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In this work, a systemic study of silver electrocrystallization process was performed on a vitreous @&thalectrode in a

medium of 1.6 M NH, 1 KNO; at pH 11. The analysis of current transients, using different theoretical models, shows that the
systematic evolution of electrocrystallization process is observable through the gradual modification of energetic conditions of the
interface by either changing the concentration of electroactive speiie$ to 0.1 M Ag(NH);] or the potential imposed to the
electrode. At low concentrations of electroactive speciesq 3 M) and not so negative potentials, 2D-2D growth of silver may

be observed forming deposits less than the monolayer coverage. At more negative potentials 2D-3D growths are obtained. In this
type of transition, two kinds of silver growth sites are identifiable, first on the VC and afterward, on the recently deposited silver.
At concentrations=10"2 M and less negative potentials, 3D growth of nuclei can be seen, forming deposits far beyond a
monolayer. Their growth is influenced by either diffusion of Ag(3)§1 or the incorporation of silver adatoms into the substrate
lattice, depending on the conditions of imposed potential. At concentratidfis* M and very negative potentials, where the
deposited silver was much greater than a monolayer, 2D growths were found associated with the growth of Ag® on the previously
deposited silver. It is worth noting that this is the first time, that in the same chemical system, the systematic evolution of
electrocrystallization of 2D and 3D stages of nuclei growth on heterogeneous VC surfaces can be observed, through the gradual
modification of energetic conditions at the interface by either changing the concentration of electroactive species or the potential
imposed to the electrode.

© 2004 The Electrochemical Society.DOI: 10.1149/1.1646154All rights reserved.
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In general, electrocrystallization studies reported in the literatureelectroactive species, from very dilute to the concentrated{(1®
are performed at small intervals of applied potential and therefore0.1 M). For each system, potential pulses were applied in a wide
take into account only one type of nucleation and growth in therange(—0.03 to—0.7 V vs. standard calomel electrode, SCE
current-transient response analysis. This type generally fits the
model of three-dimension&BD) growth limited by diffusion of the
electroactive species proposed by Scharifker and Ml the case The studies were carried out in a typical three-electrode cell con-
of a complex response of current transiefmisesence of more than  sisting of a SCE as reference, a graphite bar as auxiliary electrode
one current maximuinthese are not quantitatively analy?&dr the and VC disc with 0.071 charea as working electrode. The system
studies investigating that kind of response are very'tédand only was XAg(NH;-)5/1.6 M NH;, 1 M KNO; at pH 11, withx repre-
show the effect of the electroactive species concentration in nuclesenting different concentrations of complex metallic ion (41 to
ation and growth stages at small intervals of applied potential. In0.1 M). The electrochemical techniques employed were cyclic vol-
these studies, other mod&138 associating transient responses with tammetry and chronoamperometry. Each system of different concen-
simple or multiple growthg(growth transitions are used. These tration was characterized by voltammetry with scan rate of 50 mV/s
models describe two-dimension@D) or 3D growths that comprise  in the potential range between 0.7 +6.7 V vs. SCE. The sweep
different limiting stages, such as adatoms incorporation into sub{otential was always initiated in negative direction. Chronoampero-
strate lattice. Another studyshows a methodology for quantitative metric studies were performed in the same(lAgconcentration
analysis of experimental current transients that display complexange as the voltammetric study, in a wide range of electrode poten-
shapes. tials (—0.03 to—0.7 V vs. SCE)with increases of 20 mV. The study

The aim of this work is to show that after modifying energetic Was always initiated applying a potential pulse in negative direction
conditions of the electrode/electrolyte interface, it is possible to de-for 2 s (for concentrations above TOM, the pulse time was 5 s);
scribe the evolution of electrocrystallization procésscleation and ~ after the potential was reversed to the valuBgnggic
growth changes). It is demonstrated that transient responses may be 0.7 V vs.SCE. On the other hand, before each sequence of per-
analyzed by applying different theoretical models without the limi- turbation, the working electrode was submitted to cleaning de-
tation of a single model commonly reported in the literattit&20-22 scribed in Ref. 11 and 24 which assured realization of each experi-

