The effectiveness of the catalyst in the C—C bond
breaking reaction is key in making ethanol oxidation reaction (EOR) use-
ful in FC. However, in practice, partial intermediates such as AA (4e” oxi-
dation) and AAL (2e” oxidation) are obtained predominantly with only
about 1-10% of CO, yield on Pt in acidic media."**'** A dual path mecha-
nism with C and C, intermediate (which represent fragments with one
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CH,CHO ——=— CH,COOH  C,pathway (4¢)
2e”
CH,CH,OH
CHx+ COLP C02 C, pathway (12 e))

Figure 6: Schematic of dual path mechanism for EOR on Pt in acidic media.'*

G G
CH,;CH,OH
“2H,,, e l 1—Had5 1

H,C-CHOH CH,-CH-OH CH,-CH,-O0
OH, 4 -H,0 OHadSJ'HZO
CH, + CO “—— CH,-CO «—— CH,-COH
2 -Hags
5o OH,e,
Ho
CH, CO; CH,-COOH
(COs%) (CH,CO0")

Figure 72 EOR mechanism in aqueous acidic and alkaline media.""” Reproduced with
permission from John Wiley and Sons.

and two carbon atoms respectively)'® is widely accepted for EOR as given
in Figure 6.

In the first pathway, the ethanol oxidises directly without C—C bond
breakage to give C2 intermediates such as acetaldehyde (2e oxidation)

)'* and in the second pathway, strongly

and acetic acid (4e” oxidation
bound species CO_, (C, intermediate) is formed by dissociative adsorp-
tion of ethanol which is then further oxidised to give CO,.'"” The C1 path-
way is the desirable pathway for the complete oxidation of ethanol to CO,
via CO (in acidic media) or carbonates (in alkaline media) (Figure 7). The
adsorbates formed during EOR were identified to be -OCH,CH,,
(:COHCHS), —COCHS168 and CO on Pt. The product distribution also
depends on the ethanol concentration. At low EtOH concentrations, AA

and CO, are formed preferably whereas at high EtOH concentration
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(>0.1 M), AAL is formed predominantly on Pt in acidic media.'** This was
assumed to be due to the poor water availability at high ethanol concen-
tration which leads to the partial oxidation (Langmuir—Hinshelwood
mechanism).'®?

As described previously, the removal of poisoning species CO,,
requires the formation OH ; which is facilitated by the use of multi-
metallic catalysts over clean Pt.

Bimetallic catalysts such as PtSn and PtRu'® have been found to be
more active than the pure Pt for EOR. PtRu shows a lower onset potential
for ethanol oxidation to form CO, and AAL. In this case, the presence of
Ru promotes the oxidation of strongly adsorbed intermediate and
increases the selectivity towards CO, formation."”” However, a higher Ru
content decreases the catalytic activity due to the reduced number of Pt
active sites as Ru does not adsorb ethanol strongly. Between 8% and 15%
Ru was found to be optimal to promote the EOR by the bi-functional
mechanism."”® A lower onset potential and higher current density were
also associated with Pt,Sn for EOR reaction.”” The AA production was
found to be higher on these bimetallic catalysts indicating the oxidation of
adsorbed intermediate species with the help of OH_, formed on Ru or Sn.
Souza et al,"' on the other hand, observed only CO, in the FTIR of
co-deposited PtRu catalyst during EOR which appears at a potential 0.40
V in comparison to 0.70 V for pure Pt electrode. This again confirms the
effect of Ru addition to Pt in improving the selectivity of CO, formation
during EOR. The absence of C2 products, in this case, could indicate that,
in addition to the bi-functional mechanism, other mechanisms may be
responsible for the higher activity.'”!

To date, PtSn has been found to be the best catalyst for EOR in acidic
media'*»'**172177 a5 shown in Figure 8 for a comparison of Pt/C, PtSn/C
and PtRu/C catalysts. The high activity of PtSn was explained based on the
bi-functional mechanism and ligand effect as explained for methanol oxi-
dation in Sec. 2.2.2. The Sn being an oxophilic metal activates the water
molecule at lower potential producing OH_, species which helps in oxidis-
ing strongly adsorbed CO to CO, and AAL to AA (bi-functional mecha-
nism).'”>'7>!7% Also, the Pt electronic structure can be modified by the Sn
ad-atom which reduces the Pt-CO bond strength and helps in the removal
of CO (ligand effect).'”>'7®1” Various methods have been adopted in the
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Figure 8: CO stripping (top) and linear sweep voltammogram of EOR (bottom) on Pt
and Pt bimetallic catalysts.’* Reproduced with permission from Wiley and Sons.

literature for the preparation of PtSn catalysts namely (a) electrochemical
co-deposition (b) under potential deposition of Sn on Pt and (c) alloy
formation. Depending upon the preparation method and the composi-
tion, different results may be obtained due to the different states of PtSn.'*
It was observed from X-ray absorption spectroscopy that alloying of Pt
with Sn results in the filling of Pt 5d-band vacancy due to the transfer of
the electron from Sn to Pt involving Sn 2p states which result in increased
Pt—Pt bond distance (The electronegativity of Pt = 2.28 and Sn = 1.96).'%
In contrast, under-potential deposition (UPD) of Sn has little effect on the
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electronic structure of Pt. The UPD Sn interacts with oxygen species at all
potentials and the Pt—O bond strength increases with increases in poten-
tial. The increased Pt—Pt distance and lower Pt d-band vacancy result in an
unfavourable structure for initial alcohol adsorption and C-H dissocia-
tion.'® The selectivity of alcohol oxidation also depends on the crystallo-
graphic orientation of the Pt surface in the catalyst.'”” For C-C bond
cleavage, high-index facets are most active. The Pt(110) face exhibits the
maximum selectivity with respect to CO, formation in acidic media."7'*"12
However, molecular orbital theory calculations'®® disagree with the
bi-functional mechanism and it was concluded that the Sn has a lower
activity for OH_; than Pt in a PtSn alloy. However, a reduced activation
energy for CO oxidation on PtSn electrode was observed although it was not
clear as to the mechanism involved in this case. It was also observed that Sn
diluted the Pt active sites which reduced the ethanol dissociative adsorption.
This was clear from the product distribution on Pt and PtSn catalyst
(Table 3)"” whereby the acetic acid yield increased and CO, yield decreased
with Sn addition. A similar effect was also reported for PtRu catalyst.'®

Other Pt-M catalysts, such as PtRu,'®17%18-188 PtMo'® and PtRh!'#1%
have also been studied for ethanol oxidation. Ternary alloys were found to
be more active than bimetallic for EOR where the third component usu-
ally modifies the electronic and structural characteristics of the alloy lead-
ing to a better catalyst.””! These studies include Pt-based alloys such as
PtRuSn,"* PtRhSnO,,"*"* PtSnln,"” PtSnNi"** PtMolr,"” PtRuMo**>"
and PtSnMo.*”

Adzic et al.”>"* observed that Pt-Rh-SnO, can effectively split the
C—Cbond in ethanol in acidic media and the highest activity was obtained
for a composition Pt:Rh:Sn= 3:1:4." A higher oxidation current for

Table3: Chemical yields in AA, AAL and CO, for Pt/C and Pt=Sn (9:1)/C catalysts during
the electro-oxidation of ethanol for 4 h at a constant current density (8 mA cm™ for Pt and
32 mA cm™ for Pt-Sn) in a 25 cm? surface area DEFC working at 80°C.'"°

Chemical yield  Chemical yield  Chemical yield
Electrocatalysts in AA (%) in AAL (%) in CO, (%)

60 wt.% Pt/C XC-72 33 47 20
60 wt.% Pt=Sn (9:1)/C XC72 77 15 8
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Figure 9: Polarisation curve for the oxidation of ethanol on PtRhSnO,/C and PtSnO,/C in
0.2 m ethanol + 0.1IM HCIO,, sweep rate 50 mVs". Catalysts composition, 30 nmol Pt, 8 nmol
Rh and 60 nmol SnO,."”* Reproduced with permission from Nature Publishing group.

ethanol oxidation was also observed for the ternary catalyst compared to
that for bimetallic Pt-SnO, (Figure 9). In situ infrared reflection—absorption
spectroscopy (IRRAS) showed the presence of CO, at potentials as low as
0.30 V on RhSnO_/Pt(111) catalyst whereas on Pt(111) electrode CO, only
appeared at potentials > 0.78 V indicating the effectiveness of SnRh in C—-C
bond cleavage. The FTIR spectra also showed that on PtRhSnO,/C cata-
lyst, the generation of acetic acid was negligible and acetaldehyde forma-
tion was significantly decreased whereas CO, formation improved
confirming the effective C—C bond cleavage in ternary catalysts.”*'** The
higher activity of the ternary catalyst was attributed to the synergy
between all the three components. The SnO, strongly adsorb the water
molecule and providing the OH , and freeing the Pt and Rh sites for
ethanol adsorption. The OH_, on Sn helped in the removal of CO formed
on Rh whereas Pt facilitated the ethanol dehydrogenation. The PtRh inter-
action also modified the electronic structure of Rh which helped in the
moderate bonding of ethanol and intermediates and products facilitating
the C-C bond cleavage.'**

2.2.4 Oxygen Reduction Reaction (ORR)

The ORR is a multi e-transfer process in which O, in converted into H,O

or OH™ depending on the pH of the solution. In acidic solution, O,
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Figure 10: The ORR mechanism on Pt catalyst.'?>2* Reproduced with permission from
Electrochemical Society from Ref. [205].

reduced to H,O by 4 ™ process as given in Figure 10 and Eq. (7.27). O, can
also undergo partial oxidation with 2e" transfer to form H O, followed by
another 2e” transfer to form H,O as given in Egs. (7.28) and (7.29).7%+*%
The H,O, can also decompose chemically as given in Eq. (7.30) to form
water and oxygen.?”® The desired pathway in a fuel cell is the 4e~ pathway
to form H,O and Pt catalysts in acidic media are normally follow this
pathway. The partial reduction of oxygen to H,O, not only reduces the
energy efficiency but also produces reactive intermediate species that can
form harmful free radical species.*

O,+4H" +4e —2H 0; E =1229V, (7.27)
0,+2H" +2e —2H0; E,=0.67V, (7.28)
HO,+2H"+2¢ - HO; E =177V, (7.29)
2H,0, - 2H,0+ 0, (7.30)

Pt was found to be the most active catalyst for the (ORR) in PEMFCs.
ORR is sluggish compared with hydrogen oxidation reaction (HOR) and
leads to significant voltage loss in FC and is one of the major reasons for
their lower efficiency. Typically, high metal loadings are used to improve
the kinetics and to obtain significant current density. About 28 mg cm™
loading have been used in the initial stage of FC development, however,
after the significant developments in high surface area, conductive support
materials such as carbon in 1990’s, the Pt loading has been significantly
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reduced (0.2-0.4 mg cm™).2* Typical support materials are high surface
area carbon such as Vulcan XC-72, Ketjen black, Cabot, etc.

The ORR activity of Pt depends on various factors such as the O,
adsorption energy on Pt, the O—O bond dissociation energy, and binding
energy of OH on Pt surface which are effected by the electronic structure
of Pt (d-band vacancy) and Pt-Pt atomic distance (geometric effect).?”
The poor kinetics of ORR is mainly due to the difficulty in O, adsorption
on the catalyst, high O-O bond dissociation energy and difficult oxide
removal.”’* The ORR activity is also strongly depending on the electrolyte
used. For example, in HCIO ) electrolyte, the activity of low index surface
are in the order Pt(110) > Pt(111) > Pt(100)*® whereas in the presence of
bisulphate and halide ions, the order changes to Pt(110) > Pt(100) >
Pt(111). In alkaline KOH, the order changes to Pt(111) > Pt(110) >
Pt(100).'%

Figure 11 shows the ORR activity of various metal catalyst as a func-
tion of oxygen binding energy."**** A clear volcano type plot was observed
and it is clear that the ORR activity follows the order Pt > Pd > Ir >

0.0

Activity

2.0

-2.5

-3 -2 -1 0 1 2 3 4
AEQ (eV)

Figure 11: Trends in oxygen reduction activity plotted as a function of the oxygen bind-
ing energy.””” Reproduced with permission from American Chemical Society.
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Rh.!13136209 ORR on other metals such as Au, Ir, Rh, etc. has been also
studied, however, they show lower activity for ORR and are also electro-
chemically less stable than Pt. i.e. more easily oxidised than Pt."** Alloying
Pt with other metals (Fe, Co, Cr, Ni, etc.) has also been found to enhance
the ORR activity. Alloying leads to a change in Pt electronic structure and
an increased d-band vacancy which can lead to strong Metal-O interaction
and a weakening of the O—O bond. Alloying can also lead to a change in
the Pt-Pt interatomic distance (geometric effect) and lattice contrac-
tion."’* However, long-term stability of the second metal is generally poor
and leads to poor stability of the catalysts. Optimising the composition
and making a stable bimetallic catalyst are the current challenges in ORR
catalyst research.

