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Physical and electrochemical contributions to the cell voltage
in the thin-layer electrochemical deposition of copper at constant current
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Many different processes affect the voltage across an electrochemical cell during electrochemical deposition
in a thin-layer geometry. | 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 Guséxtrolyte. 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[S1063-651X97)11609-9

PACS numbdss): 81.15.Pq, 47.20.Bp

I. INTRODUCTION gregate. Electrochemical cells are strongly non-Ohmic, and
the behavior oiV/(t) is quite complex. The main results pre-
The growth of branched metal aggregates by electrosented in this paper concern the interpretation of features in
chemical depositiotECD) in quasi-two-dimensional geom- the V(t) data in terms of the physical and electrochemical
etries is an interesting and complex example of nonequilibprocesses described briefly above, and, where possible, their
rium growth [1,2]. In a typical experiment, a thin layer of relationship to corresponding features in the growing aggre-
unsupported binary electrolyte is confined between twagate.
transparent plates. Thin metal foils or wires are used as elec- The cell voltage is a global measure of what is happening
trodes, with the distance between the electrodes much largér the ECD cell, and without additional measurements it is
than the cell thickness. When a current is passed through thmpossible to differentiate between anodic and cathodic con-
cell, metal cations come out of solution at the cathode andributions toV(t). The measurements reported here are for
grow into a branched aggregdt®4]. A variety of different  the most part at early times, from before to shortly after the
growth morphologies have been observed, depending on theppearance and development of branched growth on the
experimental conditiong3—6]. This system has been studied cathode. In the same regime, as discussed below, the only
extensively, with much of the interest centering on the endhings expected to happen at the anode are the gradual
product, that is, on the nature and morphology of the depossuildup of SO~ concentration and the subsequent devel-
ited aggregat¢3—7]. More recently, considerable progress opment of convection there. In this paper we make the as-
has been made towards understanding the interplay amorsgimption, which is consistent with the results of previous
the various electrochemical and physical processes that plagtudies in which the cathode potential was measured relative
a role in these experimenf8—24. lons drift in the applied to a reference electrod®0,28|, that most of the interesting
electric field and electrochemical reactions occur at bottthanges inv(t) are due to cathodic procesde$].
cathode and anode. These reactions lead to spatial variations In the remainder of this section, the processes that con-
in the concentration of ions near both electrodes, which driveribute to V(t) are outlined in more detail. | then briefly
diffusive ion transport there and also lead to buoyancy+eview some of the recent research on this system, with em-
driven convective flowg19-24. Convection can also be phasis on work involving measurements of the cell voltage.
driven by electric fields acting on regions of space chargdhe experimental details are described in Sec. Il, and the
near the tips of the branched aggreddi2—14,21,28 Thus  results presented in Sec. lll. Section IV is a discussion, and
ions are transported in the cell by a complicated combinatiothe conclusions drawn from this work are summarized in
of migration, diffusion, and convection. As well, changesSec. V.
with time in the ion concentrations at the electrodes can trig- When the current through the cell is turned on,?Cu
ger new electrochemical reactions or lead to time depeneations start to drift towards the cathode and,$Oanions
dence in the electrode proces§25—27. All of these factors  drift towards the anode. A potential drop also develops
affect the deposition of metal ions at the cathode, and thecross double layers at the electrode surfaces. In the absence
presence of the metal aggregate itself can in turn affect thef rough growth on the electrodes, charging of the double
processes taking place in the cell. layers takes a few ms, and is fast on the time scale of the
In this paper | report on a series of experiments on theexperiments. When the cations reach the cathode they are
electrochemical deposition of Cu aggregates from aqueouguickly reduced and plate out there as metallic copper. This
solutions of CuSQ. The experiments were performed at results in a region very close to the cathode in which the ion
constant applied current, and the cell voltAgeas recorded concentration is lower than in the bulk8—20. As the con-
as a function of timet. The measurements &f(t) were centration gradient there becomes stronger, diffusive trans-
supplemented by video recordings of the growth of the agport across the depletion region becomes important.
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If the current is entirely diffusive, then for constant cur-

rent densityi, the concentratior(x,t) is given by[30]

0=co- 2o | exgpaon s X qrte Dt
c(x,)—co—ﬁﬁ ex +ﬁerc(x t),
)

where the cathode is at=0 andc(x,0)=c(,t)=cq. Here
n is the ion chargelF the Faraday constant, am the dif-
fusion constant. The concentration at the catho(t) de-
creases with time, eventually reaching zero at the time
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When a branched aggregate exists at the cathode, electro-
convection can occur near the tips of the branciEs-
14,21,23. The electric field in the cell is highest there due to
the shape of the tips and to the high resistance of the deple-
tion zone adjacent to the aggregate. Regions of positive
space charge also exist near the tips, due to the fact that the
anions drift away from the cathode while the cations diffuse
towards it. The field can interact with the space charge to
drive convective flow, which takes the form of pairs of coun-
terrotating vortices bracketing the branch tipl2—
14,21,23,3% This flow transports cations towards the tips
and so affects the growth, and it is strong enough to cause

substantial physical motion of the fine branchas].
The resistance of the electrolyte in the cell leads to an
Ohmic contribution to the cell voltage. This voltage de-

The timet, is called the transition time, or the Sand’s time. Créases with time as the aggregate grows and short circuits
In the present case, migration and convective transport aff€ electrolyte behind its leading edge. It is straightforward
also important and modify these resylts,18. to show that the Ohmic voltage drop across the \gl{t) is