It is well known that the initial stages of the nucleation are de- ment on a clean surface. A PAR 270 potentiostat was coupled to a
termined by substrate surface properties: Step edges, defects, ag@mputer for data acquisition and analysis by M-270 software.
inhomogeneities. The influence of surface properties on the elec- Results
trode of vitreous carborfVC) in ammonia medium has been de- ) ) )
scribed previousi¥1223therefore that effect is not discussed in this ~ Figure 1 shows typical voltammograms corresponding to the sys-
paper. This work associates the quantity of monolayers formed orfems 102 and 102 M Ag(NH,), obtained at the potential range
the substrate with the type of growth analyzed. Hence its impor-between 0.7 t0-0.7 V vs. SCE at 50 mV/s. In both cases, the
tance, because to our knowledge, there are no similar results rgeeduction peak Cwas detected in the direct sweep potenfiega-
ported in the literature. The study was carried out using a VC elec-ive direction), corresponding to the reduction of Ag()5l species
trode and ammonium baths with different concentrations ofto metallic silver. In the reverse sweep potential, two crossovers are

observed, one at more negative potentials and the other at zero cur-
rent, characteristic of metal deposition onto substrates of different
* Electrochemical Society Active Member. nature. There is also a sharp peak associated with the thorough
Z E-mail: mmh@cie.unam.mx dissolution of metal on the substrate surface. Voltammetric re-

Experimental
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Figure 1. Typical cyclic voltammetric curves obtained in the/M
Ag(NH,;);/1.6 M NH; 1 M KNO; at pH 11 system on vitreous carbon elec-
trode, at two different concentrations of electroactive spe@eg = 1078
(b) x = 10°2 M. The scan potential rate was 50 mV/s.

c221

Table I. Values of conditional potential (E’) as a function of con-
centration the electroactive species AQNH3) 7 .

[Ag(NH3); 1/M E’/V vs.SCE

10 -0.128

10°® —0.068

1072 —0.008

10t 0.052

System: 10*M Ag(NHj)5/1.6 M NH;, 1KNO; at pH

11.—Figure 2 shows potentiostatic current transients obtained in a
solution with 10* M Ag(NH3);/1.6 M NH;, 1 KNO; at pH 11 in
different overpotential pulses between 0.078 ari572 V. All tran-
sients show a similar behavior: first the transient current declined
sharply due to the double-layétl) charging process; after a current
maximum M, observed within the time range of 0.04-0.1 s. At
longer times, the current transients present another maxiviym

On comparing the transients of Fig. 2 with the theory reported in
the literature, this suggests that both maxinvk, (andM,) can be
analyzed by the model proposed by Bewiekal 2>?7 That model
describes the kinetics of electrolytic phase formation at the early
stages of 2D growth determined by the lattice incorporation of ada-
toms to the periphery of a growing nucleus, taking into account the
overlap of nuclei. This model considers two kinds of nucleation
processes, instantaneous and progressive, which can be described by
Eq. 2 and 3, respectively

2mnFMhNKt p( wNOMZkth)
eX|

Jinstantaneous™ b pz (2]
_ _ mNFMhANKG? TAN M2t
J progressive™ P €X| 3p2 [3]

where,N, is the number density of active sitds, is the growth rate
constant of a nucleus, A corresponds to the nucleation rate constant,
M is the molar mass is density of the deposited materiaF; is the
molar charge transferred during electrodeposition laislheight of

the monolayer.

A quick way to demonstrate the applicability of this model to the
transient responses shown in Fig. 2 is to undertake a comparative
diagnosis between the theoretical response, in dimensionless coor-
dinates, of Eq. 2 and 3I{l,, vs. tt,) and the experimental
respons&®?” where |, and t,, are the coordinates of the current

sponses for other systems of different concentrations were similar to
the above-described behavior. It is important to note that the current
response is characteristic of the concentration of the system. Thes= _¢q

results show that the reduction reaction at the electrode in all sys:
tems is the following

Ag(NH3); + e — Ag® + 2NH;,

[Ag(NH;); ]