Electrocatalysis is the most challenging aspect in the development of
direct alcohol fuel cell as both alcohol oxidation reactions on the anode
and oxygen reduction on the cathode side are limited by their sluggish
reaction and demand of precious metal catalysts. In order to make DAFC
viable for the industry, these challenges need to be addressed. In the short
run, reducing the Pt loading (multi-metallic and supported catalysts) are
the priority and in the long run, the design of new catalyst and non-Pt
catalyst has to be developed. Significant progress has been achieved in the
recent past in these areas and with the utilisation of more modern charac-
terisation and modelling methods, detailed understanding of the mecha-
nism of alcohol oxidation and ORR is possible and is presumed to help in
the development of more active and cheaper catalyst in future.
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1 Introduction

Fundamentally, catalysis is a molecular-level process. Experimental inves-
tigations of catalysis usually aim to either probe right down to the nano-
scopic level of the system or measure the ensemble average of molecular
processes in a macroscopic system. There are, however, several essential
properties that are inaccessible or difficult to access by experiments such
as the electronic charge distribution, molecular structures, potential
energy surface and the resulting dynamics of the atoms in real time. To fill
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this gap and help interpret experiments, theoretical methods are required.
However, given that catalysis involves an N-body system of constituent
particles, there is a limit on the range of analytical solutions that can be
obtained. Thus, one has to rely on various computational techniques.

Designing heterogeneous, porous catalysts for practical applications
requires not only the ability to identify active sites within the porous
medium and optimise intrinsic activity and selectivity, but also the reduc-
tion of diffusion limitations and deactivation within the catalyst particle."?
The processes of atomic transport and catalyst evolutions span timescales
that are several orders of magnitude larger than the typical timescales of
molecular vibrations and also span length scales that are much larger than
the size of typical molecules.* No single modelling technique can access all
these scales within reasonable computational times. For instance, quantum
chemical techniques, coupled with spectroscopy, could simulate potential
active sites and their immediate vicinity, but cannot simulate much larger
domains, even via high-end computational resources. Monte Carlo (MC)
techniques have the ability to simulate systems up to the macro-scale, but
they lack an ab initio basis and must be parameterised in an adequate way.
Molecular dynamics (MDs) simulations, due to their ability to simulate
both the micro- and meso-scales, have proven to be an excellent bridge
between these scales. Calculations based on transition state theory (TST)
and network models further complement these techniques. A recent review
by Van Speybroeck et al. presents an overview of computational techniques
and their application in catalysis.” They presented the various techniques as
a function of system size, reproduced in Figure 1. It is therefore clear that
an ideal strategy would involve a multiscale approach, whereby one tech-
nique is used to obtain results for one subdomain of the macroscopic sys-
tem and the output is employed to parameterise another model suitable for
the next level of domain. Bottom-up as well as top-down approaches have
been used depending on the problem being solved. Such a strategy can not
only help decipher experimental data, but can also give indicative results
that may guide the future course of experiments.

In this chapter, we review three techniques of molecular modelling
that are relevant to designing the next generation of catalysts: density func-
tional theory (DFT), MD and MC simulations, with focus on kinetic MC.
We refer to Keil ef al. and Smit and Maesen® for comprehensive reviews on
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Figure 1: Computational methods available in function of the system size. Reproduced
from Ref. [5] with permission from Royal Society of Chemistry.

the application of molecular simulation techniques to diffusion in zeolites.
More recent reviews on computational methods in heterogeneous cataly-
sis” and for complex reaction mechanisms®® have summarised the funda-
mentals of this field. Our aim is to provide a tutorial review of some
representative work undertaken towards heterogeneous catalyst analysis
and design, after briefly outlining the theoretical basis of each technique
discussed.

2 Fundamentals of DFT
2.1 The Hohenberg—Kohn theorems

In 1964, Pierre Hohenberg and Walter Kohn proposed and proved that for
a non-degenerate ground state, all the ground state electronic properties
are determined by the ground state electron probability density (p,),
which could be mathematically represented as'®'":

py(1r) = v_ — y, — all properties. (8.1)

Here, v__ is the potential energy of interaction between electrons and
the nuclei, and  is a unique ground state wave function.' The electron
density is dependent on three spatial variables (r) only whereas, the wave
function depends on 3N variables for a system of N electron.
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Thus, the ground state energy could be written as a functional of the
ground state electron density,

E, :Evm [pO]:T[pO]—i_Vne [p0]+‘7ee [po]' (8.2)

Here, T,V,, and V., are the kinetic energy, potential energy due to
nucleus—electron and electron—electron interactions, respectively. The V_
term in Eq. (8.2) could be represented as's

<¢’0 > Jou (v (8.3)

where v(r) is the nuclear—electron potential energy for the i electron.
Combining Egs. (8.2) and (8.3) yields

i=1

E,=E, [po] T p0]+Jp0 (r)dr +V, [po]. (8.4)

In their variational theorem, Hohenberg and Kohn have furthermore
proved that, the true ground state electron density minimises the energy
functional E[p ], where p_ is the trial density function that satisfies
J.ptr )dr = N. For simplicity, from now we will omit 0 from p for all other
equations.

The term T[po] [po] in Eq. (8.4) is unknown. While the
Hohenberg—Kohn theorern tells us that if we know the ground-state elec-
tron density p(r), we can determine the ground state wave function, it does
not tell how to calculate E from p. It also does not tell how to obtain p;
without finding the wavefunction.'”® In 1965, Kohn and Sham revisited
this problem, which is briefly outlined below.

2.2 The Kohn-Sham method

Kohn and Sham considered a fictitious system of N non-interacting elec-
trons, which experiences an external potential energy v (r)." It was fur-
ther assumed that the electron density of this reference system p(r) is
equal to the exact ground-state electron density p(r) of the system of N
interacting electron system under consideration. By mapping the real
system on the fictitious system, Kohn and Sham have been able to intro-
duce one electron orbitals (wavefunctions) in a method analogous to that
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of Hartree—Fock theory. Moreover, their approach allows to reduce errors
that would arise from approximations to the unknown energy term
T[p,]+V..[p] by separating out the largest well-defined terms

T[p5]+vee[p5]'

Indeed, the kinetic energy of the real system can be expressed as:

T[p)]=AT[p]+T[o], (8.5)

using the AT [p], the difference of the kinetic energies between real and
fictitious systems (index s is reserved here for the fictitious systems).

The electron—electron interaction energy can be represented as a sum
of two terms, A V [ p] which is unknown, and classical electrostatic poten-
tial energy of the charge distribution p(r).

ANENAN ﬁp drdr (8.6)

Here the term Y% is added so that the repulsion energy between the
charges is not counted twice.
On substituting Egs. (8.5) and (8.6) in Eq. (8.4) we have:

E, [p,]=AT[p +_[p r)dr +AV_[p]
” plilote) Idr,, (8.7)
which can be rewritten as
E, [n]=T.[o]+ Jo(r)v(r)dr +- ”p ) e, +E, o], (88)
where,
E [p]=AT[p]+AV, [p] (8.9)

The term E_isan unknown term, referred to as the exchange—correlation
(xc) energy functional, and it must be approximated.”” Equation (8.9) can
be further written as

E =E+E, (8.10)

where E _is the exchange energy and E _is the correlation energy.
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The fictitious reference system s can be described using an antisym-
metrised product (Slater determinant) of the lowest-energy Kohn—-Sham
spin-orbitals whose spatial part ¢, is an eigenfunction of the one-electron
operator h.

ho, = <o, (8.11)

The one-electron Hamiltonian is obtained by varying the energy (Eq.
(8.8)) with respect to Kohn—Sham orbitals under the constrained Jp dr =N:

h = —%Vf —zﬂ:f—:q%d& v (o) (8.12)
where 1 and 2 are the spatial and spin (o) variables of the first and second
electrons, electron-nuclear potential is summed over all nuclei with
charge Z and exchange-correlation potential v _is the variational deriva-
tive of Eq. (8.9). Equation (8.11) with Hamiltonian (8.12) constitutes the
Kohn—Sham equations. The equations so formed are mathematically
equivalent to the Hartree—Fock equations with a modified potential form;
therefore, all methods developed in quantum chemistry to solve the
Hartree—Fock equations numerically are applicable to the Kohn—Sham
equations.

2.3 Exchange and correlation functionals

In this section, we shall briefly discuss commonly used exchange—correlation
functionals. This discussion is especially vital as, (1) the exact form of xc
is still unknown and (2) the appropriate choice of xc is very important for
an accurate description of the geometrical and electronic properties of
materials. Even though the xc energy is a small part of the total energy of
a typical system, it plays the vital role in binding atoms together. Perdew'*
coined it as “nature’s glue”. This quantum mechanical phenomenon arises
as electrons move in such a way to avoid one another, which in turn, low-
ers the expectation value of the electron—electron Coulomb interaction.
The exchange energy in the xc functional (Eq. (8.10)) is a consequence of
the system obeying the Pauli principle and in particular (but not only)
corrects the spurious self-interaction of an electron, and the correlation
energy (E = E —E ) accounts for the remaining effects of spatial and spin
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Hartree world

Figure 2: Jacob’s ladder of density functional approximations.'®

correlation in the many electron system. The evolution of various xc
functionals from the simplest to the most sophisticated ones could be
represented by “Jacob’s ladder”, as described by Perdew and Schmidt (see
Figure 2)."” On this ladder, various forms of exchange and correlation
functionals are found; as we climb higher rungs the accuracy and
sophistication of the xc functionals increases. The main objective of this
is to formulate the most suitable functional to attain the desired
chemical accuracy. Furthermore, the accuracy and sophistication of the
higher rungs are complemented by the simplicity and transparency of the
lower ones.

2.3.1 The Local density approximation (LDA)

The LDA is sometimes referred to as the “mother of all approximations”
in DFT."® The basic idea of the method is to relate the exchange and cor-
relation potential at a given point in space to the charge density only at the
same point. The Hohenberg—Kohn theorem in fact, tells us that the poten-
tial depends on the charge density everywhere. The mathematical form of
the LDA is given by:

EP [p]= o (r)e (p)dr, (8.13)
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where the integral is taken over all space, drstands for (dx, dy, dz). Further,
e, 1s postulated to be equal to the exchange and correlation energy per
particle of an electron gas with uniform electron density p. Since E_domi-
nates E_in Eq. (8.10) here we describe the exchange part only:

1
poa__3(3 5,[ pé(r)w?(r) dr (8.14)
! 2\4n : ’ ' '

where, a and 3 in Eq. (8.14) refers to the spin of the electrons. In con-
trast to Eq. (8.14) there is no simple expression for the correlation part,
which is however known numerically from the quantum Monte Carlo
simulations of Ceperley and Alder'® that have been parameterized by
Vosko, Wilk and Nusair, (VWN)' and Perdew and Wang (PWC).'® This
functional is good for atoms and molecules and especially adequate for a
slowly varying electron density p(r).

2.3.2 Generalised-gradient approximation (GGA)

The LDA exchange and correlation functional based on uniform electron—
gas models works well for predicting molecular geometries, vibrational
frequencies and dipole moments. However, the prediction of accurate
dissociation energies requires functionals to go beyond LDA and to take
into account a slowly varying p(r). This requirement led to the develop-
ment of the GGA functionals, in which a dimensionless reduced gradient

v/

x,— is considered.” The general form of the GGA exchange is:

)
ES [p,x]= [0 F(x)dr, (8.15)

where F (x) is chosen to obey the gradient expansion approximation first
introduced by Hohenberg and Kohn:

1
. 1
1 3(3)3 7
ES =—[p? Z(_) Xt |dr. (8.16)
" 43 (3n7)
Thus, the xc potential at a given point now depends both on the den-
sity at this point and its derivatives, which approximates the density in
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close locality of this point hence referred to as semi-local potentials.
However, coefficients in Eq. (8.14) are modified to satisfy known limiting
situations or fit empirical data. One of the most commonly used forms of
exchange functionals is B88,% which is given by:

E™™* —p dr. 8.17
E sz 1+6bx, smh X, g ( )

o=,

Here, b = 0.0042 is the single parameter used to fit the exact atomic
energies.

