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Copper electrodeposits from an acid solution were grown, supported by laboratory filter paper.
The paper provides good sample preservation and prevents convective solvent motion. Structural
data from electron microscope and image analysis are reported. On decreasing the applied voltage,
a transition from dense radial growth to open growth was observed. Values of the fractal dimension
measured by image analysis for a series of growths were found in the range 2.0-1.7. The growths
were often inhomogeneous and anisotropic, both on the microscopic and macroscopic scales. A
number of growths were not fully characterized on the macroscopic scale by a single value to the
fractal dimension. Wide variation in the microstructure of the growths was observed. On the mi-
crometer scale, irregular microcrystalline, dendritic microcrystalline, and granular deposits were
found. Copper surface densities were measured by x-ray microanalysis; fractal interpretations of
observed scaling in these data were found to be unsatisfactory.

I. INTRODUCTION

Recently several authors'™® have investigated the
growth of electrodeposited metals with emphasis on re-
gimes characterized by fractal geometry®’ and dendritic
growth.® Following the investigation' of copper electro-
deposits in a spherical geometry, we report here copper
electrodeposition in a planar geometry: solution-damp
standard laboratory filter paper.

The use of a support medium facilitates electron micro-
scope investigations, aids subsequent experimentation,
and gives good sample preservation. Support of the tenu-
ous growths would be a basic requirement for possible ex-
periments in electrocatalysis. In addition, the study of
diffusion-controlled growth within a porous medium
(which we assume to be nonfractal) may be of relevance
to problems of fluid displacement within a porous medi-
um and dielectric breakdown.® However, the support
media were often found to bring the penalty of inhomo-
geneous and anisotropic growth. The filter paper damps
out convective solvent motion; it is used in electro-
phoresis techniques'® for this very purpose.

The aim of the present work is to introduce the experi-
mental technique and to report structural data gathered
by image analysis and electron microscope observations.
Section II describes some experimental details. Section
IIT discusses image analysis and macroscopic observa-
tions. Section IV presents electron microscope observa-
tions. Section V discusses some x-ray microanalysis of
copper surface density. Section VI brings discussion and
conclusions.

II. EXPERIMENTAL DETAILS

A. Apparatus

The experimental setup involved a hardened filter pa-
per (Whatmann 542, 541, and 540). A copper ring anode
of internal diameter 8 cm, external diameter 9.5 cm, and
thickness 0.5 mm was clamped on top of the paper, and
the tip of a copper wire was placed central to the anode
to act as the cathode and center of growth. The filter pa-
per was in contact at the anode with a reservoir of the
solution via more filter paper. A Plexiglas sheet was used
to encase the growth region to prevent evaporation
effects. A potentiostat (Thompson Associates Ministat)
was employed to keep the cathode at a constant potential
with respect to a reference potential. The chosen refer-
ence was a copper electrode in a bath of the experimental
solution in capillary contact with the paper surface. As
opposed to the standard technique, the reference elec-
trode capillary contact cannot, due to the growth, be
maintained close to the deposition surface. Instead, the
capillary contact was made on the paper 5 mm in from
the inner edge of the anode; this introduces the complica-
tion of “iR” drop!! across the paper varying as the
growth approaches the capillary contact point. In addi-
tion, the growths themselves were found to have
significant resistance. For these reasons, growth poten-
tials quoted in this work are not the overpotential at the
growing interface and are specific to the particular exper-
imental arrangement. Some details of these effects are
given later in this section. The potential of the copper
reference electrode was measured, in the experimental

1036 ©1988 The American Physical Society



38 COPPER ELECTRODEPOSITS IN PAPER SUPPORT 1037

solution (0.75 moldm~3 CuSo,, 1 moldm~3 H,S0,),
against a saturated KCl calomel electrode, and found to
have a value of 0.27 V with respect to the standard hy-
drogen electrode. Potentials below are quoted with
respect to the copper reference electrode. Potentiostatic
voltages in the range 0.4-3.0 V were applied. In addi-
tion, several growths were made without the potentiostat
in the range 1.0-25 V applied directly between the anode
and cathode.

Image analysis of 704 X< 896 bit maps were carried out
on a Cambridge Instruments Quantimet 970 under QUIPS
software. Electron microscope investigations were car-
ried out on a Cambridge Instruments S100 SEM and LINK
systems EDX.

