
1B 3X7

PHYSICAL REVIEW E SEPTEMBER 1997VOLUME 56, NUMBER 3
Physical and electrochemical contributions to the cell voltage
in the thin-layer electrochemical deposition of copper at constant current

John R. de Bruyn
Department of Physics and Physical Oceanography, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A

~Received 9 May 1997!

Many different processes affect the voltage across an electrochemical cell during electrochemical deposition
in a thin-layer geometry. I report detailed measurements of the cell voltage as a function of time in experiments
on the deposition of ramified copper aggregates from thin layers of CuSO4 electrolyte. Experiments were
performed for a range of electrolyte concentrations and cell currents. The effects of various physical phenom-
ena, including hydrodynamic convection, instability of the growing electrodeposit, and local variations in the
growth rate of the aggregate are identified and studied, as are the contributions due to electrochemical phe-
nomena.@S1063-651X~97!11609-9#

PACS number~s!: 81.15.Pq, 47.20.Bp
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I. INTRODUCTION

The growth of branched metal aggregates by elec
chemical deposition~ECD! in quasi-two-dimensional geom
etries is an interesting and complex example of nonequ
rium growth @1,2#. In a typical experiment, a thin layer o
unsupported binary electrolyte is confined between t
transparent plates. Thin metal foils or wires are used as e
trodes, with the distance between the electrodes much la
than the cell thickness. When a current is passed through
cell, metal cations come out of solution at the cathode
grow into a branched aggregate@3,4#. A variety of different
growth morphologies have been observed, depending on
experimental conditions@3–6#. This system has been studie
extensively, with much of the interest centering on the e
product, that is, on the nature and morphology of the dep
ited aggregate@3–7#. More recently, considerable progre
has been made towards understanding the interplay am
the various electrochemical and physical processes that
a role in these experiments@8–24#. Ions drift in the applied
electric field and electrochemical reactions occur at b
cathode and anode. These reactions lead to spatial varia
in the concentration of ions near both electrodes, which d
diffusive ion transport there and also lead to buoyan
driven convective flows@19–24#. Convection can also be
driven by electric fields acting on regions of space cha
near the tips of the branched aggregate@12–14,21,23#. Thus
ions are transported in the cell by a complicated combina
of migration, diffusion, and convection. As well, chang
with time in the ion concentrations at the electrodes can t
ger new electrochemical reactions or lead to time dep
dence in the electrode processes@25–27#. All of these factors
affect the deposition of metal ions at the cathode, and
presence of the metal aggregate itself can in turn affect
processes taking place in the cell.

In this paper I report on a series of experiments on
electrochemical deposition of Cu aggregates from aque
solutions of CuSO4. The experiments were performed
constant applied current, and the cell voltageV was recorded
as a function of timet. The measurements ofV(t) were
supplemented by video recordings of the growth of the
561063-651X/97/56~3!/3326~12!/$10.00
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gregate. Electrochemical cells are strongly non-Ohmic,
the behavior ofV(t) is quite complex. The main results pre
sented in this paper concern the interpretation of feature
the V(t) data in terms of the physical and electrochemi
processes described briefly above, and, where possible,
relationship to corresponding features in the growing agg
gate.

The cell voltage is a global measure of what is happen
in the ECD cell, and without additional measurements it
impossible to differentiate between anodic and cathodic c
tributions toV(t). The measurements reported here are
the most part at early times, from before to shortly after
appearance and development of branched growth on
cathode. In the same regime, as discussed below, the
things expected to happen at the anode are the gra
buildup of SO4

22 concentration and the subsequent dev
opment of convection there. In this paper we make the
sumption, which is consistent with the results of previo
studies in which the cathode potential was measured rela
to a reference electrode@20,28#, that most of the interesting
changes inV(t) are due to cathodic processes@29#.

In the remainder of this section, the processes that c
tribute to V(t) are outlined in more detail. I then briefl
review some of the recent research on this system, with
phasis on work involving measurements of the cell volta
The experimental details are described in Sec. II, and
results presented in Sec. III. Section IV is a discussion,
the conclusions drawn from this work are summarized
Sec. V.

When the current through the cell is turned on, Cu21

cations start to drift towards the cathode and SO4
22 anions

drift towards the anode. A potential drop also develo
across double layers at the electrode surfaces. In the abs
of rough growth on the electrodes, charging of the dou
layers takes a few ms, and is fast on the time scale of
experiments. When the cations reach the cathode they
quickly reduced and plate out there as metallic copper. T
results in a region very close to the cathode in which the
concentration is lower than in the bulk@18–20#. As the con-
centration gradient there becomes stronger, diffusive tra
port across the depletion region becomes important.
3326 © 1997 The American Physical Society
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56 3327PHYSICAL AND ELECTROCHEMICAL CONTRIBUTIONS . . .
If the current is entirely diffusive, then for constant cu
rent densityi , the concentrationc(x,t) is given by@30#

c~x,t !5c02
2i

nFS t

pD D 1/2

exp~x2/4Dt !1
ix

nFD
erfc~x/A4Dt !,

~1!

where the cathode is atx50 andc(x,0)5c(`,t)5c0. Here
n is the ion charge,F the Faraday constant, andD the dif-
fusion constant. The concentration at the cathodec(0,t) de-
creases with time, eventually reaching zero at the time

ts5pDn2F2c0
2/4i 2. ~2!

The timets is called the transition time, or the Sand’s tim
In the present case, migration and convective transport
also important and modify these results@15,18#.

