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Study of Cadmium Electrochemical Deposition in Sulfate Medium
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The cadmium electrochemical deposition process from sulfate medium was studied by means of different electrochemical tech-
nigues in both stationary and nonstationary diffusion regimes. The kinetics of the electrochemical reduction of cadmium on solid
cadmium electrodes was examined and the kinetic parameters are presented, as well as the diffusion coefficient derived from the
different techniques. Temperature has an important effect on the cadmium reduction kinetics, and the activation energy of the
process was evaluated. The electrochemical deposition of cadmium is a complex process due to the coexistence of adsorption and
nucleation processes; the adsorbed electroactive species appears t&,banGdve propose a mechanism for cadmium elec-
trodeposition on solid cadmium electrodes.
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Cadmium is a chemical element of great importance because &1 have been obtained. For cadmium reduction on solid cadmium
the wide variety of its applications such as in rechargeable balterieslectrodes, also a two-step mechanism involving the existence of
and solar energy capture deviéds.the case of solar energy conver- Cd* as an intermediate in the adsorbed 3tdtas been assumed.
sion devices, cadmium is combined with other elements to obtaitHowever, a cadmium reduction mechanism involving one step has
semiconductor materials. These materials can be obtained from @so been propos€dOn the other hand, Hedrighsuggests that the
broad variety of physical chemical, and electrochemical technitfues. cadmium discharge mechanism depends on the applied current den-

Electrochemical techniques to prepare cadmium-based semicogity, and he proposes that a one-step mechanism prevails at low cur-
ductor materials are principally of empirical character because of theent density while a two-step mechanism takes place at high current
lack of precise information concerning the individual electrochemi-density. As is clear, there is no agreement about the cadmium reduc-
cal behavior of the components in the electrochemical solution ofion mechanism, and it remains an open question.
interest. Thus it is clear that a formal study about the alloy formation |n this paper we report and discuss our results on cadmium depo-
process must be, first, focused on the study of the individual deposkition, with the notion that this information will be helpful toward
tion process for each one of the alloy components in the same cherfaths for the preparation of CdTe. Specifically, the electrochemical
ical medium, just as it has been pointed out in Krogersl Lan-  deposition of Cd2 on solid cadmium electrodes from aqueous solu-
dolt's® works. tion using different electrochemical techniques in both stationary

Cadmium has been electrochemically studied for some time, angind nonstationary diffusional conditions is described. The investiga-
the literature about the matter is quite broad. Most of the researcfion mainly focused on the kinetic and mechanistic aspects of the
work has been accomplished by using either mercury or mercurgadmium deposition process and the associated phenomena coupled
amalgam working electrodes and applying different techniques suctp the charge-transfer reactions. In order to avoid electrode contam-
as ac polarography, potential step, current step, faradic impedancgation and uncertainty in the electrochemical data, this study was
and otherg:8 In these kinds of electrodes the cadmium depositioncarried out by using cadmium electrodes preparesitu.
process, starting from either perchlorate or sulfate baths, is a fast
processK, > 1072 cm s71). It is considered that values for the reac- . . .
tion rate constant are abnormally high and, additionally, there is not WO solutions were prepared by using chemical reagents of ana-
a clear explanation concerning the broad variety of values for thevtic grade (Aldrich) an_d triply distilled/deionized water. A solution
charge-transfer coefficient. In some wdtRthe effect of the elec-  ©f 0-2 M CdSQ-8H;0, in 0.5 M K;SO, was used only for prepara-
trode nature on the kinetic behavior of cadmium reduction has beeggn of the working cadmium electrodes while for cadmium electro-

Experimental

investigated and it has been demonstrated that mercury not alwaggemical reduction studies a solution of 0.01 M Cg88,0 in
behaves as an inert substrate, and in some cases reacfion kinetic®i8 M K2SO, was used. In both electrolytes$0, was added until

favored by the presence of mercury. Therefore the high values oghe PH was 2.2.
tained for k are due to the use of noninert working electrodes and__TWo conventional (80 and 250 mL) three-electrode electrochem-

consequently the polarographic results cannot be taken as a found§@! 912ss (Pyrex) cells were used, the larger one being employed in
tion when solid electrodes are employed. In works carried out ort"€ €lectrochemical quartz crystal microbalance (EQCM) experi-

either mercury or mercury amalgam the cadmium reduction mechdn€nts: The electrolytic solutions were purged with nitrogen for
nism has been analyz&HIn this case, most of the authors assume 30 min prior to each experimental series and then kept under flow-

a two-step reduction mechanism involving the existence of an abnd_nitrogen during the experiments.