Since the conductivity of the electrolyte goes to zeregs diven by[9]
goes to zero, while the current remains const#ift) must )
diverge att;. In practice the cell voltage increases, or more v :ﬂ_ ('_) t &)
correctly, the potential of the cathode becomes more nega- 0T oA Hloal
tive with respect to the anode, until a new process—for ex-
ample, a new electrochemical reaction — takes over the jowherel is the current through the cetl, the cell length, and
of providing ions to the electrode. The cell voltage then lev-A its cross-sectional area. is the conductivity of the elec-
els off at a new value. Further transition times, and furthettrolyte andu the mobility of the anions. The linear decrease
increases in the cell voltage, can occur as the reactants fef Vo with time is due to the constant growth speed of the
each successive process become depleted. Measurements@igg@regate, which is in turn the same as the drift speed of the
V(t) andts can be used to determine the properties of elecanions moving away from the cathofie,22]. The rate of
trolytes[30], but the utility of this as an analytical technique decrease depends on bathnd the concentratiory, sinceo
is limited by the effects of convection, and also by the factincreases witkc, [37].
that whenV(t) changes, some of the current goes into charg- Fleury et al. [11] measured the cell voltage as a function
ing the double layers, leading to deviations from B), and  of time and identified three regimes: an initial increase in
a smearing out of the transition. This makes it difficult to V(t) before the first appearance of branched growth on the
determinet, precisely. In the present work, we identify tran- cathode, followed by a linear decrease as the aggregate grew,
sition times with inflection points iv(t), i.e., with the times ~ and finally a noisy regime that occurred when the aggregate
at whichdV/dt is a maximum. was very close to the anode. They found the sldpédt in

The concentration gradient that develops at the cathodthe linearly decreasing regime to be proportionalitp as
according to Eq(1) leads to a density gradient, which in turn predicted by Eq(3). Fleury et al. [10,11] also observed a
drives the development of a buoyancy-driven convection rolchange in slope at the morphological transition known as the
(a gravity current near the cathode. At the anode the ionHecker transitiori10]. This transition is due to the arrival of
concentration increases, since SO ions arriving there do a front of increased H concentration from the anode
not come out of solution, and so convection develops thergl0,11,16, which also results in an increase in conductivity
as well. The development of buoyancy-driven convection inand so a change in slope. Another morphological transition,
ECD and the effect of gravity currents on the growth of thehowever, had no obvious signature in thét) data[10].
aggregate have been studied by several grfi®s24. Re-  Similar results were found in the ECD of zinc by Kuhn and
cently Huthet al. [23] have performed a detailed study of Argoul [16], who also noted that the slope in the regime of
gravity currents at the electrodes, in which they measuretinear decrease depended on the growth speed of the aggre-
convective flow velocities by tracking neutrally buoyant par-gate, with faster growth leading to a steeper decrea¥étn
ticles advected by the flow. in agreement with Eq3).

The diffusion-limited growth of a uniform metal aggre- Chassainget al. [28] and Rosscet al. [20] made similar
gate is unstable to a variant of the well-known Mullins- observations, noting an initial transient overshoot in the cell
Sekerka instability[8,31-34. The concentration gradient voltage followed by an increase compatible with Sand’s be-
near a small outward perturbation on the cathode will béhavior. Then came a further increase at a rate slower than
enhanced, and so the diffusive transport of ions toward thigredicted by Eq(1), during which some ramified deposition
perturbation will be higher than to flat regions nearby. As abecame visible, then a kink M(t) after which the ramified
result the perturbation will grow, leading to the developmentaggregate grew more quickly, and finally a linear decrease in
of rough growth. In our experiments the transport of cationsv(t).
becomes diffusion limited when the concentration of ions at  Argoul and Kuhn[27] also studied/(t) curves during the
the cathode becomes zero, so the onset of this instability cahin layer ECD of zinc. They identified several regimes, be-
therefore be associated with the transition titpg18]. ginning with a period of “concentration polarization” during

tg= mDN2F2c3/4i2. (2)
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which V(t) increased due to the decrease(0t). After the 100
transition time they observed oscillations ¥{t) that they
explained as being due to oscillations in the electrochemical
reactions taking place at the cathode, involving the reduction ¢
of Zn?* and H*, the formation of a layer of Zi®H) , on the
electrode, and then the reduction of the/@Hl) , to metallic
zinc. They noted that in general an increase in cell voltage
implied a slowing down of the growth of the aggregate. Cha-
otic variations inV(t) have also been observed for this sys-
tem[26].

Recently Argoulet al. [18] studied the electrodeposition
of zinc at constant current. They used interferometry to study
the development of concentration gradients near the elec-
trodes, and compared their observations with the features 0.01 L L
observed in the cell voltage. A narrow region depleted in 0.1 1
ions was rapidly established very close to the cathode. Al-
though the resulting concentration gradients led to the devel-
opment of buoyancy driven convection near the cathode, FIG. 1. Diagram showing the currents and concentrations of the
which contributed to ion transport, they found that close toexperimental runs. The different symbols indicate which transitions
the cathode the concentratia{x,t) was reasonably well were observed for each run, as discussed in the text. Upward-
described by Eq(1), although with an effective diffusion pointing triangles: only the transition &t was observed,; circles;
constantD . an order of magnitude larger than the expectecgndty; squarest, andt;; downward-pointing triangledy, t;, and
value for ZnSQ solutions. At a time referred to by Argoul t2-
et al. as the “microscopic Sand’s time,” the concentration at
the cathode reached zerd, increased rapidly, and small- periments were performed at room temperature, which was
scale roughness became visible on the interface of the metabt specially controlled.
being deposited on the cathode. OscillationsVift) also The cell was mounted on a rigid aluminum frame and was
appeared. They also identified a “macroscopic Sand'slluminated from below by a white light source made diffuse
time,” corresponding to the time at which large-scale rough-by passing it through an opal glass plate. The cell was im-
ness became visible at the cathode and to the maximum @ged from above with a charge-coupled device video camera
V(t). and a Navitar MagnaZoom video microscope, and the