B. Solutions and paper

In the preliminary experiments, several aqueous solu-
tions were investigated: (a) 0.01 moldm~* CuSo,, 0.5
moldm 3 Na,SO, (Ref. 1) (measured pH 5.03); (b) 0.1
moldm 3 CuSO,, 0.1 moldm~* Na,SO, (measured pH
4.4); (c) 0.1 moldm 3 CuSO, (measured pH 4.3); (d) 0.5
moldm ™3 CuSO, (measured pH 3.1); and (e) (from 0.75
mol dm > to 0.1 moldm ) CuSO, in 1 moldm~* H,SO,
(measured pH 0.0). The result of using solutions (a), (b),
and (c) was simply a blue ring around the cathode. Only
growth from solutions (d) and (e) was successful. The
best results (with respect to macroscopic size) were
achieved with the acid solutions (e). In the present work,
results for solutions (e) (and in the main for 0.75
moldm—® CuSO,) are presented. An attempt to grow
from a CuSO, solution in the organic solvent acetonitrile
was unsuccessful.

A systematic investigation of solutions with respect to
the success or otherwise of growth was not pursued. The
cellulose fibers of the paper have carboxyl groups
(—COOH) on their surface which will begin to be ion-
ized as the carboxylate anion in solutions of pH greater
than 2.0-3.0°. In high-enough pH, electroendosmosis'®
will result in fluid motion towards the cathode, enhancing
cation migration in the many capillaries between the
fibers. The absence of growth in the solutions (a)-(c) may
result from these pH effects; however, the underlying
mechanism is unclear. Copper growth does occur from
solutions of Na,SO, and CuSO, in the absence of cellu-
lose fibers.! The pH of the solutions (e) should imply un-
charged fibers and eliminate electroendosmosis in the cel-
lulose medium. A complication arising from the use of
acid solutions at the applied potentials is the presence of
gas evolution at the growing interface.

For the three filter papers used, Whatmann 540, 541,
and 542, no systematic variation in growth macrostruc-
ture was observed. It is noted that filter papers are
designed for different flow properties through the plane
of the paper rather than in the plane as of interest here.
However, the different papers did possess different con-
ductances when solution damp.

Unless otherwise stated, all growths reported below
were made on Whatmann 541 paper damp with a 0.75
moldym~* CuSO,, 1 moldm ~* H,SO, solution. A few
growths were made in glass fiber paper; these will be
mentioned briefly.

C. Growth conditions

The deposition of copper from acid solutions has been
studied by several authors, Hibbert et al.'> and refer-
ences therein. The reaction kinetics obeys the following
scheme:

Cu’*(aq)+e —Cut(surface) ,
Cu™*(surf)4+e —Cu,

with the first step being rate limiting. The experimental
solutions were of p H 0.0, which gives an equilibrium po-
tential for the hydrogen electrode reaction, of —0.27 V
(versus Cu reference electrode). Thus at potentials less
than —0.27 V, hydrogen may be evolved. The presence
of hydrogen evolution was confirmed by the addition of a
few drops of H,SO, onto the growing tips and the obser-
vation of a current increase, and found present down to
the lowest applied voltages (0.4-0.6 V).

During growth, concentration gradients in Cu** ions
were observed. The interior and regions around the
growths were observed to be devoid of the characteristic
blue color of hydrated Cu’* ions. These color changes
were enhanced by holding the fresh growths over a beak-
er of concentrated ammonia solution. The regions devoid
of blue color extended some 0.2 to 1.0 cm beyond the
growth radius for 3.0 to 1.0-V growths, respectively.
Cu™ is absent in the acid solutions. With the hydrogen
ions dominating conduction and the presence of large
concentration gradients in Cu?* around the growth, we
believe that, at least at the lower applied voltages, the
transport of Cu?* to the growing interface was diffusion
controlled. However, despite the absence of convection
currents, the electric field is probably not screened from
the solution. The hydrogen ions are reduced at the
cathode, and the current of sulphate ions is assumed bal-
anced by the presence of the reservoir. The cell itself
possessed a current proportional to voltage. This, we be-
lieve, is mainly due to hydrogen evolution which is limit-
ed by proton migration in the resistive paper medium.