sorbed monovalent intermedi&té? however, results do not always W0 kinds of working electrodes were used: a platinum rotating
support this assumption. disk electrode (RDE) (4 mm diam) embedded in a cylindrical Teflon

For the cathodic deposition of Cd on solid electrodes only few/0!der (13 mm diam) and for the microbalance sensor, a thin crystal
works are publishe®i15-1%In this case, the cadmium deposition pro- quartz disk (13.2 mm diam). Both electrodes were covered with a

cess was studied by electrochemical techniques such as current st& fdmium thin film for immediate use as a working electrode. The
faradic impedance, and others. It has been established that the red{igl€rence electrode was Hg/38D,/K,SO, (saturated) (SSE, 0.64 V
tion process is affected by selective adsorption of anions, whiclyS-NHE at 25C) and all potentials are referred to this electrode. As

come from the electrolytic bath, and they cause that the depositio{!® counter electrode a platinum gauze was employed. The working
process be kinetically less favorable than on mercury electemperature was f:ontrolled at 250.1°C. When cadmium reduction

trodes!5172%Using this k, values in the range of 18to 1075 cm was studied at different te_mpgratures, the reference electrode was
placed out of the cell, maintained at constant temperatuf€)25

* Electrochemical Society Active Member. and connected to the cell by means of a glass tube (fritted glass in

2 E-mail: tmontiel@mail.cinvestav.mx one end) filled with supporting electrolyte.
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Most measurements were performed using a standard electrgyorks in the literaturé® consider the cadmium reduction as a re-
chemical potentiostat (EG&G PAR, model 273 A) controlled by aversible process. The curves in Fig. 1 show a peak in the measured
computer and coupled to a rotating disk electrode system (Pingurrent density, which is normal in the voltammetric technique under
model AFMSRX). For some experiments an EQCM (Maxtek Inc., nonstationay diffusion conditions. Such a peak is due to the elec-
model PM600) with crystals operating at 5 MHz was used. Theroactive species depletion on the electrode surface, and the magni-
potential at the microbalance sensor was controlled by a potentiostajde of the cathodic peak current densjigy (was increased asid
(Voltalab model PGZ301). too. Besides this, a gradual displacement of the peak potential

Preparation of the working electrodes.—The platinum rotating toward more negative values was observedvess increased. In this
disk electrode was mechanically polished using alumina gi1  Sort ofj-E curves hydrogen evolution is only observable at potentials
followed by cleaning with deionized water and ultrasound to removdower than—1.55 V. . o
the alumina traces and finally the electrode was rinsed with deion-, The measureq,values showed a linear variation with regard to
ized water. The microbalance sensor was treated with 10% HCI sol)t™ - thus pointing out that the reduction process is under diffusion
tion for 10 min and then thoroughly rinsed with water. Both elec-contiol and therefore meets the Randles-Sé¥faiiquation at 25°C
trodes were covered w_ith a cadmium o_Ieposit _(_500 nm thick'ness) pre- joc = 2.69 X 10°n32CEDYAL2 1]
pared under the following galvanostatic conditions: cathodic current P
density 153uA cm™2, deposition time 81 min, temperature 25°C, wheren is the number of electrons involved in the reduction process.
and a rotation rate of the electrode of 1500 rpm. As rotation was ndtleren = 2, C§ is the bulk concentration of the electroactive specie,
possible for the microbalance sensor, a magnetic stirrer was used &ndD is the diffusion coefficient of the same species. From the slope
impose the necessary hydrodynamic regime. This procedure was the j, vs. W2 curve it was possible to estimate the apparent dif-
used to obtain solid cadmium electrodes generated irasituvith fusion coefficient for the electroactive species=[5.3 X 107> cn?
this, contamingon problems (such as oxide formation) are avoided.s . This value is larger than that reported in the literature (8.52
Once the working electrodes were prepared we proceeded to stud@™> cn? s™1) for Cd™2 in a similar electrolytic mediur??