Since the conductivity of the electrolyte goes to zero asc0
goes to zero, while the current remains constant,V(t) must
diverge atts . In practice the cell voltage increases, or mo
correctly, the potential of the cathode becomes more ne
tive with respect to the anode, until a new process—for
ample, a new electrochemical reaction — takes over the
of providing ions to the electrode. The cell voltage then le
els off at a new value. Further transition times, and furt
increases in the cell voltage, can occur as the reactants
each successive process become depleted. Measureme
V(t) and ts can be used to determine the properties of el
trolytes@30#, but the utility of this as an analytical techniqu
is limited by the effects of convection, and also by the fa
that whenV(t) changes, some of the current goes into cha
ing the double layers, leading to deviations from Eq.~2!, and
a smearing out of the transition. This makes it difficult
determinets precisely. In the present work, we identify tra
sition times with inflection points inV(t), i.e., with the times
at whichdV/dt is a maximum.

The concentration gradient that develops at the cath
according to Eq.~1! leads to a density gradient, which in tur
drives the development of a buoyancy-driven convection
~a gravity current! near the cathode. At the anode the i
concentration increases, since SO4

22 ions arriving there do
not come out of solution, and so convection develops th
as well. The development of buoyancy-driven convection
ECD and the effect of gravity currents on the growth of t
aggregate have been studied by several groups@19–24#. Re-
cently Huthet al. @23# have performed a detailed study
gravity currents at the electrodes, in which they measu
convective flow velocities by tracking neutrally buoyant pa
ticles advected by the flow.

The diffusion-limited growth of a uniform metal aggre
gate is unstable to a variant of the well-known Mullin
Sekerka instability@8,31–34#. The concentration gradien
near a small outward perturbation on the cathode will
enhanced, and so the diffusive transport of ions toward
perturbation will be higher than to flat regions nearby. As
result the perturbation will grow, leading to the developme
of rough growth. In our experiments the transport of catio
becomes diffusion limited when the concentration of ions
the cathode becomes zero, so the onset of this instability
therefore be associated with the transition timets @18#.
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When a branched aggregate exists at the cathode, ele
convection can occur near the tips of the branches@12–
14,21,23#. The electric field in the cell is highest there due
the shape of the tips and to the high resistance of the de
tion zone adjacent to the aggregate. Regions of posi
space charge also exist near the tips, due to the fact tha
anions drift away from the cathode while the cations diffu
towards it. The field can interact with the space charge
drive convective flow, which takes the form of pairs of cou
terrotating vortices bracketing the branch tip@12–
14,21,23,35#. This flow transports cations towards the tip
and so affects the growth, and it is strong enough to ca
substantial physical motion of the fine branches@36#.

The resistance of the electrolyte in the cell leads to
Ohmic contribution to the cell voltage. This voltage d
creases with time as the aggregate grows and short circ
the electrolyte behind its leading edge. It is straightforwa
to show that the Ohmic voltage drop across the cellVV(t) is
given by @9#

VV5
Id

sA
2mS I

sAD 2

t, ~3!

whereI is the current through the cell,d the cell length, and
A its cross-sectional area.s is the conductivity of the elec-
trolyte andm the mobility of the anions. The linear decrea
of VV with time is due to the constant growth speed of t
aggregate, which is in turn the same as the drift speed of
anions moving away from the cathode@9,22#. The rate of
decrease depends on bothI and the concentrationc0, sinces
increases withc0 @37#.

Fleury et al. @11# measured the cell voltage as a functio
of time and identified three regimes: an initial increase
V(t) before the first appearance of branched growth on
cathode, followed by a linear decrease as the aggregate g
and finally a noisy regime that occurred when the aggreg
was very close to the anode. They found the slopedV/dt in
the linearly decreasing regime to be proportional toi 2, as
predicted by Eq.~3!. Fleury et al. @10,11# also observed a
change in slope at the morphological transition known as
Hecker transition@10#. This transition is due to the arrival o
a front of increased H1 concentration from the anod
@10,11,16#, which also results in an increase in conductiv
and so a change in slope. Another morphological transit
however, had no obvious signature in theV(t) data @10#.
Similar results were found in the ECD of zinc by Kuhn an
Argoul @16#, who also noted that the slope in the regime
linear decrease depended on the growth speed of the ag
gate, with faster growth leading to a steeper decrease inV(t),
in agreement with Eq.~3!.

Chassainget al. @28# and Rossoet al. @20# made similar
observations, noting an initial transient overshoot in the c
voltage followed by an increase compatible with Sand’s
havior. Then came a further increase at a rate slower t
predicted by Eq.~1!, during which some ramified depositio
became visible, then a kink inV(t) after which the ramified
aggregate grew more quickly, and finally a linear decreas
V(t).

Argoul and Kuhn@27# also studiedV(t) curves during the
thin layer ECD of zinc. They identified several regimes, b
ginning with a period of ‘‘concentration polarization’’ durin
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3328 56JOHN R. de BRUYN
which V(t) increased due to the decrease inc(0,t). After the
transition time they observed oscillations inV(t) that they
explained as being due to oscillations in the electrochem
reactions taking place at the cathode, involving the reduc
of Zn21 and H1, the formation of a layer of Zn~OH! 2 on the
electrode, and then the reduction of the Zn~OH! 2 to metallic
zinc. They noted that in general an increase in cell volta
implied a slowing down of the growth of the aggregate. Ch
otic variations inV(t) have also been observed for this sy
tem @26#.