Other popular GGA exchange functionals have been proposed over
the years for example by Perdew and co-workers including PW91, PBE,
RPBE (also known as RevPBE) and PBESol.?* In recent years, some
theoretical studies have shown that conventional LDA and GGA cannot
describe accurately the strong on-site Coulomb interaction of localised
electrons for example, in f-electrons in UO,. In order to account for the
underestimation of the intraband Coulomb interactions, Liechtenstein et
al. and Dudarev et al., proposed the use of Hubbard U parameter and J
(exchange energy) parameters.”*® In the former approach, both U and J
values are considered as independent corrections while in the later only a
single effective U, = U — J parameter is considered. Mathematically,
DFT+U total energy (E . +U)) can be written as:

DFT

Eppriv = Eper +¥Z[Tr(/’” —p"p° )]

here, o7 is the density matrix.

2.3.3 Hybrid functionals

While pure local and semilocal exchange and correlation functionals in
DFT proved to be very successful, already in 1993 Becke observed that
GGA, which is an improvement over LDA, still has over-binding tendency.
To overcome this problem, he proposed a fully non-local B3PW91
exchange and correlation functional, which has the form:

EPTN = BN 4 a (B - B )+ BAED +cAE,  (8.18)

XC

where a = 0.20, b = 0.72 and ¢ = 0.81; and the Hartree—Fock like exact

exact

exchange term E ™, removes some of the self-interaction energy error

inherent in GGA functionals.
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This functional preserves the uniform electron gas (UEG) limit and
reduces the PW91 gradient correlation AE/"”" and Becke88 or B88 gradi-
ent correction AEf:S.25 As an alternative to this, functional Lee—Yang—Parr
correlation has been also proposed instead of PW91 and referred to as
B3LYP,*® which is one of the most popular functionals in quantum chem-
istry. The major difference between B3APW91 and B3LYP is related to the
slowly varying density limit. The reason for the high accuracy of B3LYP is
due to its eight empirical parameters. While this works very well with
smaller molecules, it fails to reproduce the correct exchange and correla-
tion energy for the homogenous electron gas and, as a result, accuracy of
the predictions decreases with increasing size of molecules. According to
recent reports, it fails for metallic systems.”

The hybrid functionals discussed in this sections are sometimes
referred to as global hybrids. In global hybrids, a percentage of local
exchange is replaced by Hartree—Fock exchange.”® The hybrid functionals
(rung 4 of Jacob’s ladder) take into account occupied Kohn—-Sham orbit-
als everywhere in space but differ from each other by the mathematical
form in which they combine, a distinct family of such functionals of
particular flavour that are popular in solid state studies are overviewed in
the section below.

To complete our climb up the Jacob’s ladder, we only mention the
highest state of the art level of double hybrids, which include into account
unoccupied orbitals. In these approaches, GGA (or meta-GGA) descrip-
tion of electron correlation is replaced by post Hartree—Fock like terms
that account for the probability of a dynamical occupation of higher
energy (unoccupied) orbitals.”! Some examples of double hybrids include
B2PLYP,*> XYG3.*® In these functionals, the Kohn—Sham orbitals can be
used in a self-consistent or an a posteriori manners in the calculations of
the correlation terms. One of the problems with these approaches is a reli-
ance on the MP2 energy expression, which contains a singular term
dependent inversely on the one-electron energy gap between occupied and
unoccupied states, which complicates the treatment of zero-gap systems.

2.3.4 Range separated hybrids

Now we turn to the methods that are especially popular in modelling elec-
tronic properties of semi-conducting and insulating materials. These
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techniques offer an alternative approach to include non-locality into
exchange part as proposed by Savin.*** In this approach, the two-electron
operator 1/7, in the molecular Hamiltonian is separated into the short-
range and long-range parts, that is,

1 1-g(r) g@x)
= +—.

T T

(8.19)
r

bl
Here, g(rij) could be for example the standard error function erf( urij) and
w is a parameter that determines the ratio between short- and long-range
contributions. The first and the second terms in the right-hand side of the
equation are, respectively, short- and the long-range.

There are two approaches via which the short- and long-range parts
in Eq. (8.17) are included. In the first approach, 100% HF exchange is used
for the long-range orbital-orbital and DFT exchange interaction is
included in the short-range limit. These functionals are referred to as
long-range-corrected (LC) functionals.” A number of such functionals
have been implemented in several popular quantum chemical packages.
For example, LC-wPBE is the long range corrected version of wPBE.”
Another popular and closely related example is CAM-B3LYP.* In the sec-
ond approach, a small amount of HF exchange is used for the short-range
limit along with the DFT short-range, and the HF long-range is replaced
by the DFT long-range. Based on this scheme, Heyd and Scuseria devel-
oped the HSEO3 range-separated hybrid functional®

B = GEMFSR () 4 (1— @) EPP5R () + EPPBR () + EFP, - (8.20)

HE SR PBE,SR
E. v

w PBE,LR
x Ex

Here, is the short-range HF exchange, E and

the short- and long-range components of PBE exchange functional, E

are

PBE
c

is the PBE correlation functional, w = 0.15 a;'is the splitting parameter
and a = 1/4 is the HF mixing constant. This functional is based on the
hybrid PBEO exchange—correlation functional developed independently by
Ernzerhof and Adamo.*"*

While DFT has been a very powerful tool to explore and predict inter-
esting properties of materials to design newer catalyst, other theoretical
methods are often required to model larger length scales. We shall briefly
summarise them in the following sections.
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3 Classical Molecular Dynamics: A Force Field Approach

MD simulations involve obtaining trajectories of atoms and molecules in
real time and space by solving the appropriate time-dependent equations
of motion. MD is a powerful technique to investigate dynamic phenomena
such as diffusion, surface formation, faceting, surface adsorption and
phase transformation. In classical molecular dynamics, Newton’s laws of
motion are applied simultaneously to a system of N interacting particles
(atoms). This method started being used in a noticeable manner during
the 1970s, when computers accessible to scientists had become just powerful
enough to handle the computational demands of this technique within a
reasonable time-frame. Ab initio MD simulations are also possible, in
which principles of quantum mechanics are incorporated to obtain the
time evolution of the system. Classical MD is naturally much faster than
ab initio MD and the former can cover much larger length- and timescales
than the latter. Hence, we shall restrict the discussion in the following text
to classical MD simulations.

3.1 Force fields

A key ingredient at the root of a classical MD simulation is the set of force
fields used to describe interatomic interactions. These need to be
obtained, in principle, for every unique pair of atomic species in the sys-
tem as a function of the spatial coordinates. Although ab initio calcula-
tions can provide the detailed potential surface, its functional form may
be too complicated for use in a classical MD simulation. One highly desir-
able feature of a force field is that its form should be simple enough to be
evaluated quickly at every step of a simulation. Hence, force fields for
molecular simulations are usually divided into two parts: bonded and
non-bonded interactions. That is to say, the total potential energy, Ul
is expressed as

U, = + U,

Total — ~ Bonded Non-bonded” (8'2 1 )
Bonded interactions represent the chemical bonds between various
atoms within an entity (e.g. a single molecule or an entire crystal) and are

expressed as

(8.22)

Bonded UStretching + UBending + UTorsion + Improper’
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where U, . represents bond stretching, U, describes valence angle
tretching B g

potentials for the bending of the bonds among three atoms, U. is the

Torsion

dihedral angle potential incorporating the twisting movement among
atoms and U, represents dihedral potentials used to restrict the

Improper

geometry of molecules (e.g. to maintain the planar geometry of a mole-

endin

cule). Each of these four terms has the form of a harmonic potential,
although when rigid bonds are assumed for simplicity, some of these
terms may be replaced by constraints.

Non-bonded interactions are usually expressed as a sum of the elec-
trostatic and van der Waals interactions:

U

Electrostatic

+ U,

Van der Waals®

(8.23)

Non-bonded

Here, U

Electrostatic

is the energy due to the usual Coulombic interaction,
while U, . can take any of a several forms available. More sophisti-
cated bonded potentials for bonded interaction includes the Morse,* or
Tersoff potentials,* while for metals the embedded atom model*** and

the Finnis—Sinclair potential*® are used.

3.2 MD trajectories

Once the full form of the force field for the entire system is known, the
force, fj, acting on atom j due to atom i is evaluated as

fo_1 8U_(rf) v (8.24)

j i
T arij

where r, and r,are the Cartesian coordinates of the two atoms with respect
to an arbitrarily defined origin in the simulation cell, while

r.=r—-r and r.=lrl=r —r. (8.25)
7y J 1 1 y J 1
From these forces, the instantaneous acceleration of each atom, a, is

obtained via Newton’s second law of motion:

a, =—. (8.26)

Obtaining the atomic trajectories from these values of acceleration is
not quite as trivial as a simple numerical integration of Eq. (8.24). An
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explicit integration based on Euler’s method turns out to be numerically
too unstable.” Instead, several sophisticated methods have been developed
to propagate the trajectories. In most of these schemes, the starting point
is the Taylor expansion of the position r at time ¢:

| , 1 dr(n)
r(t+At):r(t)+v(t)+2—!a(t)(At) +; P

3

(A +- (5.27)
T=t

Here, v(1) is the first time derivative of the position and hence is the
velocity. A popular integration scheme, devised by Verlet,” involves
obtaining the Taylor expansion in not just the forward time step At, but
also in reverse time step —At and then adding the two resultant expres-
sions. This cancels out all the odd-order derivatives due to opposite signs.
If one then truncates the series at the second order, a compact form for

trajectory propagation emerges, which does not involve the velocity:

r(t+At)=2r(t)-r(t—At)+a(t)(Ar)™ (8.28)

However, if one wanted to control the simulation temperature, it
would be desirable to involve the velocity and couple it with the evolution
of the position. There are more sophisticated schemes available, such as
the leapfrog algorithm, in order to achieve this.

The time step in a MDs simulation is an important parameter that
must be chosen judiciously. A large time step will lead to numerical insta-
bility during the solution of the propagation equations. On the other
hand, an unnecessarily small time step will evolve the system too slowly,
slowing down the simulation speed. As a general rule, the time step should
be comfortably smaller than the typical timescale of the fastest movement
present in the system, e.g. the vibrations of atoms in a molecule or in a
crystal. A step of 1 femtosecond works well for many MD systems,
although in cases where chemical bonds are held rigid and only diffusional
motion is sought, a larger time step may be acceptable.

Another important consideration in MD is the size of the simulation
cell. In a large majority of cases, MD simulations are performed with peri-
odic boundary conditions, since a finite size of the system enables one to
define parameters such as temperature and pressure. While periodic
boundaries allow one, in principle, to mimic an infinite system, reasonably
accurate results are only obtained if the simulation box size is kept
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two or three times larger than the typical correlation length scales involved.
The Ewald summation technique was devised nearly a century ago, as a
theoretical tool, to incorporate electrostatic interactions beyond the simu-
lation box.”>** It is widely used in modern simulation packages to treat
interactions of the inverse square nature, although more refined versions
of this technique, such as the smoothed particle mesh Ewald (SPME),** are
also available due to its ability to treat not just the inverse square law inter-
actions, but also the r° term that appears in the Lennard—Jones potential.
MD simulation involves an initial equilibration process in which the sys-
tem attains thermal equilibrium followed by a production run.