the electrochemical system THCd in the working solution by When the absolute value of the difference between the cathodic
means of different electrochemical techniques. peak potential and the cathodic half-peak potentigl, 1€ Epc/d,
In the case of electrochemical measurements performed at a slowas represented against log v, only foralues lower than fo mV

potential scan rate or in the case of pulsing techniques with long™! such a difference was closer to that expected for a fast system

periods,it was always necessary to use a new electrode to avoid th€9.5 mV at 25°C and = 2)**and only in this condition our results

influence of the electrode surface roughening. In the case of pulsare in agreement with those normally observed in polarographic

techniques with short periods, multiple experiments were performedtudies® i.e., the system is reversible. However, fotavger than

with the same electrode, because roughening was not appreciable100 mV s! the differencel,; — E,¢J was closer to the expected
Results and Discussion value for an irreversible system (47.7 mV at 25iG; 2 and o =

0.5)2*Then,in order to attain a better understanding about the elec-

tro;h:mki);;l% ;Jigg?hreorzgsas' ;:?{g?gtrfé:ZZ'ETE(;r?adthméulri?]ei‘lfc'trochemicaI behavior of C& reduction, a more complete kinetic
p Y 9 study was carried out.

potential scan voltammetry technique in a nonstationary diffusion o ) . o .
regime. Potential scans in the cathodic direction were applied starting The kinetics.—The cadmium electrochemical reduction in station-

from the equilibrium potential in the working solution{-341 V);  ary diffusion regime was studied by using the RDE technique. A con-
the study was made with potential scan ratsn(the range of 5 to ~ stant potential scan rate (2 mv'$ was imposed and the electrode
1000 mV s, rotation rate ¢) was varied from 100 to 1200 rpm. Soj¥e curves

Figure 1 shows voltammograms obtained for some potential scagbtained under these conditions are shown in Fig. 2. At low overpo-
rates. In general, these curves show a quick growth of current at lofentials thg-E curves show a slight dependence with respect to the
overpotentials, which is indicative of favorable kinetics for the electiode rotation rate, but such dependence is more evident at high
reduction process of Cd to Cd. Because of this bewiar several

0
0
B a
b
o 9T i ¢
g N 30
< - Sl
E <
e E
- -18Ff ="
—_ S N
0 6 12
m1/2 / radﬂz 5-1/2
27 - : L - 1.3 -1.25 1.2 -1.15
-1.36 -1.31 -1.26 -1.21 -1.16 E/V
E/V Figure 2. Potentiodynamical curves in stationary diffusion regime for cad-

] ) ) o mium reduction at 2 mV'8; a, 200; b, 400; ¢, 600; d, 800; e, 1000; and f,
Figure 1. Linear sweep voltammograms for cadmium reduction in sulfaté1200 rpm. Inset: Variation of the cathodic limiting current density with agi-
medium: a;30; b, 50; ¢, 70; d, 90; c, 125; and f, 200 m\ts tation.
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overpotentials and different plateaus were observed which correrate equation related to a cathodic process under activation control,
spond to the limiting current densitigg{). The plateau width dimin-  TafeP8 equation

ished as wwas increased. This is because the hydrogen evolution

reaction is favored. This observation can be explained as a result of 0
two effects: first, the FI reduction is favored to produce, Hecause ik = o expg
H, is more rapidly displaced from the electrode surface whén

increased and, second, at the end ofjtBecurve the electrode sur-

face has been modified by roughening (because of the slow potentiahich is a function of the charge-transfer coefficienthe overpo-
scan rate) thus increasing the number of active sites'foed¢tliction. tential m, and the exchange current density deffSeds }, =
These two effects lead to an apparent displacement of the hydrogekaoCo(l*a), wherek, is the rate constant.