!: or
E' = E% + 006 log—

[1] ;& 50 -

whereE’ is the conditional potential represented by the Nernst Eq.
1, which depends on the electroactive species[aitd;] concentra-

tions. In this casg,NHz] = 1.6 M andEZ;J(NHS)+,Ago = 0.136 Vvs.
2

SCE.E’ refers to the silver complexes in the ammonia bath. The

-40 -

-120 1

M,

M,

estimated values dE’ for each experimental condition are reported 0

in Table I. More details off’ determination have been reported 0

elsewhere(see Appendix, Ref. 21 In order to made a energetic
comparison, in all cases the overpotentials were considenedu-
ated from imposed potentials and the potentials of Table |

0.05

0.1 0.15 0.2
time /s

Figure 2. Family of current transients for the electrodeposition of silver onto

~ Below results are shown corresponding to the chronoamperometyitreous carbon from 10* M Ag(NH,);/1.6 M NH;, 1 KNO;, solution at
ric study obtained for systems at different concentrations, applying gH 11, obtained at different overpotentiajd/: (<) 0.078,(®) —0.022,(0)

wide range of potentials.

—0.122,(A) —0.322,(A) —0.372,(H) —0.472, andJ) —0.572.
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Table Il. Types of growth, nucleation, and kinetic parameters corresponding to the mechanism of silver electrocrystallization obtained for the
104 M Ag(NH3)§/1.6 M NH3, 1 M KNO system at pH 11, as a function of the overpotentia{xn).?

System 10* M Ag(l)

My M,

" tolm X 10° *h x 106 tolm X 10° *h x 106 Nucleation **h x 106

(V) (Ccm? (cm) (Ccm? (cm) and growth (cm)

0.078 1.94 0.20 1.09 0.11 Transition 0.18

0.028 1.46 0.15 1.12 0.12 2D-2D 0.23
—-0.022 1.57 0.16 1.23 0.13 progressive 0.29
—-0.072 1.74 0.18 1.48 0.15 0.37
—-0.122 1.94 0.20 1.72 0.17 0.43
—-0.172 1.83 0.19 1.95 0.20 0.55
—0.192 1.61 0.17 1.95 0.20 0.57
—-0.222 1.72 0.18 2.04 0.21 0.61
—-0.272 1.89 0.20 2.44 0.25 0.69
—-0.322 1.89 0.20 2.34 0.24 0.67
—-0.372 3.91 0.41 3.82 0.40 1.09
—0.422 3.03 0.31 3.43 0.35 0.98
—-0.472 3.54 0.37 4.52 0.47 1.18
—-0.522 5.54 0.57 4.90 0.51 1.35
—-0.572 6.53 0.68 6.29 0.65 1.56
—-0.122 2.12 0.22 4.04 0.42
—-0.572 2.28 0.24 4.88 0.51

M, M, dl

n A, No; X 1073 kg1 X 10° A, No, X 1072 kgo X 10° Kags X 10° Kges
V) (s (cm™?) (mol cm™2 s} (s (cm™?) (mol cm2s7Y) (Acm™? (s
-0.122 19.04 1.58 33.46 2 0.2 78.1 2.33 90.21
—-0.572 25 1.98 31.62 2.86 0.27 67.08 7.8 109

#The thickness of a monolayer of silver deposited is 26908 cm (this term was evaluated from characteristics paramet€he thickness*(h) of
silver layer was obtained fdr,t,, using Eqg. 6. The thickness of the silver formed ) was evaluated from the charge associated to the defaosa
under the curve of the corresponding current trangient

maximum and,, is the time associated to this maximum. The analy- It also is very important to note that, in the entire range of overpo-
sis of each successive maximuih, and M, (Fig. 2) allows the  tentials (Table 1I), the thicknessh) of the deposit is less than a

association with a progressive 2D growth which suggests a 2D-2Dmonolayer. The m_ono_layer is estimated to _have a thickness_ of 1.59
transition for all of the transient current responses. X 108 cm, considering the number of silver atoms required to