Recently Argoulet al. @18# studied the electrodepositio
of zinc at constant current. They used interferometry to st
the development of concentration gradients near the e
trodes, and compared their observations with the featu
observed in the cell voltage. A narrow region depleted
ions was rapidly established very close to the cathode.
though the resulting concentration gradients led to the de
opment of buoyancy driven convection near the catho
which contributed to ion transport, they found that close
the cathode the concentrationc(x,t) was reasonably wel
described by Eq.~1!, although with an effective diffusion
constantDeff an order of magnitude larger than the expec
value for ZnSO4 solutions. At a time referred to by Argou
et al.as the ‘‘microscopic Sand’s time,’’ the concentration
the cathode reached zero,V increased rapidly, and smal
scale roughness became visible on the interface of the m
being deposited on the cathode. Oscillations inV(t) also
appeared. They also identified a ‘‘macroscopic San
time,’’ corresponding to the time at which large-scale roug
ness became visible at the cathode and to the maximum
V(t).

II. EXPERIMENT

The experimental apparatus used in the present work
similar to that described previously@22,34#. The ECD cell
consisted of two copper foil electrodes 5.1 cm long by 0.0
cm thick, separated by approximately 2.3 cm. These w
sandwiched between two 5.1 cm square by 0.6 cm th
glass plates, which were then clamped together. Before e
run, the electrodes were polished with fine emory pap
Both the electrodes and the glass plates were rinsed
water and then cleaned with acetone, which was allowe
evaporate. The space between the electrodes was filled
solutions of CuSO4 in distilled deionized water@39#. A Kei-
thley 220 programmable current source was used to pro
constant cell currents. Over 80 runs were performed w
electrolyte concentrationsc0 in the range 0.02,c0,0.5 mol/
liter and currents in the range 0.06,I ,10 mA, as shown in
Fig. 1. For a given concentration, at high currents the proc
was very fast and accompanied by the formation of num
ous hydrogen bubbles. At low currents, on the other ha
the process was very slow, and after about an hour air wo
begin to invade the cell from the sides, which were n
sealed. These considerations limited the range of curr
studied in this work.

The cell voltageV(t) was recorded with a Keithley 19
digital multimeter at intervals of from 0.5 to 5 s, dependi
on experimental conditions. The data were transmitted via
IEEE-488 bus to a personal computer for later analysis.
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periments were performed at room temperature, which w
not specially controlled.

The cell was mounted on a rigid aluminum frame and w
illuminated from below by a white light source made diffu
by passing it through an opal glass plate. The cell was
aged from above with a charge-coupled device video cam
and a Navitar MagnaZoom video microscope, and
growth of the copper aggregate at the cathode was reco
on video tape. Individual images of the aggregate were a
captured and digitized every few seconds by a frame grab
in the personal computer. The field of view was from 5 to
mm in the direction parallel to the electrodes, depending
the microscope magnification used, corresponding to a s
tial resolution in the digitized images of between 8 and
mm/pixel.

III. RESULTS

A. Overview

Figure 2~a! shows a typical plot of the cell voltageV as a
function of timet, measured in a run withI 52.00 mA and
c050.07 mol/liter. If we make the assumption that the ano
potential remains fixed during the run@29#, then changes in
V(t) result from changes in the cathode potential, with
increase inV(t) corresponding to the cathode potential b
coming more negative. Figure 2~b! is a plot ofdV/dt for the
same run. When the current through the cell is turned on
t50, the cell voltage rises essentially immediately to a c
tain value, then drops back to a slightly lower voltage ove
few seconds.V(t) then passes through a minimum befo
increasing rapidly in one or more steps. These steps indi
transitions in the electrode processes, as discussed in th
troduction, and are accompanied by corresponding peak
dV/dt. Two prominent peaks are visible in Fig. 2~b!, as well
as a weak shoulder on the low-t side of the larger peak
These three features appear in other runs, although their

FIG. 1. Diagram showing the currents and concentrations of
experimental runs. The different symbols indicate which transitio
were observed for each run, as discussed in the text. Upw
pointing triangles: only the transition att1 was observed; circles:t1

and t2; squares:t0 and t1; downward-pointing triangles:t0, t1, and
t2.
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56 3329PHYSICAL AND ELECTROCHEMICAL CONTRIBUTIONS . . .
tive strengths vary and not all of them are visible in all run
In Fig. 2, the largest peak indV/dt is associated with the
appearance of rough growth on the cathode. We label
time at which this peak occurs ast1 and the corresponding
cell voltage asV1. The shoulder before the main peak occu
at a time designatedt0 and a voltageV0. At higher concen-
trations this feature is much stronger, and is associate
many runs with the appearance of oscillations inV(t). An
example is shown in Fig. 3, in which two sets of oscillatio
occur, one starting att0587 s, and one starting later a
t'150 s. A detailed study of these oscillations, which m
be similar in origin to those observed in the ECD of zinc
Argoul and Kuhn@27#, will be published elsewhere. Finally
we label the time and voltage of the peak indV/dt that
occurs after the main peak ast2 andV2. This feature does no
seem to be associated with any obvious changes in
growth or morphology of the aggregate. Following the a
pearance of some or all of these features,V(t) reaches a
maximum valueVmax, after which the cell voltage eventu
ally decreases approximately linearly, but with large fluctu
tions.