reduction to less negative values of potential and, because of this, for The Tafel plot is shown in Fig. 4 and, as can be seen, there is an
o > 1200 rpm, the limiting current density was difficult to define.  overpotential range (—20 to —90 mV) where IQy$. is linear,

The limiting current densities showed a linear variation with just as predicted by the Tafel equation. From the slope of this curve
regards to &2 as can be appreciated in the inset of Fig. 2, whichit was possible to obtain the charge-transfer coefficient 6.65,
means that the cadmium reduction process is limited by mass tranand from the intercept the following values were estimajed
port of the electroactive species. Under these conditions the B&vich 3.41mA cm=2 and k = 8.98 X107% cm s7L. Therefore, the elec-
equation is satisfied trochemical reduction process ofﬁ;?ggn solid cadmium electrode

. T can be classified as quasi-reversaie:

Jiim = 0.620nFB"% llGCO‘”l/Z (2] As was expected, the cadmium electroreduction kinetics on solid
whereF is the Faraday constantis the kinematic viscosity (0.0094 cadmium electrodes is slower than the electrochemi_cal reduction on
cn? 571,27 and the other parameters have the same meaning g&Mercury drop or mercury amalgam electrode. In this work we have
defined in previous paragraphs. From the slope of the Levich-typé’bta'ﬂed a rate constant which is three orders of magnitude lower
plot (inset, Fig. 2) the apparent diffusion cimént for the elec- than in the_ case of_m_ercury electrodes; however, the valug e k
troactie species was evaluated as-[2.19 X 105 cm? s~L. This hawe obtained is similar to the ones reported 1l;rom other electro-
value is a better estimation for the diffusion coefficient and agree§hemical and nonelectrochemical experiments®performed on
well with that reported in the literature from other techniddég. §0_|Id c_admlum electro_des. As regards the charge-tr_ansfer coefficient,
Extrapolating the curve,j, vs.»2to w2 = 0 (Fig. 2, inset) leads 1t 1S difficult to establish a comparison because in each of these
to a nonzero current density value, revealing the existence of othe¥orks the values were different. ) _ )
phenomena coupled to the charge-transfer process which increase It is known that temperature plays an important role in the kinet-

anF [
B Y

the current densitsf ics of electrochemical reactions. Therefore, the temperature effect on

In order to evaluate the kinetic parameters, the current densitie$1€ cadmium electrochemical reduction process was investigated by
free from diffusional effects, were evaluated by plotting * vs. using the RDE technique. Potentiodynamic curves in stationary dif-
w Y2 for several constant overpotentials and extrapolating tofu_s_lon regime were obtained for a w_eII-deflned hydrgdynamlc con-

© 12 = 0, accoding to the equatidid ditionw = 300 rpm and a slow potential scan rate (2 m"Q}.sThese

j-E curves are shown in Fig. 5. In these curves the equilibrium poten-

1 1 161,16 tial of the working electrgde is displaced tow:_:1rd less nega_tive values

= [3] when the temperature is increased. The direct comparison of the

J Jk nFD2/3C0w1/2 curves shows that at low temperatures (curves a and b) an applied
) . o overpotential of —30 m\ith respect to the start of each curve,

~ Some typical curves | vs.o~ Y2 are shown in Fig. 3 for some |eads to a cathodic current of 2-3 mA cwhile the same applied
fixed OVerpOtentla'S arﬁ was _Obta_lned fror.n.the intercepts. From Overpotentia| when the temperature is h|gh (Curves g and h) pro-
the slope of each curve, the diffusion coefficient was evaluated, angyces a reduction current approximately five times higher, thus re-

it was almost the same as that obtained by using the Levich equatiogealing that kinetics is enhanced with temperature increase.
By using the pure kinetic current densitjgfor each overpoten-

tial, it was possible to estimate the kinetic parameters by using th
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Figure 3. Plot ofi 1 vs. & Y2 for some overpotentials: &40; b, —55; c,
—70; and d—100 mV. Figure 4. Tafel plot for cadmium reduction at 25§Cin mA cm 2
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0 regime is observed. However, at long times (not shown in the figure)

a slight increment of the current was obtained which is caused by the
5t nucleation phenomenon, as discussed below.