The experimental setup, with the reference electrode
some 3.5 cm from the central cathode, introduces prob-
lems of control. At any time during growth, the potential
across the growing interface is reduced from that set at
the potentiostat by the potential drop across the growth
itself, a concentration overpotential,!! and the potential
drop between the radius at the capillary contact point of
the reference electrode and the interface, the latter poten-
tial drop being given by the finite resistance of the solu-
tion damp paper and the current passed at that time.
Measurements using a standard ac conductance bridge
gave resistances on Whatmann 541 paper between the
cathode and anode prior to growth in the range 300-500
ohm. The paper conductance varies with the dampness
of the paper, necessitating the blotting of the paper prior
to growth. By use of copper probe rings, it was found
that disks of the paper containing a growth possessed a
center to perimeter resistance in the range 50-70% of
control damp paper disk resistances; hence the net resis-
tance falls during growth. Current time graphs, although
often not smooth, showed an I «t% behavior, with a in
the range 0.2-0.5. Figure 1 shows a typical result.
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FIG. 1. Measured current against time for a 1-V potentiostatic growth from 0.75 moldm~> CuSO,, 1 moldm~* H,SO,.

Current increases from beginning to end of growth varied
from a 0.1- to 0.3-mA increase for a 2.5-cm-diam 0.5-V
growth to a 2.0- to 21.0-mA increase for a 3-cm-diam 3-V
growth. Although the net resistance falls, the “iR” drop
will increase with the current. We suspect that, after the
initial stages of growth, the potential drop at the inter-
face will decrease from an initial value reduced from that
applied. For a 0.8-V (potentiostatically applied) 3-cm
growth, we estimate from crude measurements an initial
interface potential drop of 0.5 V decreasing to 0.35 V by
the end of growth. However, the logarithmic dependence
on radius of the center to perimeter resistance of a disk
and the observed current variation implies that the larg-
est variation of interface potential will occur during the
initial stages of growth. A number of experimental prob-
lems have prevented accurate measurement of these
effects. In any case, characterization of the growing in-
terface as an equipotential is problematical given the
resistive character of the growth, variable microstruc-
ture, and tree geometry. Growth from applied potentials
below 0.4 V, was not observed. A description of growth
conditions on the microscopic scale is given in Sec. IV.
Growth times varied from 60 h for a 2.5-cm-diam growth
at 0.5 V, through 15 h for a 4.5-cm-diam growth at 0.8 V,
to 5 h for a 4.5-cm-diam growth at 2.8 V.

III. MACROSTRUCTURE AND IMAGE ANALYSIS

A number of growths were grown potentiostatically in
the potential range 0.4-3.0 V from a 0.75 moldm*
CuSO,, 1.0 moldm~* H,SO, solution. Figure 2 shows

photographs of five of these growths. With increasing
voltage a trend from open growth to dense radial growth
with circular outer envelope is clearly seen. In nonpoten-
tiostatic deposition zinc experiments,>* on increasing
voltage, regimes of open, dense radial, dendritic, and
finally, stringy growth morphologies were identified. The
presence of convection currents in the zinc experiments
leads to the conclusion that the electric field is not
screened within the cell and that growth is governed by
the electrostatic analog of diffusion-limited aggregation
(DLA).>*!* To allow more direct comparison with the
zinc experiments, we grew copper from the acid solutions
without potentiostatic control both with paper support
and without support confined between two Plexiglas
disks.* The supported growths showed a steady transi-
tion from an open branched to dense radial pattern up to
the highest applied voltage of 25 V; no regime of dendri-
tic or stringy>* growth was found. As in the zinc experi-
ments, lowering the CuSO, concentration at a given volt-
age brought a more open structure. In sharp contrast,
over the 1-25 V range studied, the unsupported growth
was entirely of a stringy morphology, accompanied with
vigorous gas evolution and rapid in comparison to the
growth within support (of the order of minutes rather
than hours).

Image analysis was pursued on the potentiostatically
grown samples. Fractal dimensions, d, were measured
using area radius scaling.!* Some 13 origins on the image
were chosen and, for some 20 circles of increasing radii 7,
enclosed detected areas were averaged over the origins.
Least-squares fits to In(r) against In({ 4(r))) gave ds. A
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FIG. 2. Five samples grown potentiostatically from 0.75 moldm ~* CuSO,, 1 moldm~* H,SO,. (a) 0.5 V, d, varying from 1.73 in
region A to 1.91 inregion B. (b)0.7V,d,=1.79. (c) 0.8V, d;=1.86. (d) 1.6 V,d,=1.95. (e)3V,d,=1.99. A mm scale is shown.
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fresh bit map was made at each detection. Care was tak-
en to avoid dense center and growing interface errors.
The higher moments,'*

1 dIn({a(L)?))
17 ¢ dIn(L)

for ¢ =2 and 3 were also measured, df=D1. Several df
values so obtained were averaged to allow error esti-
mates.