Figure 1 shows the currents and concentrations at wh
various combinations of these three features were obser
At the highest currents, only a single peak was seen
dV/dt. As the current was decreased at low concentratio
the t2 peak appeared after the main peak, while at hig
concentrations thet0 peak became visible beforet1. In the
slowest runs at low current, all three features were obser

FIG. 2. ~a! The cell voltageV(t) for a run withc050.07 mol/
liter and I 52.00 mA. ~b! dV/dt for the same run.
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In Sec. III B results concerning the transition times a
the potentials at which the transitions occurred are presen
Section III C involves the results of measurements of
transient decrease inV(t), which occurs at the start of th
runs, and Sec. III D concerns the linear decrease at l
times.

B. Transitions

In what follows we measure voltages relative toVmin , the
minimum value ofV(t) following the initial transient, and
define DV5V2Vmin . In particular at the transitions
DVi5Vi2Vmin , wherei 50, 1 or 2.

The voltages relative toVmin at the transitions describe
above are plotted as a function of current in Fig. 4 and a
function of concentration in Fig. 5. Figure 4 showsDV0,
DV1, and DVmax as a function of current for a set of run
with c050.3 mol/liter. The feature at (t2 ,DV2) was very
weak or absent in this set of runs. The error bars shown
Fig. 4 are based on estimates of the uncertainty in the m
sured transition times, and are as large as they are becauV

FIG. 3. ~a! V(t) for a run with c050.3 mol/liter andI 55.00
mA. Oscillations occur both before and after the main transition

FIG. 4. The changes in cell voltageDV0 ~circles!, DV1

~squares!, andDVmax ~triangles! at timest0, t1, and at the maximum
of V(t) plotted as a function of current for a set of runs wi
c050.3 mol/liter.
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3330 56JOHN R. de BRUYN
is, by definition, changing rapidly at the transitions. For th
set of runs the resistance of the electrolyte in the cell w
approximately 1 kV, so the initial value of the Ohmic over
potential varied from 1 to 20 V as the current varied from
to 20 mA. In contrast, the values of theDVi vary by only a
few tenths of a volt over this range of currents. This indica
that theDVi are not related to the voltage drop across
bulk of the electrolyte, but are rather due to other proces
which are approximately the same for all runs. The transit
voltagesDV0, DV1, andDV2 are plotted along withDVmax
for a series of runs atI 52.00 mA in Fig. 5. The peak att0 is
absent at lowc0, while at highc0 that att2 is not observed.
Figure 2, forc050.07, is near the lower limit at whicht0 is
visible. As above, the cell voltage varies by a factor of
over this range of concentrations, but the changes in theDVi
are much smaller.

FIG. 6. The transition timest0 ~circles! and t1 ~squares! as a
function of c0 /I for the same set of runs as in Fig. 4. The unc
tainties in the data are approximately the size of the symbols,
the dashed line is a fit of thet1 data to a square-law dependence
c0 /I . The inset shows the ratios oft0 and t1 to the Sand’s timets

for the same data, wherets was calculated from Eq.~2! as discussed
in the text.

FIG. 5. The changes in cell voltageDV0 ~circles!, DV1

~squares!, DV2 ~downward-pointing triangles!, andDVmax ~upward-
pointing triangles! at timest0, t1, t2, and at the maximum ofV(t)
plotted against concentration for a set of runs withI 52.00 mA.
s

s
e
s,
n

The value ofDVmax plotted in Fig. 4 decreases slightl
with increasing current. A straight-line fit to the data giv
DVmax5(1.1260.03)2(0.00960.003)I , with DV measured
in volts andI in mA. At I 52.00 mA,DVmax decreases asc0
increases for low concentrations, but becomes approxima
constant at higherc0. The average value ofDVmax for
c0.0.15 mol/liter is 1.2060.06 V, consistent with the low-
current value determined from Fig. 4 atc050.3 mol/liter.
DV0 decreases asI increases for low currents, then leve
out; its average value forI>5 mA is 0.1860.04 V. At fixed
current,DV0 increases slightly with increasingc0, and a lin-
ear fit to the data plotted in Fig. 5 give
DV05(0.1460.04)1(0.6460.15)c0, wherec0 is in units of
mol/liter. The data forDV1 shown in Fig. 4 do not vary
systematically with current and have an average value
0.7960.12 V. At lower concentrations, however,DV1 de-
creases with increasingI . As a function of concentration
DV1 increases roughly linearly at lowc0, and then flattens
out. The average value ofDV1 for c0.0.15 mol/liter is
0.8560.05 V. DV2 decreases with increasingc0 but shows
no systematic variation withI over the range of concentra
tion and current in which it was observed. Representa
values ofDV0, DV1, and DVmax corresponding toc050.3
mol/liter andI 55 mA are shown in Table I.