4 MC Methods

Central to a MC simulation applicable to chemistry and materials science
is the concept of phase space, which is defined by the two vectors containing
the 3D components of the positions (q) and momenta (p) of all the parti-
cles in a given system:

Q= (X Y Zps Xy Vs Zys ooe0)s (8.29)
P= (px,l’ p)’,l’ pz,l’ px,Z’ p)’,Z’ pz,2’ o ")' (8'30)

Unlike MD, in a MC simulation there are no equations of motion to
be integrated. Instead, the entire energy surface of the system is probed by
randomly choosing points in this phase space. The phase space contains
information about all the possible states of the system and hence the
expectation value of some property B of the system is given by

B) = [[B(a,p) P(a,p)dqdp. (8.31)

Here, P is the probability of being at a phase point (q, p). This prob-
ability is connected to the energy associated with this phase point
through

—E(q,
P(q,p)= Zlexp[%} (8.32)

where P is the system partition function, kB is Boltzmann’s constant and T
is the system temperature.
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A majority of the phase space is usually of no use for a simulation.
That is to say, the energy barrier at most points in space would be
insurmountably high. It would be a waste of time to try and probe such
points and that is the key point exploited by an MC simulation in order to
render fast and efficient results. The Metropolis sampling method probes
only the most probable states in the system by choosing configurations
with probabilities exp(—E/k,T) and weighing them evenly. A typical MC
simulation therefore follows the following recipe:

1. Set up the initial atom coordinates, usually by idealised
approximations.

2. Pick an atom i randomly and perturb its position randomly to obtain
a new position.

3. Calculate the change of potential energy, AU, associated with this
displacement.

4. If AU <0, accept the new coordinates and go to step 2.

5. If AU 2 0, select a random number R in the range [0,1] and:

(a) If eUkT < R, accept the new coordinates and go to step 2.
(b) If e*UkT > R, reject the move, keep the old coordinates and go to
step 2.

If a property B is dependent on the positions of the particles, the
Metropolis algorithm renders the average of this property according to

1 M
(B)=—> B(q (8.33)
MG

where M is the total number of positions accepted and sampled according
to the above recipe. There is no intrinsic time coordinate in this method
and the system merely jumps from state to state in order to optimise the
speed of the calculations.

For problems that require explicit time dependence without involving
the level of details achieved in DFT or MD, a popular choice of method is
kinetic Monte Carlo (kMC) simulation. While the ordinary MC requires
energies as inputs, in kMG, rates of different possible “events” associated
with a given process are required as inputs. Quite often, these are obtained
through the TST. While in the Metropolis scheme the decision of whether
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or not to accept a move depends on the energy difference between the
states, in kMC one calculates rates that depend on the energy barrier
between the states. One needs to know all the possible events that could
occur during the process and the rates associated with these events, so that
relative probabilities can be evaluated.

Various schemes to implement kMC philosophy exist.”>* A very sim-
ple scheme based on rejection kMC proceeds as follows:

1. At t=0, set up the system according to the initial conditions.

2. Start the time loop.

3. Calculate the rates, r, (i=1, -+, N), corresponding to all the N possible
events.

4. Calculate the sum of the rates i,f,-. Each segment (r_,, 7] on the
(0, R] range now corresponds uniquely to the event i.

5. Obtain a uniform random number, u € (0, 1].

6. Map the random number range (0, 1] onto the rates range (0, R]. Pick
a possible event at random by seeing which value of i satisfies the rela-
tionr, <uR<r,

7. Carry out the event 1.

. Recalculate all the r, based on the new configuration.

9. Obtain a new random number, u” € (0, 1].

logu'
R

oo

10. Update the time according to ¢, =14
11. Go back to step 3.

One potential problem that needs to be guarded against while performing
kMC is that during the course of the simulation, the system may visit unfore-
seen states that were not planned at the beginning of the simulation and hence
the corresponding transition rates were not incorporated in the calculations.
Hence, careful planning is required before attempting the simulation.

5 Applications to Catalysis
5.1 Applications of DFT

Now that we have discussed the basic concepts of DFT, in the following
sections, we will briefly summarise the application of DFT in catalysis with
a focus on zeolites as catalyst.
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Zeolites are microporous crystalline aluminosilicates, which play an
important role in industrial catalysis, for example in catalytic cracking,
alkylation, methanol to gasoline (MTG) conversion, decomposition of
NO, partial oxidation of hydrocarbons and alcohols, epoxidation of olefins
(related titanosilicates) and the hydroxylation of aromatics or ammoxida-
tion of ketones.®%? The reason for their overwhelming success in catalysis
is related to their high surface area, adsorption capacity, and pore size of
molecular dimensions leading to size and shape selectivity. Their active
sites can be engineered to facilitate activation of reactants inside the chan-
nels, for example, due to strong electric fields in combination with elec-
tronic confinement of guest molecules.” Much computational work has
focused on understanding zeolite catalysis in view of their industrial appli-
cations or to explore their fundamental electronic properties. Reviewing
this field is beyond the scope of this article. However, the interested readers
may refer to a recent review by van Speybroeck et al. on the most currently
available computational tools and their applications to zeolites.” Here, we
summarise some of the major applications of DFT in understanding the
chemistry of zeolites, taking MTG as an example.

Significant theoretical work was undertaken in the late 1980s and early
1990s to clarify the mechanism of MTG conversion reaction in ZSM-5
zeolites using Hartree—Fock theory.**” However, DFT being computa-
tionally economical it provided better scope to consider more realistic
clusters. In 1993, Gale et al. employed non-local DFT to study the binding
of methanol to cluster models for aluminosilicates.®” This study was
undertaken to clarify the mechanism of methanol activation. They used a
finite-cluster model approach to show that for the smaller cluster models
the methoxonium ion corresponded to the transition state for the hydro-
gen exchange between two framework oxygen atoms. The geometrical
parameters and calculated zero-point energy were in good agreement with
experimental findings. Several experiments in the early 1990s suggested
that methanol (MeOH) is first dehydrated to dimethyl ether (DME) and
an equilibrium mixture of MeOH, and DME is then converted to olefins,
aliphatics and aromatics up to C, . Some reports also suggested the role of
CO 1in the conversion of MTG on HZSM-5. However, the mechanism
involved in these reactions was not fully understood.®®*”! Theoretical stud-
ies during this period of time showed formation of methoxy groups from
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dissociative adsorption of a single methanol molecule.”>” In their studies,
Blaszkowski and van Santen employed DFT to determine transition states,
adsorption and dissociative complexes of Bronsted-acid-activated metha-
nol. They used two differently sized tritetrahedral clusters, H,SiOHAI
(OH),0SiH, and H,SIOHAIH,OSiH,, to represent the acid sites in zeolites.
These clusters were first used to optimise the structures using the LDA as
parametrised by Vosko et al.'” For the final optimised structures, non-local
correlation and exchange corrections due to Perdew’ and Becke® were
included in the final total LDA energy. The reason for this was that LDA
without non-local correction proved to be inadequate for predicting accu-
rate binding energies for hydrogen transfer reactions.”” They also con-
cluded that the previously reported chemisorbed methoxonium ion was in
fact a transition state rather than a chemisorbed species, which was in
agreement with previous theoretical studies as well.®* Sinclair and Catlow
employed DFT to study the formation and deprotonation of surface
methyl oxonium ions, —-OCH,, at the aluminosilicate Bronsted acid sites.”
They showed that acid catalysed deprotonation of methyl groups during
the MTG conversion can be used to produce surface-stabilised carbenes.
The DFT derived activation barriers were in reasonable agreement with
the experimental findings, suggesting methyl group deprotonation as the
rate-determining step during methanol conversion. Blaszkowski et al.
went on to study the routes of the conversion of MTG with acidic zeolites
by determining the transition states, adsorption complexes of reactants,
intermediates and products, and the reaction barriers using DFT.”” They
used small HOHAI(OH),OH and HO(CH,)AI(OH),OH clusters to repre-
sent the acidic zeolite and methoxy surface respectively. In this study, it
was put forward that ethanol and ethyl methyl ether are formed from
surface methoxy groups, methanol and/or dimethyl ether, and they were
the first intermediates containing C—C bonds. This step was found to be
the rate determining step. Ethylene was then easily formed from ethanol
and ethyl methyl ether involving a much lower activation energy. In the
consecutive steps, ethylene reacts with other alkenes to give higher olefins,
aromatics and alkanes. In 1998, Frash et al. used B3LYP functionals to fully
optimise H(OH)AIH,(OH) and H,Si(OH)AIH,(OSiH,) clusters and tested
the sensitivity of activation energies with HF and MP2 single point ener-
gies to investigate the cracking of hydrocarbons on zeolite catalysts.”® They
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mapped out a very complex potential energy surface for this reaction and
identified three different reaction pathways. For all of them, both the ini-
tial and the final states were identified as alkoxy species where the carbon
atoms were directly covalently bonded to an oxygen atom of the zeolite.
Another interesting approach taken around this time was to use the quan-
tum chemical cluster models, which were embedded in a classical potential
that described the interactions with the zeolite framework. This method is
referred to as the QM/MM (quantum mechanical/molecular mechanical)
embedded cluster method.” In this method, the region of interest is
described by quantum chemical techniques and the part that is deemed
less important is described by a classical potential. This approach was
employed by Sinclair et al, for example, in hydrocarbon chemisorption in
chabazite.” They showed that the chemisorption of ethene, propene and
isobutene are sensitive to the ability of these hydrocarbons in displaying a
carbenium-ion-like energy ordering. While most of these studies were car-
ried out with gas phase cluster models, there were also interesting develop-
ments for pursuing quantum chemical calculations using solvation
models, such as the conductor-like screening model (COSMO) and polar-
isable continuum model (PCM).*% Mora—Fonz et al, for example,
employed the COSMO approach in addition to explicitly considering
water molecules in order to calculate free energies as well as energies of
reaction, which were found to be in good agreement with experimental
data on free energies of de-protonation and condensation of the Si(OH),
clusters.®*

During this period, there were also developments in methods involv-
ing plane wave based DFT codes for extended systems and their applica-
tion in understanding zeolite chemistry. In 1996, Segall et al., for example,
used plane wave pseudopotential calculations to demonstrate that these
techniques could be used for large systems such as zeolites to evaluate
local atomic properties such as proton transfer from the Breonsted acid
site of zeolite to the methanol.*® Other interesting works, such as the
nature of Brensted acid site and adsorption of methanol in zeolite cata-
lyst using plane wave codes were also undertaken.®®*” In the work
related to methanol adsorption, a number of possible geometries for
adsorption of methanol were considered. It was put forward that that the
nature of adsorbed species can depend on the particular zeolite structure,
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i.e. in chabazite the stable structure of methanol was found to be proto-
nated while in a sodalite structure, methanol was simply found to be
physisorbed.

In 2004, Tuma and Sauer reported a unique QM/QM embedding
scheme to introduce local corrections at post-Hartree—Fock level to DFT
calculations.*” In this scheme, they used DFT in a plane wave approach as
“low”-level method and added local corrections at post-Hartree—Fock level
using second-order Moller-Plesset perturbation theory (MP2). They used
this scheme to understand the proton jump reaction in the zeolite HSSZ-13
(see Figure 3). They concluded that the energy barriers and rate constants
are significantly changed by MP2/DFT corrections, i.e. the electronic
energy barriers increase from 68 kJ/mol to 81 kj/mol for dry zeolite and
from 22 kJ/mol to 30 kJ/mol for hydrated zeolite. Since the inception of this
method has been employed in recent years to investigate various other sys-
tems such as protonation of isobutene in zeolite ferrierite, zeolite catalysed
methylation reactions and benzene ethylation over H-ZSM-5,"°* this
approach was shown to provide more accurate results with van der Waals
contributions for small molecules binding to surfaces and for biomolecules.