growth of the copper aggregate at the cathode was recorded

on video tape. Individual images of the aggregate were also
Il. EXPERIMENT captured and digitized every few seconds by a frame grabber

in the personal computer. The field of view was from 5 to 15

The experimental apparatus used in the present work wasam in the direction parallel to the electrodes, depending on
similar to that described previous[2,34. The ECD cell the microscope magnification used, corresponding to a spa-

consisted of two copper foil electrodes 5.1 cm long by 0.025ia] resolution in the digitized images of between 8 and 23
cm thick, separated by approximately 2.3 cm. These werg,m/pixel.

sandwiched between two 5.1 cm square by 0.6 cm thick
glass plates, which were then clamped together. Before each
run, the electrodes were polished with fine emory paper. . RESULTS
Both the electrodes and the glass plates were rinsed with
water and then cleaned with acetone, which was allowed to
evaporate. The space between the electrodes was filled with Figure 2a) shows a typical plot of the cell voltagé as a
solutions of CuSQ in distilled deionized watef39]. A Kei-  function of timet, measured in a run with=2.00 mA and
thley 220 programmable current source was used to providey=0.07 mol/liter. If we make the assumption that the anode
constant cell currents. Over 80 runs were performed withpotential remains fixed during the rgig9], then changes in
electrolyte concentratiort, in the range 0.02 c,<<0.5 mol/  V(t) result from changes in the cathode potential, with an
liter and currents in the range 0.86<10 mA, as shown in increase inV(t) corresponding to the cathode potential be-
Fig. 1. For a given concentration, at high currents the processoming more negative. Figurél8 is a plot ofdV/dt for the
was very fast and accompanied by the formation of numersame run. When the current through the cell is turned on at
ous hydrogen bubbles. At low currents, on the other hand,=0, the cell voltage rises essentially inmediately to a cer-
the process was very slow, and after about an hour air woulthin value, then drops back to a slightly lower voltage over a
begin to invade the cell from the sides, which were notfew secondsV(t) then passes through a minimum before
sealed. These considerations limited the range of currenigcreasing rapidly in one or more steps. These steps indicate
studied in this work. transitions in the electrode processes, as discussed in the In-
The cell voltageV(t) was recorded with a Keithley 196 troduction, and are accompanied by corresponding peaks in
digital multimeter at intervals of from 0.5 to 5 s, dependingdV/dt. Two prominent peaks are visible in Figl?, as well
on experimental conditions. The data were transmitted via ans a weak shoulder on the lawside of the larger peak.
IEEE-488 bus to a personal computer for later analysis. ExThese three features appear in other runs, although their rela-
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FIG. 3. (& V(t) for a run with cy=0.3 mol/liter andl =5.00
—_ mA. Oscillations occur both before and after the main transition.
[%3
~
Z In Sec. Il B results concerning the transition times and
§ the potentials at which the transitions occurred are presented.
> 0 ] Section Il C involves the results of measurements of the
© transient decrease M(t), which occurs at the start of the
runs, and Sec. Ill D concerns the linear decrease at later
times.
-0.1 ' . . B. Transitions

0 200 400 600 ,
In what follows we measure voltages relativeMg;,, the

time (s) minimum value ofV(t) following the initial transient, and
define AV=V—-V,,,. In particular at the transitions,
AV;=V;—V i, Wherei=0, 1 or 2.

The voltages relative t¥,;, at the transitions described
tive strengths vary and not all of them are visible in all runs.2P0Ve are plotted as a function of current in Fig. 4 and as a
In Fig. 2, the largest peak idV/dt is associated with the function of concentration in Fig. 5. Figure 4 shous/,
appearance of rough growth on the cathode. We label thé V1, @ndAVp,, as a function of current for a set of runs
time at which this peak occurs &g and the corresponding With ¢o=0.3 mol/liter. The feature att,AV;) was very
cell voltage as/;. The shoulder before the main peak occursWeak or absent in this set of runs. The error bars shown in
at a time designatet} and a voltage/,. At higher concen- Fig. 4 are pe}sed_on estimates of the uncertainty in the mea-
trations this feature is much stronger, and is associated jpured transition times, and are as large as they are bevause

many runs with the appearance of oscillationsvift). An

FIG. 2. (8 The cell voltageV(t) for a run withcy=0.07 mol/
liter and1=2.00 mA.(b) dV/dt for the same run.

example is shown in Fig. 3, in which two sets of oscillations 1.2 T A T 2] . .

occur, one starting at,=87 s, and one starting later at AD A A 2 A A,

t~150 s. A detailed study of these oscillations, which may 10 ad - A Al

be similar in origin to those observed in the ECD of zinc by s " =

Argoul and Kuhn[27], will be published elsewhere. Finally, 08 | | L ; - .