A detailed analysis is presented below of the transient responsegover the geometric area of the electr¢@ed707 cm) and the area
shown in Fig. 2, in order to demonstrate if a 2D-2D transitions may of a silver atom is 9.6 1076 cn?. Therefore, the charge needed

effectively be associated with progressive growth. to form a monolayer (7.3% 10'% atoms) is 1.19x 10°° C.
Considering Eq. 3, the maximum current occurs at a time defined  The reason that this does not strictly obey the product of Eq. 6 is
by due precisely to the fact that there are different contributions to the
2p? 13 total current: the current necessary to charge the gl &nd for the
t = (—2> [4] 2D-2D growth transition, the current which corresponds to 2D pro-
™ | mMZANGKg gressive growth in the maximum; (1,pmw1)) and the current of
) o the 2D progressive growth in the maximuvhy, (Ipp2)). In this
the maximum current density is given by manner, the total current may be represented as follows
2 \13
|m = ZF(MTA'\Aﬂ) hexp(—2/3) [5] Itotal = Idl + |2DP(M1) + I2DP(M2) [7]

In order to separate each of the contributions in the total current
the productl .t yields response, a nonlinear fit of Eq.(3ee details of nonlinear fit pro-
cesses in the Appendixyas made to the experimental results and
_ 2zFphexp(—2/3) presented in its completely developed form in the following equa-

| —_— 6
mm M [6] tion, wherel g4 = Kogs€Xp(— kged) andl,pp are defined for Eq. 3
As may be observed, the produgft,, should be a constant deter- I = Kags€XP( —Kged)
mined by the height of the silver monolayer independent of the 212 2 2.3
electrode potential, concentration and pH. " nFEMh; AN Kot exp( _ﬂM AN Kt ”
Table 1l shows the values of the produgt,, and ofh (height of p 3p?

the deposited laygrevaluated with Eq. 6. It may be observed that
both| t,, andh are relatively constant only up to a certain value of
overpotential(0.078 to —0.322 V). For more negative overpoten-
tials, the product,t,, changes. With this it is demonstrated that over
a large interval of overpotentials, the maxifmg andM, observed At the initial stage of the silver deposition transient, a sharp
in the transient current response may be associated with 2D growttdecline in the current normally occuf&ig. 2). According to the

+

nmFMhpA;N, Kt? mM2A;N, kgt
exp — [8]

p 3p?
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Figure 3. (¢) Experimental current transient recorded a@) n -0.35
= —0.122V,(b) n = —0.572V, for the system 10 M Ag(NH3),/1.6 M
NH;, 1 KNO; at pH 11, and*) a theoretical curve for the 2D-2D nucleation
transition(Eq. 8). Contributions to the transient current from the double layer
charging phenomenorl {) and two consecutive 2D progressive nucleation 025 |
processeslgpp) are shown separately. ’
<
£
literaturel*2 this is related to the electrode dl charging effect initi-  -0.15 |
ated by the potential pulse employed. Although this phenomenon
has been recognized and described qualitatively, a quantitative chau
acterization has rarely been performed. Kolb and co-workers I
showed that such a charging effect can be correlated quantitativel\  _g.¢5 0432
to the adsorption-desorption process of ions on the electrode :
surface'® To estimate quantitatively the dl charge contribution in . —
this silver overpotential deposition, the same approach as'Kolb 0 0.05 1 0.15
was employed. The estimation of the current density contribution time /s

(I'y) in current transients due to the dl charging effect was based o
a It_at;grrr:u(ljr-typfh ads?.rpt:cign-deslpr%‘lé%nlzeqwlllbr:fm _andl ptre(;”touswver on a VC electrode from 16 M Ag(NH3)5/1.6 M NH;, 1 KNO; solu-
established mathemaucal orma ISMS."Froml g, Kags IS related 1o tion at pH 11. The overpotential of the electrode was different; see in the
the total charge of the adsorption proc€gg;s figures.