Figure 6 is a log-log plot of the transition timest0 and t1
for the same data as in Fig. 4, plotted as a function ofc0 /I .
A similar plot of t0, t1, and t2 for the fixed current data o
Fig. 5 is shown in Fig. 7. In both figures, the line is a fit
the t1 data to the formt15k(c0 /I )2. In all cases,t0, t1, and
t2 are approximately proportional to (c0 /I )2, as predicted by
Eq. ~2! for the Sand’s time. Figure 8 is a plot oft1 against
c0 /I for all runs, at a variety of concentrations and curren
The data collapse reasonably well onto a single line, indic
ing power-law behavior with an exponent of 2.0560.05. If
we identify t1 with the time at which the concentration o
Cu21 at the cathode goes to zero, then we can use Eq.~2!
and the fitted value ofk to extract a value for the effective
diffusion constant. This givesDeff5(5.6660.26)31025

cm2/s for the t1 data of Fig. 6, andDeff5(6.3060.44)
31025 cm2/s for the data of Fig. 7. These are an order
magnitude larger than the value ofD55.631026 cm2/s for
0.1 mol/liter CuSO4 @40#; normally one would expectD to
decrease with increasing concentration@41#. These results
are consistent with those of Argoulet al. @18#, who found
that the presence of convection led to Sand-like behavior
with an enhanced diffusion constant, and the substantial
ference betweenDeff and D indicates that convection con

-
d

TABLE I. Cell voltagesDVi ~relative toVmin) and correspond-
ing standard electrode potentialsV* for the transitions att0 andt1,
and for the maximum inV(t). The DVi vary slightly with current
and concentration as shown in Figs. 4 and 5; the data given her
representative values forc50.3 mol/liter andI 55 mA. The data
labeledVref

* are standard electrochemical potentials of reactions
cussed in the text.

DV ~V! V* ~V! Vref
* ~V!

t0 0.1860.04 0.1660.04 0.158
t1 0.7960.12 20.4560.12
Max 1.0860.07 20.7460.07 20.828
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56 3331PHYSICAL AND ELECTROCHEMICAL CONTRIBUTIONS . . .
tributes substantially to the charge transport here.
Although Fig. 8 shows that on averaget1 is proportional

to (c0 /I )2, systematic deviations of thet1 data from the fit-
ted line can be seen in Figs. 6 and 7. These can be interp
to mean thatDeff varies with current and concentration. Th
variation is illustrated in insets to Figs. 6 and 7, which sh
the ratiost i /ts for the same sets of runs. Herets is the Sand’s
time for purely diffusive transport, calculated from Eq.~2!
using the above value ofD for 0.1 mol/liter solutions.

The inset to Fig. 6 shows that the ratios for botht0 andt1
are of order 10. Both have a maximum aroundI 54 mA, and
then decrease linearly for higher currents. The inset to Fi
shows that botht0 /ts and t1 /ts increase linearly with in-
creasing concentration, despite the fact thatD itself should
be decreasing withc0. On the other hand,t2 /ts is as high as
30 at lowc0, and decreases relatively rapidly with increasi

FIG. 7. The transition timest0 ~circles!, t1 ~squares!, and t2

~triangles! as a function ofc0 /I for the same set of runs as in Fig
5. The dashed line is a fit of thet1 data to a square-law dependen
on c0 /I . The inset shows the ratios oft0, t1, andt2 to ts , wherets

was calculated from Eq.~2! as discussed in the text.

FIG. 8. The transition timet1 vs c0 /I for all runs. Upward-
pointing triangles:c050.02 mol/liter; downward-pointing triangles
c050.05 mol/liter; circles:c050.1 mol/liter; diamonds:c050.3
mol/liter; squares:I 52.00 mA. The dashed line is a fit of all of th
data to a power law that gives an exponent of 2.0560.05.
ted

7
concentration in the range where that feature is observed

t1 is very close to the time at which rough growth is firs
visible with our imaging system. At a timetvis roughness at
the one-pixel level becomes visible on the cathode. Figu
9~a! shows the ratiotvis /t1 as a function of current for the
data of Fig. 4, while Fig. 9~b! shows the same ratio as a
function of concentration for the runs of Fig. 5. This ratio i
close to but a few percent larger than one forI &5 mA and
for c0*0.15 mol/liter, but increases for high current and lo
concentration, which are the conditions under whic
buoyancy-driven convection is expected to be less importa
The fact thattvis /t1 is close to one over most of the param
eter space studied here suggests that the transition att1 is
associated with the onset of a morphological instability
the deposit growing on the cathode, and so with the onse
rough growth. Thattvis is always greater thant1 can be ac-
counted for by the limited resolution of the imaging system
since it takes time for the roughness to grow large enough
be seen.

The cell voltage can be calculated for the case of pure
diffusive charge transport. The concentrationc(x,t) is deter-
mined using Eq.~1!, and the cell voltage calculated as

V~ t !5I E
0

ddx

s
, ~4!

where d is the length of the cell. The conductivitys is a

FIG. 9. ~a! The ratiotvis /t1 for the t1 data of Fig. 6. Note that
the vertical axis is logarithmic.~b! The same ratio for thet1 data of
Fig. 7.
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function of concentration and so of positionx @37#. Figure
10~a! shows measured data for a run withc050.2 mol/liter
andI 52.00 mA, along with the voltage calculated from Eq
~1! and~4!. The corresponding values ofdV/dt are plotted in
Fig. 10~b!. A value ofDeff57.1531025 cm2/s, again much
larger than the expected value, was used in the calculatio
give a Sand’s time for the calculation in agreement with
value of t15327 s measured for this run. The calculat
voltage has been shifted downwards by 0.4 V to make
overlap with the measured data. Although there is fair qu
tative agreement between the measurements and the c
lated voltage, there are features in the data that do not ap
in the calculated results. In particular, the initial transie
drop in V, which accounts for at least part of the 0.4 V sh
in V(t) mentioned above, is discussed in Sec. III C belo
while the shoulder that appears in bothV(t) anddV/dt prior
to the main transition is thet0 feature.