Recently, O’Malley et al. combined DFT with inelastic neutron scatter-
ing (INS) and quasielastic neutron scattering (QENS) to report the com-
plete conversion of methanol to framework methoxy species in a
commercial H-ZSM-5 sample at room temperature.”” DFT calculations
were used to calculate the vibrational spectra of the empty protonated
zeolite (Figure 4(A)) and the framework bound methoxy species
(Figure 4(C)). The calculated spectra were then weighted for the neutron
scattering cross-section to generate theoretical INS spectra. Figure 4(D)
shows the experimental and theoretical INS spectra. There is very close
agreement for both systems with calculated absorption bands of the OH
stretch and deformation in the empty HY system calculated at 3624 cm™
and 1117 cm™, respectively. The calculated methoxylated HY spectrum
also gives close agreement with experiment, with the CH, stretch at
3055 cm™ and the CH bend and CH, rocking mode observed at 1,428 and
1,126 cm™, respectively. This agreement, coupled with the immobilisation
in the QENS measurements, confirms the room temperature conversion to
methoxy in the H-ZSM-5 framework in contrast to the inactivity observed
in zeolite HY.



http://chemistry-chemists.com

274 J. S. Bhatt et al.

Figure 3: (A-F) Proton jump reaction between oxygen sites Ol and O2 in the zeolite
HSSZ-13 without (A—C) and in the presence of a water molecule (D-F). Structures for
intial and final states (A, C, D, F) and transition state structures (B, E) are shown, the
ball-and-stick parts represent the 3T cluster model for the MP2/DFT mechanical embed-
ding calculations. Reproduced from Ref. [89] with permission from Elsevier.



http://chemistry-chemists.com

Quantum and Statistical Mechanical Simulations 275

(D) T T T

SeChan | Arb, units

N ‘{Ik_r

T T T T T
500 1000 1500 20008 25000 XN 3500 4000

; Pl
Wovenmber / cm

Figure 4: Active site configurations of the DFT calculation used of the protonated zeolite
(A) and the methoxylated framework (B) in the primitive unit cell of HY (C) and
(D) experimental spectra of the methoxylated ZSM-5 system (--), and the empty zeolite
system (--) combined with the calculated spectra of the dehydrated zeolite (--) and the
surface methoxylated zeolite (--). The very close agreement between the calculated experi-
mental spectra support the case for framework methoxylation. Reproduced from Ref. [93]
with permission from Royal Society of Chemistry.

5.2 Applications of MD

One of the reasons why MD is a logical complement to ab initio simula-
tions is that MD simulations can be used to investigate the diffusion
behaviour of reacting species through the catalyst. MD simulations of
surface adsorption of methane in a model Si-LTA zeolite structure with
explicit silanol terminal groups at 300 K (Figure 5) have shown the
existence of preferential zones of interaction around the partially exposed
oxygen atoms of the surface silanol groups (Figure 6).”* Newsome and
Coppens recently performed MD simulations to study the effect of the Si/
Al ratio and Na* cations that balance the negative charge on the framework
AL* These cations interact with quadrupolar guest molecules, such as CO,
and N.. Again, preferential zones were observed, where the guest molecules
spend most of their time (Figure 7). It was therefore hypothesised that
such preferential zones would enable one to perform coarse-grained simu-
lations, which would allow one to simulate larger systems and longer time
scales. It was also found that the Na* cations have a larger effect on CO,
diffusivity than on N, diffusivity. Both self-diffusion (relevant to catalysis)
and corrected diffusion (relevant to transport) were studied.
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1 L2=221A

Figure 5: The model Si-LTA zeolite structure with explicit silanol terminal groups stud-
ied by Combariza and Sastre.” Methane gas is shown as green and gray balls in the middle
part. Reprinted with permission from Ref. [94]. Copyright (2015) American Chemical
Society.

Figure 6: Density map of methane in the system studied by Combariza and Sastre.” The
left hand panel shows the density variation perpendicular to the zeolite surface, while the
right hand panel looks top-down onto the surface plane. Methane concentration regions
are distinguishable as red and pink regions. The silanol concentrations are shown as red
(O) and blue (H) spheres in the right hand panel. Reprinted with permission from
Ref. [94]. Copyright (2015) American Chemical Society.

MD simulations of the diffusion of hydrocarbons such as CH,, CH,
C,H, and n-C H  through MFI-type silicalite crystals have been performed
for more than two decades.”™ ' In these simulations, the host membrane is
usually held rigid by holding the crystal atoms fixed in space, while the
guest molecules are allowed to move without restriction. Comparisons of
simulation results with membrane permeation experiments showed that
the permeabilities through a defect-less perfect membrane obtained using
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Figure 7: The green zones show the stable basins identified from the MD simulation of 4
CO,/Unit Cell of silicalite-1 at 200 K, using threshold density 0.01 A7, as observed by
Newsome and Coppens.” Coordinates are in A. Red boxes indicate straight channel basins;
blue boxes indicate sinosoidal channel basins. Reprinted from Ref. [95]. Copyright (2015),
with permission from Elsevier.

MD simulations were an order of magnitude larger than those reported in
experiments.'”" Several possible reasons for this large inconsistency have
been suggested, including different methods used in crystal synthesis and
sample generation during experiments, non-applicability of microscopic
simulations to explain macroscopic experimental results and possible grain
boundary effects in real catalysts.'?>"'%7

It has long been argued that pore entrances to zeolite crystallites
exhibit surface resistance that leads to discontinuity in the pore network of
the catalyst, so that for crystals smaller than 1 um, this can exceed intrac-
rystalline resistance by several orders of magnitude.'®'” The effect of
surface resistance on permeation through a single crystal membrane of
silicalite was investigated by Ahunbay et al. using the Dual Control
Volume-Grand Canonical Molecular Dynamics (DCV-GCMD) method.'"?
In essence, this method involves setting up three regions within the
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simulation cell: two control volumes positioned outside and in the middle
of the membrane, plus a transport region between them. Results for three
spherical gas molecules, namely CH o Ar and CH » showed that for larger
molecules, not only the magnitude of surface resistance is larger, but also
the resistance extends to a larger distance from the membrane surface.
Again, a rigid crystal frame was assumed in these simulations.

The DCV-GCMD method was subsequently used by Newsome and
Sholl to show that earlier results obtained using this technique may have
been influenced by non-isothermal effects, such as streaming velocities
and collisional energy transfer.''' Subsequent work by the same authors
incorporated a Local Equilibrium Flux Method (LEEM), that aimed to
correct for the shortcomings of the DCV-GCMD method even while the
crystal lattice was held rigid, and studied interfacial mass transfer resist-
ance due to internal grain boundaries in twinned silicalite.""* They calcu-
lated that the resistance to CH, diffusion due to grain boundaries was
significantly larger than the intracrystalline resistance.

As alluded to earlier, another promising use of zeolites is in separation
technology. Separating hydrogen from other gases is a particularly attrac-
tive prospect in energy related applications. For such technology, surface
resistance may not necessarily be a bad thing and may be used cleverly to
design a separation matrix. An ideal zeolite structure is not well suited for
hydrogen separation. It has been shown experimentally that highly selec-
tive separation of hydrogen may be possible if the zeolite membrane’s pore
mouths are chemically modified."*"'> At the same time, such a modifica-
tion must not adversely impact the hydrogen flux. This problem was inves-
tigated by Jee et al. by performing MD simulations of CH, and H, diffusion
through zeolite membranes whose pore mouths had been modified in
such a way as to mimic vapour deposition of Si and O atoms near the
surface of the crystal.''® Again, the DCV-GCMD method was used along
with the LEFM correction, while keeping the zeolite crystal rigid. It was
shown that under careful modification of the surface, it is possible to cre-
ate large resistance to CH, diffusion while having a minimal impact on
H, flux, hence separating the two gases.

Metal-organic frameworks (MOFs) are a promising set of materials for
separation processes, catalysis and gas storage.!'”"'* A subset of MOFs are
the zeolitic imidazolate frameworks (ZIFs), in which transition metal (TM)
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ions such as Fe, Zn, Co and Cu are connected by organic imidazole
linkers.'"?>!*! Wongsinlatam and Remsungnen recently performed MD
simulations of CO, diffusion in ZIFs by using force field parameters based
on ab initio binding energies of CO,—[C H,N,] complexes."** Both rigid-
lattice and flexible-lattice simulations were performed for comparison.
CO, molecules were found to be located mostly around the hydrogen
atom of imidazolate rings.

In recent years, the role of the host framework in simulations, namely
rigid lattice vs. flexible lattice, has been scrutinised. Zimmermann et al.
performed MD simulations of methane diffusion in 1D pores of AFI-,
LTL- and MTW-type zeolites using both these types of frameworks.'* The
authors argued that although a flexible lattice would mimic the physical
reality more accurately, that choice is not guaranteed to give more accurate
diffusivities in MD simulations; in fact, it may give misleading results if
the force field is not chosen carefully. However, more recently O’Malley
and Catlow have studied diffusion of the longer n-alkanes (n-C, to n-C, )
in silicalite and compared the results of rigid and flexible frameworks
(Figure 8).'**'* They have shown that the “pore breathing” intrinsic to a
flexible lattice assists diffusion and that the diffusivities in zeolites with a
flexible lattice are significantly closer to experimental values than with a
rigid lattice.

Figure 8: A view of the silicalite system studied by O’Malley and Catlow viewed down the
(A) [010] direction and (B) [001] direction.!® The chain-like octane molecules are shown
in green and gray. Reproduced from Ref. [125] with permission of the PCCP Owner

Societies.
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5.3 Applications of kMC simulations

While MD simulations are typically performed on a single crystallite and
possibly incorporate the surroundings in their immediate vicinity, kinetic
or dynamic MC simulations can span much larger times and spatial
dimensions due to their ability to skip through times when no events of
interest take place. This makes it possible, for instance, to simulate an
entire pore network for up to microseconds and even milliseconds with
the current generation of computational resources, thus covering macro-
scopic distances of relevance to real applications. The construction of the
pore network may involve either resorting to some phenomenological
model or a more detailed model, depending on the information available
from textural analysis.

Scanning electron micrographs of porous amorphous SiO,, AL,O, and
TiO, used as catalyst supports frequently show pellets of agglomerates.'*
Zalc et al. constructed a model of such structures by packing spheres with
different distributions of microsphere radii.”® Unimodal, Gaussian and
bimodal distributions were realised, while variation in pellet porosity was
achieved by varying the microsphere radii and by random removal of
spheres from highly densified packings. Gas and surface diffusion within
such structures was studied by placing tracer molecules within the voids
and allowing them to move randomly within the pore space while avoiding
the regions occupied by the spheres.'”

Although several theoretical approaches have been suggested to
quantify diffusion in porous structures, their performance in real materi-
als is not always well tested. KMC methods have proved useful in validat-
ing phenomenological continuum models, because these simulations can
incorporate the stochasticity involved with diffusion in porous media. One
such continuum theory is the Maxwell-Stefan (M-S) theory for multi-

component diffusion.'®

applied to intracrystalline diffusion in zeolites,
according to which multi-component diffusion is described in terms of
two types of interactions: the interaction of each guest species with the
host matrix and the intermolecular interaction within the gases. It has
been used with a fair degree of success to predict multi-component
diffusion in silicalite-1."*"*" However, KMC simulations of binary self-
diffusion on heterogeneous cubic lattices and in ZSM-5 (MFI containing

Al) by Coppens et al. found that the M-S approach is inaccurate when



http://chemistry-chemists.com

Quantum and Statistical Mechanical Simulations 281

correlation effects induced by adsorption of species on strong adsorption
sites are large."”*'*> By remaining for relatively long time on a strong
adsorption site, a molecule temporarily blocks access to other molecules,
thus inducing negative correlation effects in the motion of these mole-
cules. Instead, a theoretical method, based on the effective medium
approximation (EMA) and percolation theory was proposed, which
accounts for effects due to strong adsorption and lattice heterogeneities.
Predictions of this model are in better agreement with kMC simulations,
because they explicitly account for the pore network structure, which the
Stefan—Maxwell approach does not.