Figure 3 shows values of d, against growth voltage for
several growths satisfying criteria of homogeneity (see
below). Values of d, approach the diffusion-limited ag-
gregation value,'>!6 1.71, at low voltage and show a
noisy increase to 2 with voltage. The noisy data reflect
the difficulties of experimental control of the supported
growth conditions. The question of a sharp transition in
d; is not resolved by the data. The bound d; <D, <D,
was found on all samples studied; however, differences
between the D, were only of the order 0.1% to 0.5% of
dg.

fGrowths were often anisotropic and inhomogeneous.
Figure 4 shows some examples and Fig. 2(a) another.
Often, different regions of the same growth possessed
different fractal dimensions over the mm to cm scale.
Figures 4(a), 4(b), and 2(a) give examples of this. Figure 5
shows area scaling results from two different regions of
Fig. 2(a). The samples whose d, values are reported in
Fig. 3 were deemed homogeneous in that regional varia-
tions in d, above the inherent inaccuracy were not
detected.

> (1
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The sensitivity of growth morphology to lattice sym-
metry and sticking probability in lattice simulations'>!’
is well known. Here, however, the growth morphology is
probably coupled to more external anisotropies and inho-
mogeneities. In a number of cases, anisotropies in the ex-
perimental setup were found. In particular, anisotropies
in the flux of new solution from the reservoir correlated
with growth anisotropies. Degradation of the anode was
another cause. Centering of the cathode was found not
to be critical (in the disk geometry, resistive effects are
relatively insensitive to cathode location). While setting
the cathode off center, up to 1-2 cm, was capable of pro-
ducing anisotropy (the more so the lower the voltage),
this often was not to the same degree found in carefully
centered samples. Distortion of the cathode tip did not
correlate with anisotropies. Many cases defied obvious
explanation. It is plausible that the filter paper can sup-
port anisotropic fluctuations in the copper flux resulting
from external variations at the anode reservoir contact or
from inhomogeneities, such as fiber density, in the paper
itself. As will be shown in Sec. IV, the fiber environment
can, on the 100-um scale, induce branching additional to
that inherent in the growth scenario. Hence branching
rates and branching angles on the mm scale under obser-
vation by the image analyzer may be both artificial with
respect to that found in the absence of media and sensi-
tive to paper inhomogeneities. In addition, different rates
of hydrogen evolution and copper deposition, due to po-
tential variations, may couple to the anisotropies.

Inhomogeneities were reported in the zinc experi-

FRACTAL DIMENSION df

1
(27)

2.0 3.0

POTENTIOSTATIC GROWTH VOLTAGE (volts)

FIG. 3. Values for d, against potentiostatic growth voltage; error bars are shown.
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FIG. 4. Three samples showing anisotropic and inhomogeneous growth. (a) 1V, (b) 1.4 V,and (c) 1 V. A mm scale is shown.
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(c)

FIG. 6. Electron micrographs of the same region at three
different magnifications from a growth at 1 V from a 0.25
moldm—* CuSO,, 1 moldm* H,SO, solution. The growth in
(a) is that which is central in (b). The white square in (b) indi-
cates the dendrite shown in (c).

ments.>* A circularly symmetric crossover from open to
dense radial growth was observed during the initial stages
(0.5 cm) of growth. Particularly for high-voltage (8-20
V) nonpotentiostatic growths, similar effects were ob-
served in the present experiments. One possible explana-
tion lies in the variation of potential drop at the interface
due to resistive effects. As discussed in Sec. I, this should
be greatest in the initial stages of growth.