C. Initial transient

When the current through the cell is turned on at tim
t50, the cell voltage very quickly rises to an initial value.
then decays over a time of order 10 s to a value a few te
of a volt lower. This initial transient is visible in Figs. 2 an
10, and is shown in more detail in Fig. 11, which is a plot
DV(t) for the first 80 s of a run withc050.33 mol/liter and
I 52.00 mA. This transient was ascribed by Argoulet al.

FIG. 10. The cell voltage~a! anddV/dt ~b! for c050.2 mol/liter
andI 52.00 mA. The solid lines show the experimental data and
dashed lines are the corresponding quantities calculated from
~4!, assuming purely diffusive transport.
.
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@18# to double layer charging damped by the onset
buoyancy-driven convection, while Rossoet al. @20# referred
to the initial overshoot as a ‘‘nucleation peak.’’ Charging
the double layer will indeed occur when the cell current
turned on, as discussed in the Introduction. However
would result in a rounding of the voltage-time curve as t
voltage increasedto a final value, exactly analogous to th
charging of a capacitor. Since the capacitance of the dou
layer is typically 20mF/cm2, the cross-sectional area of th
experimental cell was 0.125 cm2, and the resistance of th
electrolyte~which depended onc0) was on the order of a few
kV, the RC time constant of the double layers with no a
gregate present was on the order of a few milliseconds. T
this process is very fast on the time scale of Fig. 11, a
most likely does not contribute significantly to the transie
plotted there.

The transients for all runs were fitted to a single decay
exponential of the formVb1ae2bt, and to the sum of two
exponentials,Vb1ae2bt1ge2dt. The decay constantsb
andd, the amplitudesa andg, and the background voltag
Vb were used as fitting parameters. At low concentratio
and high currents the transient was well described by a sin
exponential decay, while at high concentrations and low c
rents, as in Fig. 11, it was best described by the sum of
decaying exponentials. Figure 12~a! shows the time con-
stants~i.e., the reciprocals of the decay constantsb and d)
determined from these fits as a function of concentration
a series of runs withI 52.00 mA. The corresponding ampl
tudes a and g are plotted in Fig. 12~b!. In all cases the
statistical uncertainties in the fit parameters are roughly
size of the plotted symbols, and significantly smaller than
scatter in the results. At this current, there is a transition fr
one-exponential to two-exponential decay betweenc050.07
and 0.1 mol/liter. Results from a number of concentratio
and currents are plotted in Fig. 13. The transient is a sin
exponential decay above a line given byI 5(18.661.5)c0,
and the sum of two exponentials below that line.

The time constants and amplitudes of the sing
exponential decay appear to be the same as those o
faster of the two decays observed in the two-exponential

e
q.

FIG. 11. The early-time decay of the cell voltage for a run w
c050.33 mol/liter andI 52.00 mA. For this run the data, shown a
circles, are well described by a fit to the sum of two decay
exponentials, shown as a solid line.
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gion. The time constant for this process is about 2 s, is in
pendent of concentration within the experimental scatter,
decreases with increasing current. There is considerable
ter in the results for the amplitudes, but no systematic va
tion was observed as a function of either concentration

FIG. 12. ~a! Time constants and~b! amplitudes from fits to the
initial transient decay ofV(t), for a series of runs atI 52.00 mA.
The solid squares are the results of fits to a single expone
decay, while the open triangles are the results of fits to the sum
two exponentials. Upward-pointing triangles correspond to the s
process and downward-pointing triangles to the fast process
cussed in the text. Statistical uncertainties in the fit parameters
approximately the size of the symbols.

FIG. 13. Diagram showing the boundary between the region
which the transient was described by a single- and a t
exponential decay. The transient was a single exponential d
above the dashed line, which is a fit through the origin to the plo
points.
e-
d
at-
-
r

current. The slower process, on the other hand, has a
constant of 10–20 s, increasing with increasing concen
tion and decreasing with increasing current.

Thus there appear to be two processes involved in
transient. At least one may be connected with the deve
ment of buoyancy-driven convection near the electrod
This will occur for all concentrations, but will be stronger fo
largerc0. The characteristic time scale for buoyancy-driv
flows is t5pd/4vmax wherevmax is the maximum convec-
tive flow velocity. Huth et al. @23# found this time to be
about 6 s in acell 0.25 mm thick, the same thickness as us
in the present experiments. The data in their paper@23# show
that buoyancy-driven convection rolls are fully establish
near the electrodes 15 s into an experiment, for experime
parameters comparable to those used in this work. It t
seems reasonable to associate the slower exponential r
ation, which becomes important at high concentrations
low currents, with the development of convective flows ne
the electrodes.

D. Falloff at longer times

Equation~3! indicates thatV(t) should decrease linearl
with time once the aggregate starts growing on the catho
This is the case in Fig. 2 fort*200 s, but the linear falloff is
more obvious in Fig. 14, for whichc050.1 mol/liter and
I 510.2 mA. Figure 15 shows the average slopem of the
linear decrease plotted againstI 2 for two sets of experiments
at two different concentrations. We findm}I 2 as expected,
with the constant of proportionality dependent on concen
tion. Using Eq.~3!, the effective anion mobilitymeff can be
calculated from the slopes of lines fitted to data like that
Fig. 15. The results are plotted as a function ofc0 in the inset
to Fig. 15. The values obtained for the three highest conc
trations are equal within experimental uncertainties; their
erage value is (2.3460.04)31024 cm2/V s. As expected
@41#, and as noted previously@11#, this is lower than the
tabulated value of 8.2931024 cm2/V s for the mobility of
the SO4