we label the time and voltage of the peak div/dt that < " -

occurs after the main peak sandV,. This feature does not ~ 06 F * . u + -

seem to be associated with any obvious changes in the <«

growth or morphology of the aggregate. Following the ap- 04 Fo . 4

pearance of some or all of these featuré¢t) reaches a °

maximum valueV,,, after which the cell voltage eventu- 02 + 8 § 2 ° 6 ]

ally decreases approximately linearly, but with large fluctua- 8o ®

tions. 0.0 ! | ] !
Figure 1 shows the currents and concentrations at which 0 5 10 15 20

various combinations of these three features were observed.
At the highest currents, only a single peak was seen in
dV/dt. As the current was decreased at low concentrations, FIG. 4. The changes in cell voltagdV, (circles, AV,
the t, peak appeared after the main peak, while at highe(squarel andAV,,, (triangles at timest,, t;, and at the maximum
concentrations thé, peak became visible befottg. In the  of V(t) plotted as a function of current for a set of runs with
slowest runs at low current, all three features were observed,=0.3 mol/liter.

current (mA)
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20 ; . T T T TABLE I. Cell voltagesAV; (relative toV,,,) and correspond-
ing standard electrode potential§ for the transitions at, andt,,
and for the maximum inV/(t). The AV, vary slightly with current
15 bad . and concentration as shown in Figs. 4 and 5; the data given here are
"‘A‘ representative values far=0.3 mol/liter andl =5 mA. The data
—_ v A A M A labeledV; are standard electrochemical potentials of reactions dis-
> v Iy v A A .
T i cussed in the text.
> g
< L a" I ] AV (V) Ve (V) Ve, (V)
05 u o E to 0.18+0.04 0.16-0.04 0.158
I o p ° © t 0.79+0.12 ~0.45+0.12
n © Max 1.08+0.07 —0.74+0.07 -0.828
)
O 1 | | | 1
0.0 0.1 0.2 0.3 0.4 0.5

' The value of AV, plotted in Fig. 4 decreases slightly
concentration (mol/I) with increasing current. A straight-line fit to the data gives
FIG. 5. The changes in cell voltagaV, (circles, Av,  AVma=(1.12£0.03)—(0.009-0.003), with AV measured
(squarel AV, (downward-pointing trianglgsandAV ., (upward- i volts andl in mA. At 1=2.00 mA,AV,,, decreases ag
pointing triangles at timest,, t,, t,, and at the maximum o¥(t) increases for low concentrations, but becomes approximately
plotted against concentration for a set of runs With2.00 mA. constant at higherc,. The average value oAV, for
Co>0.15 mol/liter is 1.26-0.06 V, consistent with the low-
is, by definition, changing rapidly at the transitions. For thiscurrent value determined from Fig. 4 e§=0.3 mol/liter.
set of runs the resistance of the electrolyte in the cell wag\V, decreases ak increases for low currents, then levels
approximately 1 R, so the initial value of the Ohmic over- out; its average value fd=5 mA is 0.18-0.04 V. At fixed
potential varied from 1 to 20 V as the current varied from 1current,AV, increases slightly with increasirgy, and a lin-
to 20 mA. In contrast, the values of tideV, vary by onlya ear fit to the data plotted in Fig. 5 gives
few tenths of a volt over this range of currents. This indicatesA Vo= (0.14+0.04)+ (0.64* 0.15)c,, wherec, is in units of
that theAV; are not related to the voltage drop across themol/liter. The data forAV; shown in Fig. 4 do not vary
bulk of the electrolyte, but are rather due to other processesystematically with current and have an average value of
which are approximately the same for all runs. The transitiorD.79+0.12 V. At lower concentrations, howevekV, de-
voltagesAV,, AV, andAV, are plotted along with\V,,,,, ~ creases with increasing As a function of concentration,
for a series of runs dt=2.00 mA in Fig. 5. The peak @4y is AV, increases roughly linearly at lowy, and then flattens
absent at lowc,, while at highcg that att, is not observed. out. The average value akV; for c,>0.15 mol/liter is
Figure 2, forcy=0.07, is near the lower limit at whicty is  0.85£0.05 V. AV, decreases with increasirgg but shows
visible. As above, the cell voltage varies by a factor of 20no systematic variation with over the range of concentra-
over this range of concentrations, but the changes ide  tion and current in which it was observed. Representative

are much smaller. values of AV,, AV,, and AV . corresponding tay=0.3
mol/liter andl =5 mA are shown in Table I.
104 — T L S Figure 6 is a log-log plot of the transition timégandt,