IV. MICROSTRUCTURE

Some 15 samples were studied on the SEM: grown non-
potentiostatically (3—-15 V) and potentiostatically (0.4,
0.5, 1.0, and 2.0 V), samples at different CuSO, concen-
trations, a growth in glass fiber paper, and a small deposit
from a nonacid solution [(d) of Sec. II)]. Several of the
electron micrographs taken of the potentiostatically
grown samples are shown in Figs. 6-12. These will be

(b)

FIG. 7. The same region at two different magnifications from
a growth at 2 V from 0.75 mol dm 3 CuSO,, 1 moldm~* H,SO,.
(b) is a close-up of the trough that is central on the growth of
(a).
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used to illustrate discussion of growth microstructure.
Micrographs of the same region at different
magnifications are presented in the same figure.

The paper consists of a mat approximately 0.2-0.5 mm
thick, of cellulose fibers approximately 10-20 um in di-
ameter [see Figs. 6(a), 7(a), 8, and 9(a)]. Cellulose sheets
and fine micrometer-diameter cellulose filaments were
also present. Most of the micrographs reveal features ap-
pearing within the rough surface of the mat. (The
division of the mats into surface and interior is somewhat
artificial, the surface roughness being of the order of the
mat thickness.) Observations of a soaked mat of string
and optical microscope observations of the damp paper
were made. We observed the fluid surface of a solution-
damp mat to be one of water menisci suspended between
and around the fibers by surface tension. The ion trans-
port and growth takes place in fluids layers of varying
thickness, the layers being found thicker as they curve up
to the most protruding fibers and within pores dropping
into the interior. The mobility of ions in the filter paper
is known to be reduced roughly one half of that in pure
solution.!® This has been attributed to the effects of res-
trictive and tortuous paths.!® Electroendosmosis is as-
sumed absent (see Sec. I). We assume that the fluid envi-
ronment described above does not constitute a fractal in
itself.

Growth was observed on both surfaces of the paper; al-
though, in general, one surface was consistently more
covered than the other. Figure 9(a) shows a section along
the growth direction of a major branch of a 0.4-V
growth. Note in many respects that this growth is atypi-
cal.

Figures 6(a), 7(a), and 8 reveal that the fibers affect the
progress of growth on the 100-um to -mm scale. Clearly,
in Fig. 6(a), the growth at the center has branched along
water menisci suspended from the fiber barrier. Note
that the branch angle is determined by the fiber barrier.
At the top of Fig. 6(a) is an example where growth has

FIG. 8. A growth and fiber from a 3-V growth from 0.75
moldm ™ CuSO,, 1 moldm~* H,SO,. Note that the growth
avoids the fiber surface.
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followed a fluid-filled channel between two fibers. Such
quasi-one-dimensional growths can often be found on the
mat surface. However, growth does not occur directly on
the fibers. Figure 8 clearly shows this. One reason for
this may be that the fibers are sheathed in a water layer
devoid of Cu?* jons; a stationary water sheath may in-
hibit Cu?* transport.

On scales between 0.5 and 5 um, the growths become
compact. With some degree of lattitude [particularly be-
tween categories (i) and (ii)], we classify the growth struc-
tures, on scales less than 10 um, into three categories: (i)
Irregular microcrystalline plate and needle shaped micro-
crystals of size 0.5 to 1.0 um arranged irregularly on a
branched structure, see Figs. 11(b), 8, and 12; (ii) dendri-
tic microcrystalline, plate and needle microcrystals ar-
ranged in a typical dendrite tip and side branching struc-
ture,® see Figs. 6(c) and 10(b); (iii) granular aggregates, see
Figs. 7(b) and 9(b); these resemble micrographs of the
structure of copper deposits in a spherical geometry."!8
Although the different categories are evident on scales
less than 10 um, it should be noted that, to the eye, on

FIG. 9. Two different magnifications from 0.4 V, 0.75

moldm~?* CuSO,, 1 moldm—* H,SO,.



1044 D. B. HIBBERT AND J. R. MELROSE 38

FIG. 10. A growth from 2-V, 0.75 moldm~3 CuSO,, 1

moldm~? H,SO, solution. The dendrites of (b) are central to
(a). Note the tip splitting on the left-hand finger.

the 50- to 100-um scale, each growth sample was unique
in form (compare Figs. 7 and 9 or Figs. 6 and 10). These
microstructures are in sharp contrast to those found in
copper deposition from acid solution onto single crys-
tals.' In the latter experiments, terraced rough surfaces
are observed and understood on the basis of terrace
growth bunching and spiral terrace growth mechanisms.