As potential steps are more negative (curves ¢ and d, Fig. 7), a
a slight mass-transfer dependence of the current is expected, that is to

-10 1 b say,a decay of the cathodic current density with time should be ob-
c served. However, during the first 300 ms the current response in

15 Fig. 7 (curves ¢ and d) shows that this is not the case. On the con-
d trary, after 300 ms the cathodic current shows an increment charac-

. teristic of a nucleation phenomefa32 At higher overpotentials a

maximum in thej-t response appears (curves e to j, Fig. 7) and such

5 f a maximum increases and moves toward shorter times. In these
h
1 1 1

j I mA cm?
S

curves only after a certain time the measured current falls down with
t; this behaior being charactéstic of systems with nucleation under
diffusional control as observed for other metallic syst&hi8Con-
sequentlythe shape of this set of curves indicates that the electro-
35 L L chemical cadmium reduction is initially (curves a-b in Fig. 7) sus-
tained at defects already present at the Cd surface. But at high over-
A13% 13 127 1283 119 115 AN potentials new defects are needed to sustain the high rate of deposit
growth, and these are generated through nucleation, indicating a

9

E/V transition from Stranski-Kossel to Erdey-Gruz and Volmer growth
Figure 5.Effect of temperature on cadmium reduction at 2 mVand » = modes as overpotential (or current density) is incre#fsed.
300 rpm: a, 5; b, 15; ¢, 25; d, 35; e, 45; f, 55; g, 65; and h, 75°C. In order to investigate if the nucleation phenomenon was under

diffusional control we applied the Scharifker's nondimensional

(ilim)? vs. th, analysig® on ourj-t transients (with,, and t, as de-
From the curves in Fig. 5 it was possible to evaluate the activafined in Ref. 33). Figure 8 shows this type of plot for an applied
tion energy E for the reduction process by using the limiting cur- overpotential of-75 mV, and from this figure it is clear that the cad-

rent€® and the Arrhenius equation in the fofin mium nucleation process does not fit to a diffusionally controlled 3D
) CEJRT nucleation and growth model (neither progressive nor instantaneous)
jim = A expfERD (5] thus confirming that cadmium reduction is a complex process. In

. . . Fig. 8, the experimental points are over the corresponding curves for
whereA s the frequency factoRis the universal gas constant, and e pycleation models thus revealing the existence of a coupled phe-
T is the absolute temperature. The activation energy of the diffuomenon which contributes to the measured current. The presence

sional process was evaluatedlfrom.the_slope ofthe pip{ V5. T™*  5f adsorbed species on the electrode surface gives rise to measured
(Fig. 6) as E = 11.86 kJ mol*, which is a reasonable value for a ¢yrrents higher than those expected (for a given nucleation model) in
process under mass-transport conttol. the rising part of the plotg/j(,)? vs. t/t,, as has been discussed in

some paper&3’ Therefore, in our case, a phenomenon like this
ight be possible, and this possibility was analyzed by means of
ther techniques.

For applied overpotentials larger thar285 mV thej-t response

es not any longer depend on the applied overpotential (curve k in
Fig. 7). Then, the typical decay of the current with time is observed,
?nd in this condition the Cottréflequation should be satisfied

Nucleation and adsorption processes.—Coupled phenomena
the charge transfer were studied by using other electrochemical tec
nigues in nonstationary diffusional regime. The chronamperometric
behaior of the cadmium electrochemical reduction was studied bydo
imposing different overpotentials-6 to —348 mV) to the working
electode during different time intervals(8300-3000 ms). Figure 7
shavs some j-tesponses, and at low overpotentials (curves a and b
a current response similar to that obtained in the stationary diffusio
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T -1 X 1 0 3 / K -1 Figure 7. Chronoamperometric curves for cadmium reduction after applica-
) ) ] o , tion of several cathodic overpotentials18; b,31; c¢,35; d,39; e, 43; f, 47;
Figure 6. Arrhenius plot for cadmium reductigg, in mA cm <. g,51; h, 55; i, 59; j, 63; and k, 285 mV.
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Figure 8. Comparison between experimental points for cadmium depositiol
on Cd (*) and the theoretical nondimensional plots for instantan@guand
progressie (@) nucleation models.
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where all the parameters have been defined.