for the same data as in Fig. 4, plotted as a functiongt .
A similar plot of ty, t4, andt, for the fixed current data of
1000 Fig. 5 is shown in Fig. 7. In both figures, the line is a fit of
thet, data to the formt;=k(cy/1)2. In all casesty, t;, and
t, are approximately proportional te{/1)?, as predicted by
'5' 2% Eq. (2) for the Sand’s time. Figure 8 is a plot bf against
B 010 a1 '-.:__ co/l for all runs, at a variety of concentrations and currents.
js 8oo gt The data collapse reasonably well onto a single line, indicat-
g 5 ° ing power-law behavior with an exponent of 2:06.05. If
e we identify t; with the time at which the concentration of
. 0 <§urre1not (m1/§) Cu?" at the cathode goes to zero, then we can use(Hq.
9 ] Lo 1 L1 and the fitted value ok to extract a value for the effective
0.0 01 1 diffusion constant. This giveD .= (5.66+0.26)x 10" °
o /1 (mol/l mA) cm?/s for thet; data of Fig. 6, andD=(6.30+0.44)
0 x10~° cm?/s for the data of Fig. 7. These are an order of
FIG. 6. The transition times, (circles andt, (squaresas a  magnitude larger than the value Bf=5.6X 10~° em?/s for
function of ¢ /I for the same set of runs as in Fig. 4. The uncer-0-1 mol/liter CuSQ [40]; normally one would expedD to
tainties in the data are approximately the size of the symbols, anf€crease with increasing concentratigil]. These results
the dashed line is a fit of thg data to a square-law dependence onare consistent with those of Argoet al. [18], who found
co/l. The inset shows the ratios &f andt; to the Sand's time¢,  that the presence of convection led to Sand-like behavior but
for the same data, whetgwas calculated from Ed2) as discussed with an enhanced diffusion constant, and the substantial dif-
in the text. ference betweeD and D indicates that convection con-
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FIG. 7. The transition times, (circles, t, (squares andt, 3 | .
(triangles as a function ot/ for the same set of runs as in Fig. n
5. The dashed line is a fit of the data to a square-law dependence -
oncy/l. The inset shows the ratios tf, t;, andt, to tg, wheret, 2 5 | ]
was calculated from Ed2) as discussed in the text. <‘_
+ |
tributes substantially to the charge transport here. am
Although Fig. 8 shows that on averaggis proportional ™
to (co/1)?, systematic deviations of thg data from the fit- N " - N -
ted line can be seen in Figs. 6 and 7. These can be interpret L ) L L L
to mean thaD . varies with current and concentration. This 0 0.1 0.2 03 0.4 05

variation is illustrated in insets to Figs. 6 and 7, which show

the ratiog; /t for the same sets of runs. Hetgs the Sand’s

time for purely diffusive transport, calculated from Eg) . _
The inset to Fig. 6 shows that the ratios for bagtandt, the vertical axis is logarithmidb) The same ratio for thg, data of

are of order 10. Both have a maximum arourg4 mA, and 79 7-

then decrease linearly for higher currents. The inset to Fig. 7 L .

shows that botlt,/t, andt,/t, increase linearly with in- concgntratlon in the range where that feature is obsgrvgd.

creasing concentration, despite the fact thaitself should Liis very clos_e to _the time at which _rough growth is first

be decreasing withy. On the other hand,/t. is as high as visible with our imaging system. At a timg;s roughness at

30 at lowc,, and decreases relatively rapidly with increasingtN€ ©ne-Pixel level becomes visible on the cathode. Figure
9(a) shows the ratid,;s/t; as a function of current for the

data of Fig. 4, while Fig. @) shows the same ratio as a
function of concentration for the runs of Fig. 5. This ratio is
close to but a few percent larger than one ffet5 mA and

a for co=0.15 mol/liter, but increases for high current and low

concentration (mol/1)

104 UL T T T T TTTTT 1 LI A

111111

1000 E ,! E concentration, which are the conditions under which
- a® 'A'vA‘ ] buoyancy-driven convection is expected to be less important.

> e The fact thatt,;s/t; is close to one over most of the param-
?O eter space studied here suggests that the transitiop iat

associated with the onset of a morphological instability of

the deposit growing on the cathode, and so with the onset of

t
LBLLLLLLLL)
k. 4
[ EEATIT]

10

= . E rough growth. That,;s is always greater thaty can be ac-
o )’3 = counted for by the limited resolution of the imaging system,
C n-% . . . .
B . s . since it takes time for the roughness to grow large enough to
1 L1l ! L1l 1 L) 11 be seen.
0.01 0.1 1 The cell voltage can be calculated for the case of purely
co/1 (mol/I mA) diffusive charge transport. The concentrateim,t) is deter-

mined using Eq(1), and the cell voltage calculated as
FIG. 8. The transition time, vs ¢/l for all runs. Upward- q
o ) = 1= - X , dx
pointing trianglescy=0.02 mol/liter; downward-pointing triangles: V(t)=IJ -~ (4)
co=0.05 moll/liter; circles:co=0.1 mol/liter; diamonds:cy=0.3 0o’
mol/liter; squarest =2.00 mA. The dashed line is a fit of all of the
data to a power law that gives an exponent of 2:005. whered is the length of the cell. The conductivity is a
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FIG. 11. The early-time decay of the cell voltage for a run with
’\(5 0.02 ¢o=0.33 mol/liter and =2.00 mA. For this run the data, shown as
= circles, are well described by a fit to the sum of two decaying
= exponentials, shown as a solid line.
~
> .
T 0.00 [18] to double layer charging damped by the onset of