KMC simulations have also been used to illuminate the role of surface
barriers. Heinke and Karger constructed a discrete MC system to represent
Zn(tbip), which is a member of the metal organic framework (MOF)
family, as shown in Figure 9. The model MOF consists of 1D channels,
in which a guest molecule diffuses by performing random jumps between
adjacent segments in the x direction. Guest molecules could enter the
crystal through only a small number of open mouths; the rest of the pores
is blocked at the external surface. Once inside the crystal, a guest molecule
diffuses by attempting jumps randomly in all six directions. Not all
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Figure 9: The discretised model MOF system simulated by Heinke and Kérger.
Reprinted figure with permission from Ref. [128]. Copyright (2015) by the American
Physical Society.
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segments inside the crystal were connected and a jump was considered
successful only if it was attempted in a direction where there was an adja-
cent connecting segment. It was found that mass transfer of the guest
molecules in this manner was in agreement with experimental observa-
tions for short-chain alkanes in Zn(tbip) and could be well described by
an effective medium approach."*

6 Conclusions

Fast computing platforms are allowing for increasingly detailed, quantita-
tive insight in catalysis, from atomistic scales, thanks to quantum chemical
methods, to the mesoscale of porous catalyst grains, thanks to statistical
mechanical approaches, such as MD and kMC. The approaches were illus-
trated for zeolites in particular, where molecular confinement effects are
strong and continuum approaches developed for bulk fluids, such as the
Stefan—Maxwell equations for multi-component diffusion, may cease to be
applicable when the medium is heterogeneous and pore network connec-
tivity is low. Statistical methods are particularly useful to probe heteroge-
neity, such as intra-crystalline defects, a distribution of different types of
adsorption sites and the effects of partially blocking species, such as the
counter-ions to Al in zeolites, as well as to study transport across zeolite
grain boundaries. This short review focused on the micro- and meso-scale,
mostly at the intra-crystalline level and, briefly, across grain boundaries.
However, most porous catalysts in industry are used as pellets or compos-
ites, and have a hierarchical structure. The results then need to be inte-
grated in macroscopic continuum or discrete pore network models, as part
of a truly multiscale framework for diffusion and reaction.
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Chapter 9

Life Cycle Assessment of Emerging
Catalyst Technologies: The Case
of Polymer Electrolyte Membrane
Fuel Cells

Sara Evangelisti, Carla Tagliaferri, Dan Brett
and Paola Lettieri

Department of Chemical Engineering University College London,
Torrington Place, London

Climate change and depletion of fossil fuel resources urge the development
of new technologies to be able to produce energy from alternative sources
and with higher efficiency. Life cycle assessment (LCA) is one of the most
developed and widely used environmental assessment tools for compar-
ing alternative technologies on the basis of their resource consumptions
and potentially harmful emissions. In this work, we tackle the methodo-
logical challenges of applying an LCA approach to the production of
a new catalyst for a polymer electrolyte membrane (PEM) fuel cell as a
case study.

Catalyst manufacture plays a key role in the development of new fuel
cell technologies; however, there is the need to give evidence of the
improved environmental impacts of these new technologies both at labo-
ratory and industrial scale.
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1 Introduction

The urgency of tackling climate change is pushing policy makers and
industrial sectors to investigate new technologies for the reduction of
emissions and fuel consumption, especially in the energy sector. In the UK,
for example, the energy sector alone was responsible of more than 30% of
the total greenhouse gases (GHGs) emitted to the atmosphere in 2013.!

European and national directives are driving this change, setting tar-
gets for reduction of carbon emissions in the coming years. At European
level, the “Europe 2020 strategy sets the target to reduce GHG emissions
to 20% below 1990 levels. By 2050, the EU commitment is to reduce the
emissions to 80-95% below 1990 levels.? Due to the high impact of the
energy sector, the emissions of this industry need to be cut by 40% and
87% by 2030 and 2050, respectively.’ In the UK, the Climate Change
Programming aims to cut carbon emissions by 80% from 1990 levels by
2050 through the 2008 Climate Change Act.*

Amongst the industrial sectors, the chemical industry plays an impor-
tant role in the UK economy, being responsible of approximately 16%
share of UK manufacturer sales, with a contribution to the UK’s GDP of
1.4%.° As reported by Gilbert et al” in their report on The Chemical
Industry in UK, more than one-third of the chemical industry output is
used as inputs in other manufacturing industries, bringing the upstream
chemical industry and downstream chemical-using sectors to an overall
GDP contribution of 21%.*

Figure 1 shows the overall downstream sectors which use chemical
products. Amongst all, the production of improved and new chemical
catalysts can play a central role in tackling emissions reduction. For exam-
ple, it has been estimated that catalysts and related process improvements
could reduce energy intensity for some chemical products by 20-40% as a
whole by 2050.° The 2013 IEA roadmap for “energy and greenhouse gas
emission reduction in the chemical industry via catalytic process” exam-
ined the potential of reducing the impact implementing catalytic cracking
(as opposed to steam cracking) for large-volume chemical production, as
an example of emerging catalyst-related technology in the chemical indus-
try. By 2050, the energy saving potential of catalytic cracking would be
2.3 EJ and the corresponding GHG savings would be 143 MtCO,-eq.”
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Figure 1: Direct relationships between chemical industry and downstream sectors
(adapted from Ref. [7]).

Currently, around 90% of chemical processes involve the use of
catalysts and related processes to enhance production efficiency and
reduce energy use, thereby curtailing GHG emission levels. Freedonia
Research'® estimated that the global market for catalysts is expected to
reach $20.6 billion in 2018, with a growth of 4.8% per year: about 75% of
those are used in the chemical processing and 25% in the petroleum
refining industry.

For effective policies on emerging technologies, the expected reduc-
tions on the environmental burdens need to be assessed from a wide sys-
tem perspective.' This includes an investigation of the complete life cycle
of the emerging technology, ensuring that all the environmental aspects
are considered in the assessment.

Life Cycle Thinking is an approach for the evaluation of environmen-
tal burdens of products and services that aims at identifying single steps
as well as the whole picture of an entire product or a service system. In
regards to a product, it starts with raw material extraction and processing,
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then considers transportation and manufacturing, distribution, use and
ends with re-use, recycling or ultimate disposal. The overall idea of making
a holistic evaluation of a system’s impact can be defined as Life Cycle
Thinking. The key aim of this approach is to avoid burdens shifting that
means “minimizing impacts at one stage of life cycle, or in a geographic
region, or in a particular impact category, while helping to avoid increases
elsewhere”."?

LCA has been recognised as a useful tool for studying the environ-
mental impacts of emerging technologies. However, methodological prob-
lems are associated with the assessment of future technologies which are
not yet fully commercialised, mainly related to the lack of knowledge on
the product system (i.e. its efficiency and performances), time and scale
aspects, and uncertainties on the manufacturing process.'*">

This chapter aims to explore the methodological challenges associated
with the environmental impact assessment of emerging technologies, in
particular in the catalyst sector. A description of the LCA methodology is
presented in Sec. 2, together with the problems associated with its applica-
tion to future technologies. Section 3 presents different approaches which
can be applied to solve the gap of knowledge and forecasting assessment.
Finally, Sec. 4 shows an example of LCA of emerging technology, applied
to the catalyst production for fuel cells.

2 Assessing Future Catalyst-related Technologies
Through LCA

The LCA approach seeks to quantify all the physical exchanges with the
environment, such as inputs of natural resources and energy, and outputs
in the form of emissions to air, water and soil. This information is organ-
ised in a balance sheet, or life cycle inventory, for the system under study.
After the inventory is completed, emissions and resources are related to
various environmental problems, with different ways of classification and
characterisation, based on indicators associated to different environmental
burdens; for example, resources depletion, climate change, acidification,
etc. Finally, the different environmental impacts related to the life cycle
may be put on the same scale through weighting.'®
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1. Goal and
Scope
Definition

2. Inventory
analysis

3. Impact
Assessment

4.
Interpretation

Figure 2: Phases of a LCA study (adapted from Ref. [17]).

2.1 LCA

LCA is an international standardised method, and the International
Standard Organisation (ISO) provides a rigorous approach for improving
decision support in environmental management in the norm ISO 14040."
The LCA methodology consists of four stages, as shown in Figure 2:

e Goal and scope definition;
e Inventory analysis;

e Impact assessment;

e Interpretation.

2.1.1 Goal and scope definition
The first stage presents the purpose of the study. This includes:

e Why the LCA is to be carried out and what decision makers are to be
informed by the results;
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e The description of system boundaries with the processes and opera-
tions which are to be included;

e The definition of the functional unit that will be the basis for compari-
son and common between all alternatives, and limitations and assump-
tions of the study.

Other things that have to be defined at this stage are the types of environ-
mental impact categories that will be considered in the analysis and the
level of detail in the study and, thus, the requirements on the data. There
is a list of default impact categories which are usually considered in a LCA
study as recommended by International Reference Life Cycle Data System
(ILCD), such as climate change, ozone depletion, human toxicity, acidifi-
cation, eutrophication, photochemical ozone creation, ecotoxicity and
resource depletion.'® The categories which need to be analysed in the study
determine the parameters that will be collected during the inventory
phase. The standard stresses that the goal and scope of a LCA study must
be clearly defined and consistent with the intended application.

2.1.2 Inventory analysis

In this phase, a system model is built according to the requirements of the
goal and scope definition. The system model is a flow model of a technical
system, sometimes called techno-sphere, where the system boundaries are
shown, and it represents the incomplete mass and energy balance of the
overall system. It is “incomplete” because only the relevant environmental
flows are considered. The system model is usually represented by a flow
chart, where the processes/activities included in the analysis are detailed,
as well as the system boundaries. After that, the data are collected for each
single process. Finally, the amounts of resources and emissions of the sys-
tem are calculated based on the functional unit. This allows completing
the inventory of all relevant environmental interventions occurring along
the process, thus, “every human intervention, physical, chemical or bio-
logical”, as defined by Guineé et al."”

This phase is complicated when the process under analysis is a multi-
functional process. In LCA, a multifunctional process is defined as an
activity that fulfils more than one function, such as a combined heat and
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power plant generating electricity and heat at the same time.” It is then
necessary to find a rational basis for allocating the environmental burdens
between the processes. The problem of allocation in LCA has been the
topic of much debate.?’** The ISO standards'” recommend that the envi-
ronmental benefits of recovered resources should be accounted for by
broadening the system boundaries to include the avoided burdens of con-
ventional production.” The same approach is recommended for product
labelling provided that it can be proved that the recovered material or
energy is actually put to the use claimed.* This approach, usually called
system expansion, is also applied in this work.

Following the methodological approach of Clift et al.*! for Integrated
Waste Management (IWM), a pragmatic distinction is usually made
between Foreground and Background, considering the former as “the set
of processes whose selection or mode of operation is affected directly by
decisions based on the study” and the latter as “all other processes which
interact with the Foreground, usually by supplying or receiving material or
energy”. The burdens evaluated here are considered with three categories®":
direct burdens, associated with the use phase of the process/service; indirect
burdens, due to upstream and downstream processes (e.g. energy provi-
sion for electricity or diesel for transportation); and avoided burdens asso-
ciated with products or services supplied by the process (e.g. energy or
secondary material produced by the system).

2.1.3 Impact assessment

In this phase, the environmental impacts related to the emissions and
resources collected in the inventory phase are described and evaluated in
aggregated indicators. The first step of the Life Cycle Impact Assessment
(LCIA) phase is classification, where the environmental interventions
listed during the inventory phase are qualitatively classified according to
the type of environmental impact category they contribute to. Then the
environmental interventions are quantified based on a common unit spe-
cific for each category, allowing aggregation to a single score (the category
indicator). This step is called characterisation. Such calculations are based
on scientific models of cause — effect chains in the natural systems using
characterisation factors defined while modelling the cause-effect chain.
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The definition of characterisation factors is based on the physical—
chemical mechanism of how a different substance can contribute to differ-
ent impact categories, based on a specific characterisation model. The
category indicator, the characterisation model and the characterisation
factors derived from the model constitute the characterisation method."

An important part of an impact assessment phase is the choice of the
characterisation method applied to describe and quantify the environ-
mental burdens. These methods are sometimes called impact assessment
methods. They are based on scientific methods coming from chemistry,
toxicology, ecology, etc. The general categories of environmental impacts
under consideration in a LCA study are resource use, human health and
ecological consequences.'® They may be defined close to the intervention
(the midpoint or problem-oriented approach) or, alternatively, they may
be defined at the level of category endpoints (the endpoint or damage
approach). For most impact categories in LCIA, the category indicator
describes events in the early stage of the cause—effect chain (mid-point
characterisation method). This means that the potential rather than the
actual effects of the pollutant are described. In this way, the environmen-
tal problems of a specific geographical location are avoided and, as a
matter of fact, global impacts are better dealt with than local impacts in
LCAs.

The results of the characterisation phase can be normalised based on
selected reference values, in a way that the impact indicators can be com-
pared amongst different categories. Sometime the results need a further
aggregation and interpretation. This can be done in the weighting step,
with formalised quantitative weighting procedures. While classification
and characterisation are compulsory steps in a LCA study,'” normalisation
and weighting are optional.

2.1.4 Interpretation

Interpretation phase is defined by the standard as the “phase of life cycle
assessment in which the findings of either the inventory analysis or the
impact assessment, or both, are combined consistent with the defined
goal and scope in order to reach conclusions and recommendations”."”

In this phase, the results obtained in the previous phases are assessed
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and conclusions are drawn, based on the initial goal and scope of the
analysis. An important step of this phase is to test the robustness of the
model through sensitivity analysis, uncertainty analysis, and data quality
assessments.