Whenj values were plotted against'? for t > 40 ms, most of

the experimental points followed a linear behavior. But fo40 ms

increased aswas smaller. In this region € 40 ms) the measured
current was larger than that expected according to the Cottrell equ

double-layer charging effects because these are not too high. Cons[

quently, nucleation can be viewed as the most important phenom

measued current. After this, the deposition rate is only limited by on

the diffusional process, and the Cottrell behavior is observed. The
from the slope of the linear part of the {2 plot, it was possible to
estimde the apparent diffusion coefficientBs= 5.68 X 10~° cm?

s~ 1 which is slightly larger than the value previously obtained from
voltammety in nonstationary diffusion regime.

In order to clarify and obtain a better understanding of the pro
cesses coupled to the charge-transfer reaction we continued t
study of the cadmium reduction process by the chronopotentiome
ric technique. In this case cathodic current steps (4 to 128 mA)cm
were imposed to the working electrode during several time intervals
SomeE-tresponses are shown in Fig. 9. In all case&thesponse
has a minimum in the potential immediately after the current pulse

This minimum grows and becomes narrow as the imposed currel>

density is increased. It has been suggested that such kind of mir
mum in theE vs. tresponse may be causegl impurities in either
the working solution or on the working electrode surffdegwev-
er, this is not the case because in this work special care was taki
about this. On the other hand, there are some f8f&is which
that behavior is associated with the discharge mechanism of met
lic divalent ions in two steps, that is to say, fronfMo M*! and
finally to M°. But in this study we found no evidence of such a
sequence. Accding to our results, the minimum in tRet curves is
then clearly due to a nucleation process because nuclei generati
requires additional energy, but once these nuclei have been gener:
ed less energy is required to continue the reduction process and t
electiode potential goes toward less negative values. Milchev an
Montenegrd® hawe previously discussed this situation.

To reinforce this interpretation, the working electrode was sub-
jected to a pulsed current train without stirring. A 10.5 mA &m
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Figure 9. Chronopotentiometric curves for different cathodic current pulses:
a,39; b, 45; ¢, 51; d, 58; and e, 128 mA Tt

cathodic current was applied during 1.5 s followed by a zero current
during 1 s; in these conditions, the electroactive species consumed
during the pulse are regenerated during the zero current condition.
Repeating this sequence producesBiteesponse shown in Fig. 10.
The start of the experiment is attl s; before this time the work-

ing electrode is only stabilized. When current is applied,Bfte
response shows transition time} \{ith the first one larger than the

"second one and so on. This meang tegeneration of the elec-

troactive species at surface level is not complete, even though the

tion. As deviation is large, such behavior cannot only be attributed t(;ﬂectlode potential is completely recovered during 0. On the

other handthis behaior could be indicatig of the existence of elec-

Foactive species in the adsorbed state on the working electrode.

Fig. 10 is the observation of a minimum in thedtxtve (point A)
ly the first transition time, such as that observed in the curve series

n Fig. 9. This means that the nucleation process certainly occurs but

once it takes place subsequent pulses simply result in deposition on
the previously formed nuclei. This behavior eliminates the possibil-

1.1
A

13}
i

15

_1.7 1 1 1 1

0 2 4 6 8 10
t/s

Figure 10. Potential-time response after application of a cathodic pulsed cur-
rent:10.5 mA cmi2during 1.5 s and 0 mA c¢h? during 1 s.
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ity of impurities in solution as a cause for the observed effect ani 8

besides this, the possible existence of §fpecies as intermediates in

the reduction mechanism can be rejected because in such cases

minimum in theE-t response should be observed in all the patterns

of successive galvanostatic pulses. 7] 6T
After these considerations, transition times showed in Fig. 9 wer &