Branching structures on the 100-um scale can be
formed from all three categories; see Figs. 6—12. Oc-
casionally, dense unbranched regions of category-(iii)
structure were found. Different categories were found on
the same sample; Figs. 7 and 10 are from the same sam-
ple. Although the fibers can induce branching, branching
is a feature of the growth both well below and well above
the scale of the fibers.

From the few samples studied in the microscope, a
clear systematic variation of growth structure with volt-

(b)

FIG. 11. A growth from 1 V, 0.5 moldm~® CuSO,, 1
moldm~* H,SO,. The white square in (a) indicates the tip
shown in (b).

age cannot be deduced. The category-(i) and -(iii) struc-
tures were the most common, the dendrites being the
rarest. Dendrites were found only on the 0.5-, 1.0-, and
2-V potentiostatically grown samples. The evidence sup-
ports the idea®* that dendritic growth occurs in a narrow
range of conditions. High-voltage growths consisted of
both (i) and (iii) structures. A 0.4-V growth (see Fig. 9)
was quite distinct, in that all branches were of granular
deposits and had dimensions comprable to that of the
fibers.

Figures 12, 6, and 11 show trees found on samples
grown at 1 V, from respectively, 0.1 moldm 3, 0.25,
moldm~>, and 0.5 moldm™® CuSO, in a 1
mol dm ~*H,SO, solution. A variation of structure with
concentration is evident. All three are microcrystalline
with the crystallite size and branching rates increasing
and decreasing, respectively, with increasing concentra-
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FIG. 12. A growth from 1 V, 0.1 moldm*® CuSO,, 1
mol dm~? H,S0,.

tion. Only the 0.25 mol dm 3 solution had a dendrite mi-
crostructure.

It is tempting to correlate the varying microstructure
with the variation of fluid layer thickness between
different locations on the mat, the thickness providing a
length scale.'® For DLA, three-dimensional (3D) trans-
port supplying a deposit in 2D should result in a compact
structure!® on scales less than the layer thickness. The
thick fingers of Fig. 7(a) presumably indicate the local
fluid layer thickness. Particularly for high voltage
growths, compact type-(iii) regions did correlate with
high ridges on the mat surface. However, pores contain-
ing open branching dendrites [see Fig. 6(b)] and regions
with evidence of dendritic growth at the bottom of fluid
layers were also found. The form of growth in fluid lay-
ers of varying thickness is perhaps determined more by
local transport and concentration fluctuations. However,
assuming that the 0.4-V growth of Fig. 9 is close to the
DLA limit, then its compact microstructure on scales
comparable to the fluid layer may reflect the DLA
causality bound."

The two examples of dendrite regions, Figs. 6(c) and
10(b), both show paraboloidal tip and side branching
features resembling experimental solidification dendrites
and theoretical models thereof.® The ratio of the size of
the spine to that of the side branches has a different value
in the two examples. In the case of Figs. 6(c), the spine is
a microcrystalline staircase. The left-hand branch in Fig.
10(b) appears to undergo a tip splitting instability. All
dendrites were unstable with respect to tip splitting,
which occurred every 5 to 20 um.

Two of the growths studied were made within a glass
fiber paper: a more open mat of 1- to S-um- thick fibers;
and somewhat finer fibers than the cellulose paper fibers.
The deposit was irregular microcrystalline. However, the
microcrystals had smooth crystal facets and were of the
order of 5 um in scale, larger than those found in the cel-
lulose paper. Samples grown in a CuSO, solution [(d) of
Sec. II B)] in cellulose paper were of branched granular

deposits with granules of the order of 0.1 um scale and
less, smaller than those found in the CuSO, and H,SO,
solutions. Clearly both fiber dimensions and hydrogen
evolution (presumed less in the nonacid solution)
influence the microstructure.

V. X-RAY MICROANALYSIS

Surface copper concentrations p were measured by the
detection and counting of x-ray emissions in the channel
corresponding to the copper K, transition. The x-ray
count averaged over several 100-s intervals is assumed to
be proportional to the concentration of copper visible on
the surface. Concentrations for a given region under a
range of magnifications, M, to M .., were measured. In-
troducing a length scale via