2.1.5 Consequential vs. attributional LCA

The LCA community agrees on recognising two main types of LCA: attri-
butional (or accounting) and consequential (or change-oriented).
Attributional LCA focuses on the environmentally relevant physical flows
to and from a life cycle system or its subsystems. This type of LCA answers
questions such as “which environmental impacts can be associated with
this product/service” Consequential LCA, on the other hand, focuses on
how environmentally relevant flows will change in response to possible
decisions.” It answers such questions as “What would happen if...?” Some
authors argue that consequential LCA should be applied to decision mak-
ing, when uncertainties in decision outweigh the insights gained within
the attributional LCA analysis.** Other authors prefer an attributional
study because of its relevance in understanding the product chain and the
weak points in a wider picture.” Attributional and consequential LCA can
both be applied for modelling of the future, past or current systems. Some
authors have shown the difference in results when applying attributional
and consequential analysis on the same product.?® The choice of attribu-
tional or consequential LCA is reflected in different methodological
choices of the analysis.” In regards to data type, average data represents
the average environmental burdens for producing a unit of product/ser-
vice in the system. Marginal data represents the effects of a small change
in the output of goods and/or services from a system on the environmen-
tal burdens of the same system.

The decision to use marginal data can be significant when electricity
production technologies are being modelled. This is because the technolo-
gies used in this field are under development due to the awareness on cli-
mate change and fossil fuel scarcity. This is related with temporal effects as
well. Short term effects are changes in the utilisation of the exiting produc-
tion capacity in present production plants. Long-term effects involve
changes in the production capacity and/or technologies.”’
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As shown by Earles and Halog,” consequential LCA is recommended
as a tool to use for the assessment of future technologies, which results can
affect policies and strategic environmental planning.

2.1.6 Challenges in LCA of emerging technologies

When assessing emerging technologies, practitioners are often dealing
with processes which are not fully developed for mass production, with
limited availability of data. This means that the assessments are mainly
based on little information, such as research publications, technology
press releases, prototypes and patent records.” Therefore, it is essential to
identify the issues related with the assessment of future technologies and
try to tackle them in order to make the results obtained valid for a higher
level of technology maturity, or for large scale production.

Pehnt,” identifies four main methodological issues associated with
LCA of future technologies:

e System expansion related problem. In order to account for the environ-
mental benefits of the recovered resources (i.e. electricity production in
a fuel cell system), the environmental impact of the substituted systems
need to be evaluated. This can be increasingly difficult in an emerging
technology assessment, due to the long-term perspective of the study.
For example, to account for the avoided burdens associated with the use
of future fuel cell vehicles (FCV) compared with internal combustion
engine vehicles (ICEV), it is necessary to evaluate the gain of diesel
engine efficiencies in the future, and the increase of biogenic share in
the diesel.

e Increasing difficulties associated with the relationships between the
background and the foreground systems. In the assessment of future
technologies (foreground system) which are not yet presently devel-
oped, new fuel supply chains (background system), which can affect
different sectors, need to be considered.

e Need to consider the infrastructures. When assessing the environmen-
tal impact of systems which are used in everyday life (such as energy
systems), the environmental burden associated with the manufactur-
ing phase is usually negligible. This cannot be ignored in emerging
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technology studies. In particular, the development of renewable energy
systems will require new fuel supply systems and new infrastructures
for the production of the new technology. For example, the use of FCV
in the future will require the development of the hydrogen supply
chain at industrial scale; moreover, the production of higher efficiency
fuel cell systems will ask for production of higher amount of precious
metals, which need to be accounted for.

Data gaps. Pehnt" identified different causes for data gaps. Those
referred to emerging technologies are summarised in Table 1. If data
gaps are caused by confidentiality or complexity of the system, possible
solutions can be taken in the first steps of the LCA in order to overcome

Table 1: Types of data gaps in the assessment of emerging technologies.
Type of data gap Description Application Possible solution
Confidentiality =~ Data is known by the Innovative or Agreements of
of data manufacturers, but competitive confidentiality with
not fully available due products, e.g. fuel the developer,
to confidentiality cell system aggregation of data
in the publications
Complexity of ~ Complex processes for ~ Integrated industrial Simplified
data which data processes assumptions and
acquisition is too e.g. platinum forecasting
intricate and time supply chain methods
consuming
Products atan  Processes or New products e.g. See Sec. 3

early stage of technologies not yet new catalyst for

market fully developed at fuel cell
development industrial scale, or
only tested in lab
Context of Background system Evolving markets e.g. See Sec. 3
product difficult to forecast biodiesel supply
unknown chain; smart grids
Lack of Due to lack of e.g. Nafion Systematic data
knowledge knowledge processes, production for collection; use of

components etc.
cannot be considered

membranes proxy

Source: Adapted from Ref. [13].
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the gaps. However, if the data gap is mainly due to lack of knowledge,
only limited action can be taken during the data collection step (in the
inventory phase) and not all the gaps can be fulfilled at the end of the
analysis.

The choice of the approach needs to be decided in the goal and scope
definition phase, depending on the final aim of the LCA study. However,
assessments of emerging technologies are usually focused on the hot spot
analysis, i.e. identifying the most “hot” phase of the whole process in terms
of environmental impact, understanding the potential criticalities of the
process in the future. For this kind of analysis, the use of proxy datasets is
suggested for initial screening.”

While the work of Pehnt'? was mainly focused on LCA modelling of
new energy systems, Miller and Keoleian®* analysed the methodological
challenges connected with the LCA of “transformative technologies”
which are, amongst the emerging technologies, the ones that change the
system or systems with which they are associated, i.e. catalysts for fuel cell.
Miller and Keoleian®® identified 10 key factors that can have a considerable
impact on the LCA results of a transformative technology. These factors
are divided in intrinsic, indirect or external factors. Intrinsic factors are the
ones directly related with the technology under development. Indirect fac-
tors are associated with the background systems which are interacting with
the new technology. Finally, external factors are those which influence the
transformative technology but are independent from it. Table 2 reconciles
the factors selected by Miller and Keoleian® with the different methodo-
logical issues identified by Pehnt" in LCA of emerging technologies.

The factors identified by Miller and Keoleian®* are now described.

Efficiency and functionality change factor is referred to the expected
improvement of performances in an emerging technology. This is related
even to the efficiency of the manufacturing process of the new product,
which becomes important to assess in an LCA perspective. In fact, the
production of a new technology is expected to have a lower efficiency
compared with a well-established technology (i.e. in terms of electricity
and chemical consumed during the manufacturing). The effects of “man-
ufacturing readiness” of a technology on LCA results has been proven by
Gavankar et al*® and it is later discussed in Sec. 3. Moreover, the expected
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Table 2: Methodological issues and key factors influencing the results of LCA of
transformative technologies.

Factor influencing LCA results of transformative technologies

Methodological issues (based on Miller and Keoleian®?)

associated with emerging

technologies (Pehnt') Intrinsic factor Indirect factor ~ External factor
System expansion related  Efficiency and Technology
problem functionality substitution
change;
Geographical effects
The relationships between Resource criticality Supply chain Policy and
the background and effects; Rebound regulatory
the foreground systems effects effects
Infrastructures Infrastructure change Policy and
regulatory
effects
Data gap Efficiency and Supply chain Exogenous
functionality effects; Rebound system effects
change effects; Behaviour
change

Source: Adapted from Refs. [32] and [13].

improvements in terms of efficiency and life time of a new technology are
going to affect the systems assumed in the system expansion and the
overall LCA recommendations.

Geographical effects on LCA results have been extensively demon-
strated.””> When assessing emerging technologies, the effect of the geo-
graphic location on the potential future market of the technology needs to
be considered. The same technology can be used in different extension
when considering more than one reference country. Moreover, spatial
location can affect the background systems as well: for example, the bur-
dens associated with the supply of 1 kWh of electricity in the UK have a
carbon footprint which is about 6 times the one associated with the pro-
duction of 1 kWh  in France.*

The changes related to the infrastructure required by emerging technolo-
gies have been already described. Inclusion of the environmental impacts
associated with the infrastructures is expected to influence the short-term
LCA results of emerging technologies, and this needs to be assessed.
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Resource criticality is a particularly important factor for emerging
technologies and is associated with the introduction of a “new or addi-
tional stress on a resource”.’> Although the extraction and then the avail-
ability of a specific resource is referred to the background system, the
quantity of the resource used in the process is directly related to the
emerging technology and for this reason it is considered an intrinsic fac-
tor. An example is the availability of platinum group metals (PGM) in the
future, which are the fundamental products used in catalysts for fuel cells.

The substituted technology replaced by the emerging product repre-
sents the baseline of the LCA study. The correct definition of this is critical
for the LCA results and need to be assessed based on some other modelling
technique, i.e. economic models. This factor is strictly associated with the
system expansion approach suggested by the authors, and it is more often
discussed in consequential LCA studies. However, it becomes important
also for comparative attributional LCAs.

Behaviour change and rebound effects are related indirect factors asso-
ciated with the sociological changes induced by the new technology.
While the first is directly related to changes in behaviour connected with
the interaction with the technology, the rebound effect is related to differ-
ent consumption patterns of the technology due to change in the effi-
ciency. Both of them are quite difficult to evaluate. Although rebound
effect can be assessed based on the expected performance improvements
of the technology (i.e. higher efficiency FCVs means less fuel and there-
fore cost saving for the users), behaviour change effects are highly variable
and uncertain.

Indirect effects related to change in the supply chain caused by the new
technology can result in data gaps in the inventory. For example, the
increased efficiency of FCVs may lead to an increase of hydrogen demand
due to an expansion of the FCV market. This can have an effect on the
hydrogen supply chain, alter the request of fossil fuel (i.e. natural gas) for
fulfilling the demand or determine a shift in the processes used to produce
hydrogen. This gap can be overcome using simplified assumptions, or
forecasting methods to identify the most likely scenario.

Finally, external factors (such as exogenous system effects and policy and
regulatory effects) are the ones that are still affecting the LCA of an emerg-
ing technology, although they are completely independent from it. Other
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techniques can be used to predict them, like scenario analysis or dynamic
LCA.”” A good understanding of the policy framework in which the tech-
nology will be collocated is required to tackle these factors, which are
highly connected with the geographical effects due to the changing of
policies within different countries. As an example, the use of FCVs in the
future may be incentivised by specific regulation on vehicle emission lim-
its, as well as deregulation in the hydrogen supply market.*®

3 From Lab Scale to Industrial Scale

This section investigates the possible approaches to address the uncertain-
ties and data gaps associated with emerging technologies which are not yet
fully developed for an industrial scale. Considering the life cycle of a tech-
nology, from the manufacturing to the disposal phase, very often the
uncertainties are related to the first and the last phase, while the use phase
is usually derived from target data from manufacturers, policies and regu-
lations, and system modelling.

Pehnt'® developed a procedure which can be followed to assess the
environmental impact of an emerging technology when data gaps are
found during the inventory phase. This is shown in Figure 3. The forecast-
ing methods proposed so far in the literature have been adapted from cost
analysis and market forecasting. Weidema® listed the forecasting methods
which can be adapted to LCA based on the application areas of LCA and
the time of the forecast. Here we propose a list of forecasting methods
based on the works of Pehnt"’ and Weidema®:

e Extrapolation of trends and historical data to extend them into the
future. This method is based on the assumption that what happened in
the past is expected to happen also in the future. The main effort here
is the collection of past data. Weidema recommends this method for
short-to-medium term forecast, when typical developments of the
assessed process/product are expected. A common technique belonging
to this group is the regression analysis, which determines the relation-
ships between different variables.

e Extrapolation from different data sources (or adaption method), consists
of adopting comparable projects or processes in which the data to be
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Preliminary Inventory of the
status quo system

|

Identify the data gaps

1

Relevance analysis

1

Selection of data gaps with
environmental relevance on
LCA results and time
dependency

1

Forecast of LCI data with
independent forecasting

methods
Results from different Results from different
methods are consistent methods are not consistent
Data from forecasting can Sensitivity analysis using the
be used different data from
forecasting

Results are not influenced Results are influenced hy
by the forecasting method the forecasting method

I

Data can be used only
referring to the forecasting
method used

Figure 3: Procedure to perform a LCA of emerging technologies with inventory data gaps
(adapted from Ref. [33]).

forecasted is available and transferred it to the analysed process or
products. Mila-i-Canals et al®' stated that finding surrogate data
(which are data sets that are sufficiently similar to the “missing” pro-
cess/material/product) may often be a good compromise between
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creating a new dataset (time and resource consuming) and leaving the
data gap. They identified two approaches to define the surrogate data:
use of proxy data sets and data extrapolation. The first approach consists
of using existing data sets of alternative products which have a similar
environmental impact to the original products. The selection of the
alternative products is usually based on the physical and chemical com-
positions or the manufacturing processes of the original products. This
choice is strongly related to the knowledge and experience of the LCA
practitioner and there are limited possibilities to validate such choice.
The second approach, i.e. data extrapolation, generates a new sets of
data from data sets “outside the range of their original validity”.*! In this
case, a deep understanding of the extrapolated systems is necessary.
This approach can be resource and time consuming, although charac-
terised by a lower level of uncertainties compared with the proxy
approach.