I?:igure 4. Potentiostatic current transients obtained for the deposition of sil-

lar = Kags€XP( —Kged) [9]

end of Table Il, the value df,t,, for M; andM, is shown, obtained

wherek,gs = Kges Qads from each individual fit, in other words without contributions. In this
In Fig. 3a-b, the result of the nonlinear fit is shown as an ex- table, the parameters found with the nonlinear fit of EGABI{ kg,

ample for two overpotentials-0.122 and—0.572 V. Also, the con- k.4, and k) are also reported, where the subscripts 1 and 2 are
tribution of each of the events described in Eq. 8 to the current ag sed to denote the maxintd,; and M,. The magnitude of these
well as the total currenfthe sum of all of the contributiopsare  parameters show a tendency very similar to those reported in Ref. 11
illustrated. Considering the response for each event, it was observeging 12. The thickness of the silver formett ) was evaluated
that the transient response corresponding to the maxiiyris the  from the charge associated to the depéaita under the curve of
largest contribution to the total current, figf as well as foll ,pp w2y the corresponding current transienThe values obtained in this
during the entire time interval in which thd; was formed. At the  manner are always less than that required to form the monolayer.
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Figure 5. (¢) Experimental current transient recorded a@) m
= -0432V, (b m=-06372V, for the system I6M

Ag(NH,;);/1.6 M NHg, 1 KNO; at pH 11, and*) a theoretical curve for the
2D-2D nucleation transitiotEq. 11). Contributions to the transient current
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The fully developed form of Eqg. 10 is shown in Eq. 11
I' = KagseXP( —Kged)

2nwFMh;N, Kt mMZN, Kt?
p EX - p2

mMZNg Kt?
exp — o7 [11]

+

2nTFMh,N, Kt
+

p

Table Il summarizes the results obtained for this system. It is im-
portant to mention that in this table the valuestgfandl, for the
overpotential range of0.432 to—0.632 are not reported because in
the experimental results it is difficult to appreciate the presence of a
second maximumN,). This becomes evident only after the differ-
ent contributions to the total current have been separated through the
nonlinear fit of the transient current responses of Fig. 4c, in such a
form that the product,l ,, which is practically constant, has been
evaluatedsee Table Ill). In the same manner as the last c&sh,

(the thickness of the deposited sily@ras evaluated. As before, this

is less than that required to form the monolayer, which is in agree-
ment with the corresponding value bh obtained fromtl,,, for
overpotentials from—0.032 to—0.382. At more negative overpo-
tentials,*h as well as** h present values that correspond to the
formation of more than a monolayé3D growth).

System: 10°M Ag(NHj),;/1.6 M NH;, 1 KNO; at pH
11—Figure 6a-b shows potentiostatic current transients obtained in
1072 M Ag(NH3),/1.6 M NH;, 1 KNOj; solution at pH 11, upon
the application of different overpotential pulses in the range of
—0.09 to —0.69 V. The transient responses shown in Fig. 6a, are
similar to the those described by the theoretical model proposed by
Scharifker and Hills->® Their models describe the kinetics of elec-
trolytic phase formation in the early stages when diffusion of the
electroactive species from bulk to the interface is the slowest step of
the process. The growth of the nuclei is considered to be 3D, taking
into account overlap of diffusion zones. The instantaneous and
progressive-type nucleation is described by Eq. 12 and 13

from the dl charging phenomenomg) and two consecutive 2D instanta- nEDY2
neous nucleation processds,d are shown separately. J instantaneous= F,2'[_1,5[1 — exp(—NgmkDt)] [12]
N 8wcM\| 2

Considering the results of Table II, the presence of 2D-2D growth K = [12a]
on the polycrystalline surface ¢¥/C) is confirmed. p

System: 10°M Ag(NHJ);/1.6 M NH;, 1KNO; at pH . ~_ nFD¥ 1 e _ ANgmk Dt? (13]
11—Figure 4a-c shows potentiostatic current transients obtained in Jprogressive™ 17172 2
a solution with 10° M Ag(NH3),/1.6 M NH;, 1 KNO; at pH 11, "
corresponding to different overpotentials betweei®.032 and K — ‘_1 8mcM [13a]
—0.632 V. These responses have complex shapes, different from 9 3 p

each other. Figure 4a-b, for the same transient, shows more than one

current maximum 1, and M,); after the dl charge. Note that the
current ofM,, in Fig. 4b is observed to be constant unlike thaivbf
in Fig. 4a. Figure 4c shows just one maximukh, . All transients

whereD is the diffusion coefficient, and is the bulk concentration
of the silver species. Other parameters were described above for Eq.
2 and 3.