buoyancy-driven convection, while Rossbal.[20] referred
. to the initial overshoot as a “nucleation peak.” Charging of
the double layer will indeed occur when the cell current is
—0.02 . ! . turned on, as discussed in the Introduction. However, it
0 200 400 600 800 would result in a rounding of the voltage-time curve as the
voltageincreasedto a final value, exactly analogous to the
charging of a capacitor. Since the capacitance of the double
FIG. 10. The cell voltagéa) andd\V/dt (b) for c,=0.2 molfliter  layer is typically 20uF/cm?, the cross-sectional area of the
and! =2.00 mA. The solid lines show the experimental data and the€Xperimental cell was 0.125 cinand the resistance of the
dashed lines are the corresponding quantities calculated from E&lectrolyte(which depended oq,) was on the order of a few
(4), assuming purely diffusive transport. kQ, the RC time constant of the double layers with no ag-
gregate present was on the order of a few milliseconds. Thus
function of concentration and so of positian[37]. Figure this process is very fast on the time scale of Fig. 11, and
10(a) shows measured data for a run with=0.2 mol/liter ~ most likely does not contribute significantly to the transient
andl =2.00 mA, along with the voltage calculated from Egs. plotted there.
(1) and(4). The corresponding values d¥/dt are plotted in The transients for all runs were fitted to a single decaying
Fig. 10b). A value of Dog=7.15% 10°5 cm?2/s, again much €xponential of the formv,+ae”#', and to the sum of two
larger than the expected value, was used in the calculation @<ponentials,V,+ae™#'+ye™®. The decay constantg
give a Sand’s time for the calculation in agreement with theand o, the amplitudesx and y, and the background voltage
value oft;=327 s measured for this run. The calculatedV, Were used as fitting parameters. At low concentrations
voltage has been shifted downwards by 0.4 V to make i@nd high currents the transient was well described by a single
overlap with the measured data. Although there is fair qualiexponential decay, while at high concentrations and low cur-
tative agreement between the measurements and the caldgnts, as in Fig. 11, it was best described by the sum of two
lated voltage, there are features in the data that do not appe@@caying exponentials. Figure (82 shows the time con-
in the calculated results. In particular, the initial transientstants(i.e., the reciprocals of the decay constagtand &)
drop inV, which accounts for at least part of the 0.4 V shift determined from these fits as a function of concentration for
in V(t) mentioned above, is discussed in Sec. Il C below,a series of runs with=2.00 mA. The corresponding ampli-
while the shoulder that appears in baftt) anddV/dt prior ~ tudesa and y are plotted in Fig. 1®). In all cases the
to the main transition is thg, feature. statistical uncertainties in the fit parameters are roughly the
size of the plotted symbols, and significantly smaller than the
scatter in the results. At this current, there is a transition from
one-exponential to two-exponential decay betwegn 0.07
When the current through the cell is turned on at timeand 0.1 mol/liter. Results from a number of concentrations
t=0, the cell voltage very quickly rises to an initial value. It and currents are plotted in Fig. 13. The transient is a single
then decays over a time of order 10 s to a value a few tenthexponential decay above a line given by (18.6+ 1.5)cy,
of a volt lower. This initial transient is visible in Figs. 2 and and the sum of two exponentials below that line.
10, and is shown in more detail in Fig. 11, which is a plot of The time constants and amplitudes of the single-
AV(t) for the first 80 s of a run witlty=0.33 mol/liter and exponential decay appear to be the same as those of the
=2.00 mA. This transient was ascribed by Argatlal. faster of the two decays observed in the two-exponential re-

time (s)

C. Initial transient
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current. The slower process, on the other hand, has a time
0.01 S s L constant of 10-20 s, increasing with increasing concentra-
0.01 0.1 1 tion and decreasing with increasing current.
concentration (mol/1) Thus there appear to be two processes involved in the

transient. At least one may be connected with the develop-
FIG. 12. (a) Time constants antb) amplitudes from fits to the ment of buoyancy-driven convection near the electrodes.
initial transient decay o¥(t), for a series of runs at=2.00 mA.  This will occur for all concentrations, but will be stronger for
The solid squares are the results of fits to a single exponentighrgerc,. The characteristic time scale for buoyancy-driven
decay, while the open triangles are the results of fits to the sum dfiows is 7= 7d/4v 1 Wherev g, is the maximum convec-
two exponentials. Upward-pointing triangles correspond to the slowjye flow velocity. Huth et al. [23] found this time to be
process and downward-pointing triangles to the fast process di%ibou 6 s in acell 0.25 mm thick, the same thickness as used
cussed_ in the text. _Statistical uncertainties in the fit parameters are the present experiments. The data in their p&R&F show
approximately the size of the symbols. that buoyancy-driven convection rolls are fully established
near the electrodes 15 s into an experiment, for experimental
gion. The time constant for this process is about 2 s, is indeparameters comparable to those used in this work. It thus
pendent of concentration within the experimental scatter, andeems reasonable to associate the slower exponential relax-
decreases with increasing current. There is considerable scajtion, which becomes important at high concentrations and

ter in the results for the amplitudes, but no systematic variarw currents, with the development of convective flows near
tion was observed as a function of either concentration ofhe electrodes.

D. Falloff at longer times

® % Equation(3) indicates that/(t) should decrease linearly
with time once the aggregate starts growing on the cathode.