Modelling can be applied when no empirical data are available. It helps
identifying the mechanisms of combined effects which will determine
the future process/product and which are assumed to be based on
similar mechanisms of past events. It can be applied for long-term
analysis when expected trends of the system are known; when less pre-
dictable processes and complex systems are analysed, modelling can be
valid only for short/medium term.

Participatory methods (or subjective assessment methods), which are
based on experts and stakeholders opinions, through surveys, brain-
storming, or focus groups. This method is quite time and cost consum-
ing and it is generally adapted in large LCA projects. The results
obtained are also influenced by the way the interviews are carried out
and the choice of experts and stakeholders involved.

Scenario analysis is a more complex method which combines aspects of
the other methods with the aim of creating different scenarios which
describe potential futures. It is a time and resource consuming method
which needs to be applied when complex and less predictable systems
are analysed.

Exploratory and normative methods are identified by Weidema® for pro-
cesses upon which the decision makers have a large degree of influence.
These are more qualitative methods rather than analytical methods,
which identify possible futures based on imaginative techniques
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(exploratory methods) or try to set future trends and determine how to
obtain them (normative methods). Both methods require a deep knowl-
edge of the framework of applicability of the system under analysis, in
terms of policy and market targets to meet.

The choice of the best forecasting method depends on different fac-
tors. Mainly the availability of data determines the suitability of the tech-
nique to use; the time horizon also influences the choice of the method.
Moreover, the goal of the LCA and the identification of the potential
stakeholder are important parameters to consider, as well as the financial
availability which can make some of the methods unfeasible. Often, a com-
bination of different methods is the best way to proceed.

4 Example: LCA of Catalysts in PEM Fuel Cells

In this section, the manufacturing of catalysts used in PEM fuel cell elec-
trodes is used as an example, to show the approach to take when conduct-
ing a LCA of emerging technologies. The electro-catalysts used in
low-temperature fuel cells play a critical role in determining the perfor-
mance (efficiency) and durability of the device. Owing to the wide-spread
use of PGMs, the electrodes are also a major cost. There is intense world-
wide research effort to replace and/or reduce the amount of PGM in
PEMECs, and the materials cost associated with electrode fabrication is
well-known; however, the environmental cost and life-cycle impact of
electro-catalyst manufacture needs to be properly understood.

A range of catalyst fabrication routes exist. Figure 4 shows a common
manufacturing process related to the carbon pre-treatment and catalyst
manufacturing phase, to obtain 1 kg of catalyst on carbon support.

First, the carbon support is prepared. Potassium hydroxide is added to
hot water to produce 1 mol of KOH. To this, carbon is added and the mix-
ture is stirred at 70—100°C for about 5 h, before heat is removed and the
mixture is stirred overnight. The carbon is filtered out and washed exten-
sively, until the pH of the filtrate returns to neutral. Filtering is usually
performed using a vacuum filtration assembly. Finally, the washed carbon
is dried at 80-105°C under air, in an oven. In the catalyst manufacturing
phase, the treated carbon is dispersed in hot water by stirring. After that, the
required amount of platinum salt (typically H PtCl ), to give the desired



http://chemistry-chemists.com

Life Cycle Assessment of Emerging Catalyst Technologies 307

N Carbon pretreatment
Potassium -
Water hydroside Carban Liguic waste Liquid waste
Base | stirring and 5 Cooling down 5 Liquid-Solid
preparation heating and stirring separation paashie Drying
T T lectricity ic T | .I
Electricity  Heat Heat 1E]_,,5\,_ Q'Ef’f‘\‘]f" Electricity Water Heat  Electricity
omI 22M) 7.87MI . 0.210M) 3.95M) onl
oz 2301 anJ 5.27MI 0.4MI oM
L Electrici
Liquid waste Liguid waste ! :_;E.Lih Pracid Water
1 1 o ! |
Washin uqul&-sullu Metal reduction Salt dissolution and Carbon
& separation onto suppart stabilisation dispersion
4 N " + T T
Water .505n T Sodium borohydrate  sedium T Electricit
. ¥ Heat
. bicarbonate Electricity 53m 52 870
0.3M 26.4M) S o
_ Post processing heat 30M. oml
| brying | l activation I—) Pt catalyst 0.5M)
A T T o
Heat Electricity  Heat HZInMNZ  gzctricity
oMl 0.523M) p
Za30 y A.5230 anal Catalyst manufacturing
oM M oMl 0.1h

Legend:
Modelling (ThDy)

Extrapolation

Figure 4: Production process for 1 kg of Pt catalyst on carbon support for PEM fuel cells.
Note: 1. FU = 1 kg catalyst as output.

weight of platinum on carbon (i.e. 40%) is added to the hot water/carbon
mixture and stirred at ~70—100°C for 30 min. At this point, the pH of the
reaction mixture, still at ~70-100°C and stirring, is adjusted using a sodium
bicarbonate solution; pH 7 is then maintained for 30 min. The reaction
mixture is reduced by adding a concentrated solution of sodium borohy-
dride; this is left stirring at ~70-100°C for 1 h before allowing cooling.
Once cooled down, the reaction mixture is filtered and thoroughly washed.
Filtering is performed using a vacuum filtration assembly. The washed
catalyst is then dried at 80—105°C under air, in an oven. Finally, the catalyst
is treated in a tube furnace at 150-200°C under 10% hydrogen in nitrogen.

Three different data sets are considered to estimate the energy demand
of the catalyst production process, in terms of electricity and heat demand.
The status quo represents the energy consumption of the process as it is
now due to the laboratory nature of the equipment used, which is equal to
183,974 MJ of electricity per kg of catalyst produced. This figure includes
process electricity and heat requirements (i.e. the heat is provided by elec-
tric oven). Then two different forecasting methods are applied to estimate
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the future energy consumption of an industrial process for catalyst
production:

e Modelling of the energy balance of the process (red values in Figure 4).
This takes into account the thermodynamic properties of the process and
system, considering the operating mass, temperature and pressure values
which correspond to the different process steps. The electricity consump-
tion is based on typical machines used for industrial applications.
Moreover, the energy consumptions due to heating the equipment mate-
rials, radiation, convection and conduction losses are evaluated. The total
energy consumption estimates with this method are 304 MJ and 90 M]
per kg of catalyst produced for electricity and heat, respectively.

e Extrapolation method (blue values in Figure 4). The figures are based
on the trend for the production volume of catalyst for fuel cells in the
future (based on 50,000 fuel cell stack per year).* Then the energy
demand associated with this production volume is calculated based on
the present lab process. The total energy consumption forecasted with
this method is 111 MJ for electricity and 22 MJ for heat per kg of cata-
lyst produced.

Figure 5 shows the total primary energy consumption forecasted with
the two methods compared with the status quo. When forecasting methods

1.E+06

1.E+05

1.E+04

1.E+03

1.E+02

MJ (primary energy)

1.E+01

1.E+00
Status quo Modelling Extrapolation

Figure 5: Primary energy consumption for 1 kg Pt catalyst production for fuel cell appli-
cations when different forecasting methods are applied.
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are applied for future production of catalyst for FCVs application,
a reduction of the energy requirements of about three orders of magni-
tude is achieved for both modelling and extrapolation. Although the
results from the forecasting methods applied are not the exactly the same,
they are comparable. Values reported in literature studies show primary
energy requirements of 120,000 M] (corresponding to a production of
1,000 stack per year)* and 68,000 MJ (corresponding to a price target of
30 $/kWel from the stack)** per kg of Pt catalyst produced. However, they
refer to different production volumes and manufacturing processes.
Following the procedure shown in Figure 2, the results can then be used to
fill the gaps in the LCI of catalyst manufacturing for fuel cell application.

5 Conclusions

Emerging catalyst-related technologies may reduce the global environ-
mental impact of specific sectors in the future. In particular, the energy
sector is expected to undertake a significant change due to the develop-
ment of new technologies. The environmental impact associated with
these new technologies needs to be properly assessed to identify poten-
tial improvements of the future industrial scale production processes.
LCA has been recognised as the best tool for environmental system
analysis in order to predict the benefits/burdens associated with the new
technologies.

A proper standardised approach for applying LCA to emerging tech-
nologies is presently missing. Practitioners are often dealing with pro-
cesses which are not fully developed for mass production, with limited
availability of data. Therefore, it is essential to identify the issues related
with the assessment of future technologies and try to tackle them in order
to make the results obtained valid for technologies at a higher level of
maturity or for large scale production.

An example of LCA of emerging technology is presented in this chap-
ter, based on the catalyst production for polymer exchange membrane fuel
cells. The first step is to identify the potential issues associated with the
analysed technology; then forecasting methods in order to fill the data gap
in the life cycle inventory need to be applied. Results from the exemplary
emerging technology show that different forecasting methods give differ-
ent results. However, if the results converged, they can be used for the
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analysis. Otherwise, a sensitivity analysis is recommended in order to
ensure the robustness of the findings of the LCA.
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Conclusions and Perspective

The chapters in this book have illustrated the challenges, the range and the
excitement of contemporary catalytic science, and, we hope, the directions
in which the field is developing.

Catalytic systems now embrace the three main areas of heterogene-
ous, homogeneous and biocatalysis, between which there is increasing
interdependence and connectivity. Within the former, we have empha-
sised the role of supported metal nanoparticulate catalysts, which, with
their growing range of functionalities, occupy a central position within
the contemporary field, while posing fundamental problems relating to
nanoparticle structures and the nanoparticle support interactions.
Microporous catalysts — of enduring importance in the field — also
remain an active area of contemporary heterogeneous catalytic science.
Our accounts of homogeneous catalysis have focused on immobilised
systems and on ring-opening polymerisation catalysis. These are two
areas where, in fact the application of homogeneous catalysis expertise is
vital but also where all areas of catalysis come together to deliver tech-
nologies that are of both fundamental and practical importance. Our
discussion of biocatalysis has described how artificial metallo-enzymes
can be designed and then used to catalyse reactions that extend the reper-
toire of existing natural biocatalysts. This approach leads to the creation
of a broader range of biocatalysts for applications in new types of chemical
synthesis.

Catalytic science is increasingly dependent on advanced characterisa-
tion techniques, within which, we have exemplified the growing impor-
tance of techniques based on the exploitation of synchrotron radiation
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and neutron scattering and their ability to probe catalytic systems in situ.
Their importance will continue to grow and will be reinforced by the
access to new radiation sources, especially those based on X-Ray Free
Electron Laser (XFEL) technology.

We have also seen how computer modelling —now an integral com-
ponent of catalytic science — can provide detailed information on
structure and mechanism at the molecular level which assists and com-
plements experimental studies. Modelling is indeed a vital tool which is
increasingly predictive both qualitatively and quantitatively in current
catalytic science; and with the continuing growth both in computer
power and in methods and algorithms its role will expand.

Catalytic science plays a key role in several fields of applied science
including energy technologies and environmental protection and reme-
diation. Catalytic technology will, however, only be usable when it is eco-
nomically and environmentally viable, for which a rigorous life cycle
analysis is necessary. The importance of the field in industry continues to
grow with catalysis underpinning a large component of manufacturing
industry; and we hope that we have shown how the challenges posed by
industrial applications require the input from the exciting developments
in fundamental science highlighted in this book.

C. Richard A. Catlow
Paul Collier

Matthew G. Davidson
Christopher Hardacre
Graham J. Hutchings
Nicholas J. Turner
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