max

concentrations against length scales were obtained. Fig-
ure 13 shows the log-log plot of a typical result; a number
of runs were made on a 2-V sample. Approximate length
scales in mm are indicated. The regions were arranged
with a growth central. Hence at the highest
magnifications, the graph flattens out as the image is
filled with copper. A scaling regime, p < L%, is observed
at the shorter length scales, and values of a obtained
where in the range —0.7 to —1.3. The scaling regime
passes from length scales with single fibers in the image
to length scales with many fibers in the image. Fractal
explanations for this scaling are not appropriate: fitting
to a=d;—2 gives values of d, unacceptably low for the
DLA model. In the case of Fig. 13, this regime
represents the crossover from a scale with just one
growth in the image to a scale with a few separated
growths in the image. Fits to the longer length scale re-
sults (see Fig. 13), when many growths were present in
the image, gave values of d; closer to those of the image
analysis. However, data accuracy was poor at the longer
length scales. On a different sample, regions containing
trees fully connected throughout the low magnification
image were studied; Fig. 14 shows a case with a= —0.17.
Another region from the same sample gave a= —0.5.

VI. DISCUSSION AND CONCLUSIONS

The main emphasis of the present work is on the devel-
opment of the technique of deposition within a support
medium and the analysis thereof. Many of the results
presented have hence been of an exploratory nature.

Copper electrodeposits were successfully grown from
an acid solution within a paper medium. A number of
higher-pH solutions with Na,SO, as an indifferent sup-
porting electrolyte were unsuccessful. The ionization of
the carboxyl groups on the cellulose fibers above pH 2-3
may play a role in preventing growth.

The paper medium did provide a robust and preserving
support and allowed ease of study under an electron mi-
croscope; samples were found to survive quite rough han-
dling. We believe that, at least at low voltages, growth
was diffusion controlled. Problems characterizing the



1046 D. B. HIBBERT AND J. R. MELROSE 38

T T T T T
12.00 | I
’ ]
L.
11.00 T
=
35 - e
o
(&)
=
< 10.00 | T
>
N
) . ]
g N
-
9.00 - - B
..
]
L .g'l\.‘ 4
as ® . .
8.00 f ~2 %1072 mm ~107" mm ~1.0 mn -
J 1 i 1 1
0.00 2.00 4.00 6.00 8.00
IonZ( Mmax/M)

FIG. 13. Plot of log, (x-ray emission count) vs log, (M ... /M;) (see text) for a region of a 2-V growth with many separate trees in
the low magnification image. Approximate lengths in mm are indicated.

growth conditions, in particular, resistive effects and hy- nels and determining the fluid environment. Branching
drogen evolution, need to be studied further. Other re- extended above and below the fiber scale. However, on
cent experiments®* have also involved such problems.’ the 100-um scale, examples of fiber barriers inducing
The growths were not found to cling directly to the fibers; branching were found. Observed on the mm scale,
the fibers affected growth by forming barriers and chan- branching rates and branch angles may well be artificial
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FIG. 14. Same as Fig. 13, but for a region of a nonpotentiostatic 3-V growth with a single tree in the low magnification image.
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with respect to those expected for growth in the absence
of support. For better interpretation of subsequent ex-
periments, support media more homogeneous above the
micrometer scale, such as gelatin, should be investigated.
Growth in a glass fiber mat produced a radically different
microstructure.

Once satisfactory control can be gained, a number of
other experiments on preserved growths would be in-
teresting; in particular, measurement of surface ac fre-
quency response?® and catalytic properties.?! Much is
known of the growth of single crystals. The understand-
ing of the surface morphology of such crystals has made
important contributions to our understanding of metal
catalysts. However, in practice, such catalysts are often
dispersed on a support. The morphology of growth
found here is in sharp contrast to that observed for
copper deposition on single crystals.”” The more exotic
and numerous growth forms here, with their connectivity
and high surface area may offer catalytic advantages.
However, restriction of chemical activity to just the outer
perimeter of the growths is undesirable. To overcome
this difficulty, we propose that growth may be made
within a support medium in a cylindrical geometry (sup-
ported, for example, in silica gel columns). Reactants
may then be admitted to the full surface area by passing
them normal to the plane of growth.