were analyzed using the model described for 2D growth proposed This model is used to analyze experimental transiéfitg. 6a)

by Bewick in dimensionless coordinates from Eq. 2 arfd3.The

and it shows that there is a progressive 3D growth limited by diffu-

analysis reports a progressive 2D-2D transition for the overpotentiakion of the electroactive species from the bulk dissolution toward the

range between-0.032 and—0.132 V (Fig. 4a). The overpotential
range of—0.182 t0—0.382 V (Fig. 4b) shows another 2D-3D tran-

interface (see details in Ref. 21 Figure 6b exemplifies two tran-
sients, one obtained at0.49 V and the other at-0.69 V. The

sition. They are both limited by adatoms incorporation into the sub-current maxima are displaced at short times and cannot be analyzed

strate latticg'see detailed analysis in Ref. 12 and.2¥t overpoten-
tials between—0.432 and—0.632 V (Fig. 4c), an instantaneous

by the above model. Moreover, regarding the shape of the transient
changes(—0.69 V); first there is a current maximum that rapidly

2D-2D transition is present. In Fig. 5a-b, nonlinear fits of two ex- decreases, then a small shoulder appears followed by an asymptotic

perimental current transients are preserited.432 and-0.632 V),

current drop which does not reach zero. This t7pe of transient is

using Eqg. 10 and considering Eq. 2, which describes an instantascarcely reported in the literature. Budevskial 1" consider that

neous nucleation 2Dl ¢p,,9 and Eq. 9 forl g

lotal = ot T l2pingm1) + 2piins(m2) [10]

this kind of response is due to a 2D growth of crystals on the pe-
riphery of the electrode. Table IV summarizes the results obtained as
a function of the potential applied.
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Table Ill. Types of growth, nucleation and kinetic parameters corresponding to the mechanism of silver electrocrystallization obtained for the
10 M Ag(NH3)3L/1.6 M NHj, 1 M KNO; system at pH 11, as a function of the overpotentia(yn).

System 10° M Ag(l)

M, 2D progressive M, 2D progressive
tl *h x 10° tonl *h x 10°
M x10° (cm) X10° (cm) Nucleation **h x 10°
V) (Ccm? (Ccm? and growth (cm)
—0.032 1.43 0.15 1.09 0.11 Transition 0.32
—0.082 1.51 0.16 1.20 0.12 2D-2D 0.38
-0.132 1.68 0.17 1.58 0.16 progressive 0.46
—0.182 2.84 0.29 M, 3D progressive Transition 0.50
—0.232 3.11 0.32 2D-3D 1.00
—0.252 3.87 0.40 progressive 0.73
—0.282 3.17 0.33 0.88
—0.332 3.93 0.41 1.08
—0.382 4.37 0.45 1.42
M, 2D instantaneous M, 2D instantaneous Transition
2D-2D
—0.432 6.09 1.07 instantaneous 1.90
—0.482 7.95 1.39 2.35
—0.532 9.19 1.61 2.70
—0.582 12.07 2.12 3.06
—0.632 14.95 2.62 3.40
—0.432 2.53 0.44 13.31 2.33
—0.632 2.61 0.46 13.52 2.37 dl
Ny, X 1073 kg X 10° No, X 107 kgo X 10° Kags X 10° Kges
% (cm™? (mol cm ™2 s71) (cm™?) (mol cm ™2 s7%) (Acm™? (s
—0.432 0.70 38.85 0.62 10.39 8.9 188.72
—0.632 10.13 10.05 1.08 9.21 9.5 121.24

The thickness of a monolayer of silver deposited is 25908 cm (this term was evaluated from characteristics paramet&he thickness*(h) of
silver layer was obtained fdr,t,, using Eq. 6. The thickness of the silver forméed ) was evaluated from the charge associated to the defaosi
under the curve of the corresponding current trangient