, This is the case in Fig. 2 fdi= 200 s, but the linear falloff is

a more obvious in Fig. 14, for whiclt,=0.1 mol/liter and

. 1=10.2 mA. Figure 15 shows the average slapeof the

linear decrease plotted agaimétfor two sets of experiments

at two different concentrations. We fimde1? as expected,

> L | with the constant of proportionality dependent on concentra-
'_._f tion. Using Eq.(3), the effective anion mobilitys can be

calculated from the slopes of lines fitted to data like that in

’ Fig. 15. The results are plotted as a functiorcgfn the inset

o L , , , to Fig. 15. The values obtained for the three highest concen-

0 04 0.2 03 0.4 trations are equal within experimental uncertainties; their av-
erage value is (2.380.04)x10 % cm?/Vs. As expected
[41], and as noted previouslyll], this is lower than the
FIG. 13. Diagram showing the boundary between the regions ifabulated value of 8.2910"* cm?/V s for the mobility of

which the transient was described by a single- and a twothe SQ;?” ion at zero concentration.

exponential decay. The transient was a single exponential decay The linear decrease M(t) is due to a linear increase in

above the dashed line, which is a fit through the origin to the plottedength of the growing aggregate. However, the decrease in

points. V(t) is not perfectly linear, nor does the aggregate grow

current {mA)

concentration (mol/l)
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FIG. 15. The slope ol/(t) in the regime of linear decrease
plotted as a function of?, for runs withc,=0.1 mol/liter (circles
and cy= 0.3 mol/liter (squares The dashed lines are linear fits to
the data. The inset shows the anion mobilitdetermined from the
slopes of the fitted lines, as a function of concentration.

uniformly or at a perfectly constant speed. If the front of the
aggregate advances more quickly than average, YHegh
will decrease more quickly, while if the front advances more
slowly, V will decrease less quickly. Such detailed features
of the growth lead to fluctuations Ni(t), or correspondingly
in dV/dt. The cell voltage is an average measure of what is
happening within the cell, rather than a probe of local growtt 9
phenomena, so morphological features on a particula
branch, such as a major branching event or even a stoppa ! ! ! .
of the growth of that tree, will not necessarily give a strong 0 100 200 300 400
signature in the cell voltage. Rather, the contribution of suct
events toV(t) will tend to be smeared out by contributions
due to all of the other trees. Nonetheless, in some cases itis 5 16 (a) A composite image of the aggregate grown in a run
pc_)SSible to Iin_k certain events in the growth of the aggregatg,, Co=0.033 mol/liter and =2.00 mA. Starting with the darkest
with features in thev(t) data. shade, the different shadings indicate the portion of the aggregate,
Figure 16a) shows a composite image of the aggregateyhich was deposited during the time intervals 0-40 s, 40-150 s,
grown in a run withco=0.033 mol/liter and =2.00 mA. A 150-220 s, 220-315 s, and 315—40%b3.V/(t) for the same run.
series of 5 images taken at different times have been subrhe arrows indicate the times at which the subimage&)irwere
tracted and the result thresholded to indicate the growth thatcorded.
occurred during each time interval. The horizontal field of

view in this image is 9.1 mm, corresponding to 36% of theyg4) although of course other things could have occurred in
entire cell. Note that the image processing used in this casggions of the cell not shown in the figure. A sudden increase
has re;glted in thelloss of mgch of the fine detalil visible inj, the rate and quantity of branching on the tréae Hecker

the original video images. Figure @ shows the corre-  yansition[10,16)) occurs throughout the cell @t=360 s.
sponding voltage plot. Figure @ indicates that an initial There js no obvious sign of this transition in the voltage
period of uniform growth was followed by the appearance ofq e, despite the fact that it is visually quite obvious.

rough growth. Att~40 s, a large number of trees stopped |t seems clear that the structure in the voltage data in this
growing. This event is accompanied by a small plateau inegime is due to the details of the growth process taking
V(t). For a period around=150 s,V(t) decreases more piace in the cell. However, because the voltage is an aver-
steeply than average. Around this time, two of the treegeq quantity, it is difficult to draw any detailed correspon-
shown in Fig. 16a) stop growing, but there are also major jence between the morphological features and the features in
branching events on two of the surviving trees. Since &he V(1) data except in a few extreme cases.

steeper decrease \(t) implies faster growth on average, it
appears that the branching contributes mor&/¢t) in this
particular case. Similarly around=220 s, the formation of
major branches on some trees is accompanied by a faster The transitions observed in the cell voltage indicate
decrease if/(t). On the other hand, the steepening\i(t) changes in the electrode processes. To get some understand-
which occurs arount=315 s does not seem to be associatedng of what happens at the three transitions seen in this work,
with any particular morphological feature visible in Fig. it is useful to convert our values @V into standard elec-

10

cell voltage (V)

time (s)

IV. DISCUSSION
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trochemical potentials. Standard electrochemical potentialtheoretical result of Chazalviet al. [15] that the combina-
are defined relative to that for the reaction 2H2e” —H,  tion of diffusion and convection is described by a nonlinear
at a standard hydrogen electrode, which is assigned a potedifusion equation with an enhanced diffusion constant.
tial of 0 V. We denote the standard electrochemical potential The peak indV/dt at timet, is strongest at high concen-
of our cathode by the symb®®. Since we did not measure tration and low current, and so this transition appears to be
potentials relative to a reference electrode, we make the agnhanced by convection. One possible scenario consistent
sumptions that, at the start of a run, the electrochemical rewith the electrode voltages determined above is that the flux
action at the cathode is €t+2e~—Cu, and thatv® is  of Cu?" ions arriving at the cathode is enhanced by convec-
equal to 0.340 V, the standard electrochemical potential fotion to the point that not all of the ions can be reduced to
this reaction, when the cell voltage is equalMg;,. Given  metallic copper at the imposed constant current, and so some
the former assumption, the potential errors introduced by ther all of them are only partially reduced to CuThis tran-
latter are approximately the same size as the scatter in thstion and the oscillations associated with it will be the sub-
data for the transition voltages plotted in Figs. 4 and 5. Thgect of future work. The transition d is quite different, in
standard electrochemical potential of the cathode is thethat the ratict,/t; decreases as concentration increases, and
given by V©=0.340V—AV. Representative values & the feature is not observed at high concentrations and high
corresponding to the transitions and \g,,, are shown in  currents.
Table I. At t4, the concentration of ions goes to zero at the cathode