corrected by subtracting the time associated to the nucleation step. &

the cadmium reduction process is limited by diffusion, the %and ©

equation must be satisfied 4

. nFDY2rY2C, 7
T oz

and this means that the plovs. t~2 must be linear. Figure 11
shaws this kind of representation where a certain linear behavior i
obtained but only for relatively larger walues (left side in the

jt l mA

graph), that is to say, at lowplues. The deviation observed in the 0 t — — — —
experimental data (curve a, Fig. 11) at smadl because of the high

contritution from the nucleation step and even thoughrtiielues 0 001 002 003 004 005 006
were corrected (curve b, Fig. 11),was not possible to get good A 2 A

agreement with the Sand equation in such a region (curve c, Fig. 11 i /cm"mA

From the corrected data (curve b, Fig. 11) 70 mA cm 2 it
was possible to obtain the apparent diffusion coefficient of the cac
mium species in the working solutioD, = 4.53 X 10 % cn? s 1,
which is similar to those obtained from the other nonstationary tech
niques,and this is closer to the RDE value.

Figure 12. Plot ofr vs. [ for cadmium reduction.

using two electrochemical techniques in nonstationary diffusion
Our chronopotentiometric results allowed us to analyze the pOS[eglme:the linear potential scan voltammetry and the electrochemi-

. 16 /
sible existence of adsorbed electroactive species on the electro§@! duartz crystal microbalan€&® By coupling these two tech-

surface. This was done by plottijigvs. j * (Fig. 12) according to nigues it was possible to obtain, simultaneously, both the electrical
the equétiof‘f‘ ' ' response (voltammogram) and the corresponding deposit growth as

a function of time. The potential scan rates were varied from 2 to 50
n2F21TDC62 mV s™1, and Fig. 13 shows the result for 2 m&s
4—j + nFl, (8] Curve 1 in Fig. 13 shows a fast current increasing at the begin-

ning of the potential scan but, in spite of the high current density, the
wherel ', is the amount of adsorbed species. Figure 12 shows a lindeposit thickness (8) is not modified (zone A, curve 2). This behav-
ear dependence between jr andyvhich means that both dissolved ior is due to the electrochemical reduction of the adsorbed sfécies,
and adsorbed electroactive species are reduced; however, the aalready quantified by the quartz crystal microbalance sensor. The B
sorbed electroactive species are not totally reduced to Cd befomegion in curve 2 corresponds to reduction of the electroactive
reduction of the dissolved (C8) species start®44From the inter-  Species existing in the electrode vicinity, and, once the process is
cept in Fig. 12 the amount of adsorbed electroactive species wdinited by diffusion, a peak appears in curve 1. The C region in curve
evaluated as J'= 1.31 X 10~% mol cm 2, which is less than the 2 corresponds to the diffusion-limiting step, which implies a slight-
necessar quantity to form a monolayer. This value is small, and we ly lower deposition rate. For potential scan rates up to 30 TAMts
decided to apply another technique in order to confirm such a resulis still possible to observe the three zones in the thickness-time curve

Another evidence for the existence of absorbed electroactivéut at higher potential scan rates the A region is shortened and the B

species on the electrode surface was obtained by simultaneousind C regions are superimposed.

jT=

140 110 0

90

70

5/ nm
j I mA cm?

10

0 : ! -10
0 4 8 12 70 60 5 40 30 20 10 O
12 g t]s

Figure 11.Sand plot for cadmium reduction: a, experimental transition Figure 13. Linear sweep voltammetry for cadmium reduction at 2 mvV s
times; b, nucleation-corrected transition times; ¢, Sand equation. (curve 1) and the corresponding growth of the deposit thickdgssyve 2).
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The necessary time to observe a variation in the deposit thickness CINVES TAMPN assisted in meeting the publication costs of this article.

in Fig. 13 (curve 2) is approximately 5 @rkhis time interval, inte-
gration under curve 1 (same figure) gives the charge associated tg
the adsorbed species reduction (0.37 mC3mand with this value 2.
it was possible to obtain the amount of adsorbed speCjes;

1.92 X 1072 mol cm 2 (coverage degreg = 0.87). This value is

3.
4,
; ) ; 5.
close to that obtained in chronopotentiometry and also corresponds;
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