System: 10'M Ag(NH3);/1.6 M NH;, 1 KNO; at pH
11.—Figure 7a-b shows the potentiostatic current transients obtained J progressive™ anz[ 1- exp(
in 101 M Ag(NH3)5/1.6 M NH;, 1 KNOs solution at pH 11 upon
the application of different overpotential pulses in range-6f08 to . . . ) )
—0.75 V. The transient response shown in each figure is differenfAll pParameters mentioned in these equations were described previ-
and depends on the interval of the overpotential. Figure 7a shows &Usly. The values obtained for kinetic parameters of nucleation are
family of current transients corresponding to the potential range offéported in Ref. 11. The transients obtained in the intervat 022
—0.08 to —0.20 V. For all potentials, the rise of the deposition t© —0.35 V (Fig. 7b, é—g) were analyzed by the model proposed by
current as a function of the deposition time was observed. In theScharifker and Hills;>®and Eq. 12 and 13 describes 3D growth of
final stage, the current reached a steady-state condition. Figure 7Buclei limited by diffusion of the electroactive species. The current
shows that the shape of current transients are modified as the applidgnsient obtained at overpotentials betweeh4 and—0.75 V (vi,
overpotential becomes more negative. Within the overpotentialVii), shows that, corresponding to current maximé) occurred a
range between-0.22 and—0.35 V, a current maximum is well Very short time and furthermore these cases are not possible to
defined, whereas at overpotentials ranging fre®.4 to —0.75 V, evaluated through by Eq. 12 and 13, however similar responses are
an increase in current is observed which later decreases asymptotieported for to 2D growth limited by diffusiol.*° Interestingly, in
cally to a determined value different of zero. this case as well as in the previous case of?101 (high concentra-

The transients of Fig. 7a were analyzed using the model pro-tions of Ag(NH;); Species), current transient responses, at more
posed by Armstrong®2® That model describes a 3D instantaneous Negative overpotentials, shows the 2D growth; this behavior is cu-
or progressive nucleation, limited by the lattice incorporation of rious because for these conditiofigh concentrations and more
adatoms, and takes into account the overlapping of growing nuclenegative overpotentigla 3D growth is expected. In order to eluci-
with a specific geometryright-circular cones Each nucleus is date the results, a detailed discussion of Tables II-V is given below.
treated as a well-defined circular cone which grows on a foreign ) )
substrate in a direction parallel to the surface with a rate constant Discussion

(ky). In the direction perpendicular to the substrate surface, nuclei  Tables Il and Il corresponding to I6 and 10° M of Ag(l)
grow with a different rate constant defined ds)( Equations 14  respectively, show that for the overpotential range between 0.078 to
and 15 describe instantaneous and progressive nucleation, respee0.382 V, a 2D-2D transition are described. Furthermore, these
tively, in this model cases were reported to have formed less than a monolayer, not only
— M2CNE2 at less negative potential ranges but also at the intermediate and
1 — ex “ 1% H [14] more negative ranges. The low concentration of electroactive spe-
p2 cies might be the cause of 2D growth on the VC surface. It is

—wMzkaNote‘H

Jinstantaneous= NFKy
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0.8 Table IV. Types of growth and nucleation corresponding to the
019V a mechanism of silver electrocrystallization obtained for the
RN -0.18 102 M Ag(NH3)3/1.6 M NH;, 1 M KNO4 system at pH 11 on
061 | VC, as a function of the overpotential(n).?
-0.16
< -0.14 _ 1072 M Ag(l)
E o4 ] M (V) Nucleation Growth No. of  **ph x 10°/cm
= monolayers
—0.09 Progressive 3D 59 0.94
-0.2 < 009V Controlled
-0.14 by the 65 1.03
diffusion of
—0.16 electroactive 62 0.98
0 - - . : species
0 0.1 0.2 0.3 0.4 0.5 —0.18 70 111
—0.19 71 1.13
time / s
-0.24 Indefinite 2D 72 1.15
-1 Limited
-0.29 by the growth 69 1.10
~031 on electrode 66 1.05
periphery
-0.34 69 1.10
—-0.39 67 1.07
< -0.44 61 0.98
] —0.49 60 0.96
- —0.54 70 1.12
—0.59 62 0.98
—0.69 73 1.16
-02 #The thickness of a monolayer of silver deposited is 1.59
X 1078 cm (this term was evaluated from characteristics param-
0 . : . . eters). The thickness of the silver formetf fi) was evaluated from
0 0.1 0.2 03 0.4 0.5 the charge associated to the depdsitea under the curve of the

corresponding current transienthe charge needed to form a mono-

time /s layer (7.35%x 10" atoms) is 1.19< 107° C.