The values ofV® in Table | can be compared to the and the metal aggregate being deposited there becomes un-
electrochemical potentials for other reactions. The standardtable. At high concentrations and low currents, i.e., when
electrochemical potential for the reaction Cu- e~ — Cu" convection is most significant, the time at which roughness
is V9=0.158, close to the observed value\6f att,. That becomes visible with our imaging system is essentially the
for the electrolysis of water, 240+2e” —H,+20H", is same ast;. However, when convection is expected to be
Vv®=-0.828 V, which is close to the values ¢ at botht,  weaker, roughness is not visible on the cathode until three or
and atV,. The electrochemical potentials for these reac-four timest;. This suggests that convective transport en-
tions are listed in Table | a‘g%_ The correspondence be- hances the growth rate of the instability, consistent with the
tween these values and the measured electrochemical potggsults of Ref[34], in which the growth rate of the instabil-
tials suggests that the changes\iit) that occur at these ity at the cathode was found to be substantially larger than
times may be associated with the onset of these electrdhat predicted theoretically assuming purely diffusive trans-
chemical reactions. There is no obvious candidate reactioRort[32].
with V© in the near neighborhood of the value observed at As discussed above, the transient drop in the cell voltage
t,, but as discussed above this transition is associated withignmediately after the current is applied appears to be due at
physicalchange in the nature of the electrode, namely, thdeast in part to convection, since the slower of the two relax-
morphological instability of the growing aggregate, ratheration processes that contribute to the transient is observed in
than a change in the electrochemistry. This instability is trigthe regime where convection is expected to be important,
gered by the depletion of copper ions at the cathode an@nd has a time scale approximately equal to that characteriz-
leads to the appearance of rough growth on the electroddéd the convective flow. The other process is faster and oc-
Popovet al. [42] measured the critical overpotential for the curs at all currents and concentrations; its nature is unclear.
formation of rough copper deposits to be 0.66 V, which isOne process considered as a possibility was Ohmic heating
slightly lower than the average values&¥,, but not incon-  Of the electrolyte, which would cause an increase in the elec-
sistent with the data of Figs. 4 and 5. The nature of therolyte conductivity and thus a decrease in the cell voltage.
transitions is not completely straightforward, however, sincéiowever, the amount of power dissipated in the electrolyte,
the transition voltages vary somewhat with current and conwhich is of the order of a few mW, is only enough to account
centration. for a few percent of the observed voltage decrease.

It is apparent that much of the data presented in Sec. Ill  The long-time decrease af(t) is approximately linear,
are strongly affected by the presence of convection. Convedvith the average slope proportionalltbas predicted by Eq.
tion will be relatively important at low currents, when the (3) [11]. The values of the anion mobility determined from
contributions to the charge transport due to migration and!V/dt in this regime are smaller than the tabulated value for
diffusion are smaller, and at high concentration, when theZ€ro concentration, as expectetl]. Fluctuations indV/dt
convective flows are themselves strongest. in this regime are due to local details of the growth of the

The effects of convection are perhaps most obvious in th&ranched aggregate, with local growth spurts tending to
case of the transition times, and particular]ly On average MmakeV(t) decrease more quickly, and stagnating branches
t, is proportional to ¢/1)? as predicted by Eq2). However leading to a slower decrease. However, except in extreme
the ratio oft; to the Sand’s timet, calculated assuming cases it is difficult to convincingly link every wiggle (t)
purely diffusive transport is approximately 10, ang/ty ~ With a particular morphological feature, since the cell voltage
tends to increase as concentration increases and current devolves an average over all parts of the aggregate.
creases, i.e., as convection becomes more impottahtt. is
equal toD /D, so this indicates that the transport of ions to
the cathode is substantially enhanced over what is expected
for a purely diffusive system, and that convection delays by A very general conclusion that can be drawn from this
a factor of 10 the depletion of Cii ions there. This has also work is that buoyancy-driven convection has a strong influ-
been observed by othef8,20, and is consistent with the ence on this system, particularly at early times before the

V. CONCLUSIONS
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appearance of rough growth, and during the initial developare caused by local variations in the growth rate of individual
ment of the instability of the cathode, which leads to roughbranches of the aggregate.
growth. Convection delays the onset of the instability by an  This work was aimed at developing some understanding
order of magnitude in time, but also enhances the growth obf the interplay among the many processes involved in ECD
the rough aggregate once the instability occurs. The influin thin layers through a detailed study of the cell voltage.
ence of convection is stronger at high concentrations and looth electrochemical and physical phenomena contribute to
currents. . . the complicated time dependence\tft). A more detailed
The rapid increase iN(t) before it peaks and then starts stdy of the voltage oscillations observed both before and
to decrease is due to a sequence of transitions in the cathogger the instability of the cathode that occurs at the main
processes, including the morphological instability of thetansition would be of interest, as would a more quantitative

cathode itself at,. The transition ato, prior to the instabil-  examination of the electrochemical reactions associated with
ity, appears to be enhanced by convection and is associatgge transitions.

with oscillations in the cell voltage. It may thus involve os-
cillations in the electrochemical reactions taking place at the

; ; ; 2 +
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