A change from an open to a dense radia macro-
structure was observed on increasing the applied voltage.
At low voltage, the fractal dimension of the open growths
approached that of DLA. Direct comparison of the
dense radial growths with computer simulations,?® in
particular, the presence of long channels and circular en-
velopes, would suggest that the dense radial pattern at
high voltages is an example of unidirectional ballistic ag-
gregation. An important question here is whether the
dense radial pattern is a high-voltage regime of an elec-
tric field dominated transport, or whether it is charac-
teristic of diffusion-controlled growth beyond the quasis-
tationary regime!® presently studied for DLA.?® A
relevant experiment on this question would be the use of
time-lapse photography to observe growth radius against
time. The appearance of stringy growth as an ultimate
limiting form®>*3* at high voltage was found to be
suppressed in the paper medium, while stringy growth
was found to dominate growth in the experimental solu-
tion in the absence of a paper medium. On the basis of
this observation, it is speculated that increased mass
transport due to fluid motion (convection or gas agita-
tion) enhances the stringy growth mode. A macroscopic
dendrite regime was not observed, although a narrow re-

13,22

gime of microscope dendrite growth was found. The
growths were found to be very unstable with respect to
anisotropy and inhomogeneity both in the experimental
setup and, we believe, within the paper medium. A single
value of fractal dimension was not sufficient, due to inho-
mogeneity, to describe mass scaling of many of the
growths. Although some of the observed instability may
be peculiar to electrodeposition, on the practical level
this instability must suggest that media fluctuations may
well dominate the analogous problems of fluid displace-
ment and dielectric breakdown within media.

A number of questions concern the varied microstruc-
ture. Do the granular deposits have crystalline long-
range order? What is the stability of the microstructures
to changes in the applied conditions? One might examine
the interface formed on changing the growth voltage.
Relationships do exist between microstructure and
growth conditions, although the data in the present work
were insufficient to give clear results. Evidence for varia-
tions of microstructure with concentration, applied volt-
age, fiber dimensions, and hydrogen evolution was found.
In contrast to the other growths, the lowest-voltage (0.4
V) growth had a thick microstructure of the scale of the
cellulose fibers. What physics determines the lower
length scale at which growth is compact? The different
dendrite forms need to be classified. It is interesting that
all microstructures could on the 50-to 100-um scale show
branching. Branching is hence seen as an inherent
feature of the growth at this scale, independent of micro-
structure. The wide variety of microstructure was a
surprise to the investigators.

X-ray microanalysis of copper density did reveal scal-
ing regimes on log-log plots. However, fractal interpreta-
tions of this scaling were unsatisfactory. In one case
studied, the scaling regime seemed simply to be the varia-
tion of measured density, from a low magnification image
with a few separated growths in the image, to a higher
magnification image with a single growth in the image.
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FIG. 10. A growth from 2-V, 0.75 moldm~* CuSO,, 1
moldm~* H,SO, solution. The dendrites of (b) are central to
(a). Note the tip splitting on the left-hand finger.



(b)

FIG. 11. A growth from 1 V, 0.5 moldm~* CuSO,, 1
moldm—* H,80,. The white square in (a) indicates the tip
shown in (b).



FIG. 12. A growth from 1 V, 0.1 moldm~* CuSO,, 1
mol dm 3 H,S0,.



(a)

(b)

(d)
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FIG. 2. Five samples grown potentiostatically from 0.75 moldm —* CuSO,, 1 moldm * H,80,. (a) 0.5 V, d, varying from 1.73 in
region A to 1.91 in region B. (b) 0.7V, d,=1.79. (c)0.8V,d,=1.86. (d) 1.6 V,d,;=1.95. (e)3V,d,;=1.99. A mm scale is shown.



(a)

(c)

FIG. 4. Three samples showing anisotropic and inhomogeneous growth. (a) 1V, (b) 1.4 V,and (¢) 1 V. A mm scale is shown.



(c)

FIG. 6. Electron micrographs of the same region at three
different magnifications from a growth at 1 V from a 0.25
moldm—* CuSQ,, 1 moldm > H,SO, solution. The growth in
(a) is that which is central in (b). The white square in (b) indi-
cates the dendrite shown in (c).



FIG. 7. The same region at two different magnifications from
a growth at 2 V from 0.75 mol dm~* CuSO,, 1 mol dm~* H,S0,.
(b) is a close-up of the trough that is central on the growth of
(a).



FIG. 8. A growth and fiber from a 3-V growth from 0.75
moldm~* CuS0O,, 1 moldm~ H,80,. Note that the growth
avoids the fiber surface.



FIG. 9. Two different magnifications from 0.4 V, 0.75
mol dm~? CuSO,, 1 mol dm~* H,S0,.