22 ion at zero concentration.
The linear decrease inV(t) is due to a linear increase i

length of the growing aggregate. However, the decreas
V(t) is not perfectly linear, nor does the aggregate gr

ial
of
w
is-
re

in
-
ay
d

FIG. 14. V(t) for a run withc050.1 mol/liter andI 510.21 mA.
Note the linear decrease in cell voltage after the peak.
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uniformly or at a perfectly constant speed. If the front of t
aggregate advances more quickly than average, thenV(t)
will decrease more quickly, while if the front advances mo
slowly, V will decrease less quickly. Such detailed featu
of the growth lead to fluctuations inV(t), or correspondingly
in dV/dt. The cell voltage is an average measure of wha
happening within the cell, rather than a probe of local grow
phenomena, so morphological features on a partic
branch, such as a major branching event or even a stop
of the growth of that tree, will not necessarily give a stro
signature in the cell voltage. Rather, the contribution of su
events toV(t) will tend to be smeared out by contribution
due to all of the other trees. Nonetheless, in some cases
possible to link certain events in the growth of the aggreg
with features in theV(t) data.

Figure 16~a! shows a composite image of the aggreg
grown in a run withc050.033 mol/liter andI 52.00 mA. A
series of 5 images taken at different times have been
tracted and the result thresholded to indicate the growth
occurred during each time interval. The horizontal field
view in this image is 9.1 mm, corresponding to 36% of t
entire cell. Note that the image processing used in this c
has resulted in the loss of much of the fine detail visible
the original video images. Figure 16~b! shows the corre-
sponding voltage plot. Figure 16~a! indicates that an initial
period of uniform growth was followed by the appearance
rough growth. Att'40 s, a large number of trees stopp
growing. This event is accompanied by a small plateau
V(t). For a period aroundt5150 s, V(t) decreases more
steeply than average. Around this time, two of the tre
shown in Fig. 16~a! stop growing, but there are also maj
branching events on two of the surviving trees. Since
steeper decrease inV(t) implies faster growth on average,
appears that the branching contributes more toV(t) in this
particular case. Similarly aroundt5220 s, the formation of
major branches on some trees is accompanied by a fa
decrease inV(t). On the other hand, the steepening inV(t)
which occurs aroundt5315 s does not seem to be associa
with any particular morphological feature visible in Fi

FIG. 15. The slope ofV(t) in the regime of linear decreas
plotted as a function ofI 2, for runs withc050.1 mol/liter ~circles!
and c050.3 mol/liter ~squares!. The dashed lines are linear fits t
the data. The inset shows the anion mobilitym determined from the
slopes of the fitted lines, as a function of concentration.
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16~a!, although of course other things could have occurred
regions of the cell not shown in the figure. A sudden increa
in the rate and quantity of branching on the trees~the Hecker
transition @10,16#! occurs throughout the cell att'360 s.
There is no obvious sign of this transition in the voltag
curve, despite the fact that it is visually quite obvious.

It seems clear that the structure in the voltage data in t
regime is due to the details of the growth process taki
place in the cell. However, because the voltage is an av
aged quantity, it is difficult to draw any detailed correspo
dence between the morphological features and the feature
the V(t) data except in a few extreme cases.

IV. DISCUSSION

The transitions observed in the cell voltage indica
changes in the electrode processes. To get some unders
ing of what happens at the three transitions seen in this wo
it is useful to convert our values ofDV into standard elec-

FIG. 16. ~a! A composite image of the aggregate grown in a ru
with c050.033 mol/liter andI 52.00 mA. Starting with the darkest
shade, the different shadings indicate the portion of the aggreg
which was deposited during the time intervals 0–40 s, 40–150
150–220 s, 220–315 s, and 315–405 s.~b! V(t) for the same run.
The arrows indicate the times at which the subimages in~a! were
recorded.
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trochemical potentials. Standard electrochemical poten
are defined relative to that for the reaction 2H112e2→H2
at a standard hydrogen electrode, which is assigned a po
tial of 0 V. We denote the standard electrochemical poten
of our cathode by the symbolV*. Since we did not measur
potentials relative to a reference electrode, we make the
sumptions that, at the start of a run, the electrochemical
action at the cathode is Cu2112e2→Cu, and thatV* is
equal to 0.340 V, the standard electrochemical potential
this reaction, when the cell voltage is equal toVmin . Given
the former assumption, the potential errors introduced by
latter are approximately the same size as the scatter in
data for the transition voltages plotted in Figs. 4 and 5. T
standard electrochemical potential of the cathode is t
given by V*50.340V2DV. Representative values ofV*

corresponding to the transitions and toVmax are shown in
Table I.

The values ofV* in Table I can be compared to th
electrochemical potentials for other reactions. The stand
electrochemical potential for the reaction Cu211e2→Cu1

is V*50.158, close to the observed value ofV* at t0. That
for the electrolysis of water, 2H2O12e2→H212OH2, is
V*520.828 V, which is close to the values ofV* at botht2
and atVmax. The electrochemical potentials for these rea
tions are listed in Table I asVref

* . The correspondence be
tween these values and the measured electrochemical p
tials suggests that the changes inV(t) that occur at these
times may be associated with the onset of these elec
chemical reactions. There is no obvious candidate reac
with V* in the near neighborhood of the value observed
t1, but as discussed above this transition is associated w
physicalchange in the nature of the electrode, namely,
morphological instability of the growing aggregate, rath
than a change in the electrochemistry. This instability is tr
gered by the depletion of copper ions at the cathode
leads to the appearance of rough growth on the electr
Popovet al. @42# measured the critical overpotential for th
formation of rough copper deposits to be 0.66 V, which
slightly lower than the average values ofDV1, but not incon-
sistent with the data of Figs. 4 and 5. The nature of
transitions is not completely straightforward, however, sin
the transition voltages vary somewhat with current and c
centration.

It is apparent that much of the data presented in Sec
are strongly affected by the presence of convection. Conv
tion will be relatively important at low currents, when th
contributions to the charge transport due to migration a
diffusion are smaller, and at high concentration, when
convective flows are themselves strongest.

The effects of convection are perhaps most obvious in
case of the transition times, and particularlyt1. On average
t1 is proportional to (c/I )2 as predicted by Eq.~2!. However
the ratio of t1 to the Sand’s timets calculated assuming
purely diffusive transport is approximately 10, andt1 /ts
tends to increase as concentration increases and curren
creases, i.e., as convection becomes more important.t1 /ts is
equal toDeff /D, so this indicates that the transport of ions
the cathode is substantially enhanced over what is expe
for a purely diffusive system, and that convection delays
a factor of 10 the depletion of Cu21 ions there. This has als
been observed by others@18,20#, and is consistent with the
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theoretical result of Chazalvielet al. @15# that the combina-
tion of diffusion and convection is described by a nonline
diffusion equation with an enhanced diffusion constant.

The peak indV/dt at time t0 is strongest at high concen
tration and low current, and so this transition appears to
enhanced by convection. One possible scenario consis
with the electrode voltages determined above is that the
of Cu21 ions arriving at the cathode is enhanced by conv
tion to the point that not all of the ions can be reduced
metallic copper at the imposed constant current, and so s
or all of them are only partially reduced to Cu1. This tran-
sition and the oscillations associated with it will be the su
ject of future work. The transition att2 is quite different, in
that the ratiot2 /ts decreases as concentration increases,
the feature is not observed at high concentrations and h
currents.

At t1, the concentration of ions goes to zero at the cath
and the metal aggregate being deposited there become
stable. At high concentrations and low currents, i.e., wh
convection is most significant, the time at which roughne
becomes visible with our imaging system is essentially
same ast1. However, when convection is expected to
weaker, roughness is not visible on the cathode until thre
four times t1. This suggests that convective transport e
hances the growth rate of the instability, consistent with
results of Ref.@34#, in which the growth rate of the instabil
ity at the cathode was found to be substantially larger th
that predicted theoretically assuming purely diffusive tra
port @32#.

As discussed above, the transient drop in the cell volt
immediately after the current is applied appears to be du
least in part to convection, since the slower of the two rel
ation processes that contribute to the transient is observe
the regime where convection is expected to be importa
and has a time scale approximately equal to that charact
ing the convective flow. The other process is faster and
curs at all currents and concentrations; its nature is uncl
One process considered as a possibility was Ohmic hea
of the electrolyte, which would cause an increase in the e
trolyte conductivity and thus a decrease in the cell volta
However, the amount of power dissipated in the electroly
which is of the order of a few mW, is only enough to accou
for a few percent of the observed voltage decrease.

The long-time decrease ofV(t) is approximately linear,
with the average slope proportional toI 2 as predicted by Eq.
~3! @11#. The values of the anion mobility determined fro
dV/dt in this regime are smaller than the tabulated value
zero concentration, as expected@41#. Fluctuations indV/dt
in this regime are due to local details of the growth of t
branched aggregate, with local growth spurts tending
makeV(t) decrease more quickly, and stagnating branc
leading to a slower decrease. However, except in extre
cases it is difficult to convincingly link every wiggle inV(t)
with a particular morphological feature, since the cell volta
involves an average over all parts of the aggregate.

V. CONCLUSIONS

A very general conclusion that can be drawn from th
work is that buoyancy-driven convection has a strong infl
ence on this system, particularly at early times before
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3336 56JOHN R. de BRUYN
appearance of rough growth, and during the initial devel
ment of the instability of the cathode, which leads to rou
growth. Convection delays the onset of the instability by
order of magnitude in time, but also enhances the growth
the rough aggregate once the instability occurs. The in
ence of convection is stronger at high concentrations and
currents.

The rapid increase inV(t) before it peaks and then star
to decrease is due to a sequence of transitions in the cat
processes, including the morphological instability of t
cathode itself att1. The transition att0, prior to the instabil-
ity, appears to be enhanced by convection and is assoc
with oscillations in the cell voltage. It may thus involve o
cillations in the electrochemical reactions taking place at
cathode, perhaps including the reduction of Cu21 to Cu1

rather than to metallic copper. The transition att2, after the
instability, and the location of the peak inV(t), may be
associated with the onset of water electrolysis.

As the branched aggregate develops, it grows appr
mately linearly in time@9,22#, and so the cell voltage de
creases linearly with time. Fluctuations inV(t) in this regime
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are caused by local variations in the growth rate of individ
branches of the aggregate.

This work was aimed at developing some understand
of the interplay among the many processes involved in E
in thin layers through a detailed study of the cell voltag
Both electrochemical and physical phenomena contribut
the complicated time dependence ofV(t). A more detailed
study of the voltage oscillations observed both before a
after the instability of the cathode that occurs at the m
transition would be of interest, as would a more quantitat
examination of the electrochemical reactions associated
the transitions.
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