Figure 6. Potentiostatic current transients obtained for the deposition of sil-
ver on a VC electrode from 18 M Ag(NH3;);/1.6 M NH;, 1 KNO; solu-

tion at pH 11. The overpotential of the electrode was different; see in the
figures.

These results prove the hypothesis proposed for this theory by Hills,
Sharifker, and Mostany regarding the diffusion-limited 3D
growth® At more negative overpotentia(s-0.24 to—0.69 V), the
nucleation and growth are not “defined.” Following with a logical
] o _behavior, for these experimental conditions, a 3D growth is ex-
important to note that the electrocrystallization processes occur ithected, however distinctly transients, similar to those described by
underpotential regiorf0.078, 0.028 V)in the solution of 10* M the model of Budevski’ appear. The shapes of these transients
Ag(l), this is probably due to the specific interaction between the correspond to a 2D growth limited by the substrate environment.
adatoms and substrate, provoked by the coordination sphere of silver |t is important to emphasize that when the(Bgconcentration is
ions[Ag(NH;); ] and the electrolyte (N§J. As the applied poten- 1073 M an instantaneous 2D growth is observed at more negative
tial becomes more negative, the tendency to form the monolayebverpotential§—0.432 to—0.632 V), associated with the growth of
increases, which indicates that new types of growth are induced bilver nuclei on silver. This indicates that for the oM Ag(l)
changes in the potential conditions. The fact that growth zones magystem at the overpotential 6£0.24 to —0.69, the transient re-
be modified through the changes of potential shows that new silvesponse may be related to the nucleation and silver growth on silver.
nuclei constantly develop in energetically preferential sites. This jus-Therefore, it could be speculated that at less negative potentials, the
tifies the progressive nucleation in these cases. It is also likely to beesponsé vs. tis associated with the growth and nucleation of silver
one of the causes of transitions observed in the grd2ihto 2D on VC, whereas at more negative potentials, the growth and nucle-
and 2D-3D). Moreover, the growth transitions may also be attributedation of silver on silver is described.
to overlap effects between the deposited silver nuclei. For more  The results reported in Table Y101 M de Ag(l)], for less
drastic energetic conditionémore negative overpotentials, Table negative overpotentialé-0.08 to —0.2 V), the type of growth re-
II1), the growth of silver nuclei on silver can be observed becauseported is 3D, limited by adatoms incorporation into the substrate
more than one monolayer is formed. Therefore, the type of nucleqattice. Moreover, the number of estimated monolayers is quite
ation probably changes from progressive fA() to instantaneous  |arge, which justifies the type of growth analyzed. Yet, in the de-
(Ag°/AgP). scription of experimental current transients using the model reported
On the other hand, a 3D growth is observed for4® concen- by Armstrond?® it was considered that at very short tinfeglow 1 s,
tration of electroactive specigdable 1V) at overpotentials range Fig. 7) no overlap of formed nuclei takes place. Therefore, for such
between—0.09 to—0.19 V, whereas the number of monolayers and conditions of overpotential, the initial growth of silver nuclei is
thickness of the formed deposit is much greater than a monolayersupposed to take place on MEFurthermore, this model suggests
which justifies the 3D growth. It is also worth noting that the num- that at greater times, overlap effects show up through the formation
ber of monolayers and thickness of the formed deposit are practiof a great number of monolayefsee Table V)that result in the
cally constant at all overpotentials, indicating that once the nucleisilver deposition onto silver. Unlike the 3D growth presented in
have grown and diffusion layers have overlapped, no additionalTable IV, the thickness and the number of monolayers grow consid-
nucleation centers are formed, not even at more negative potentialerably as the overpotential becomes more negative. It is surprising
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-1 Table V. Types of growth and nucleation corresponding to the
mechanism of silver electrocrystallization obtained for the
10 M Ag(NH3)3/1.6 M NH;, 1 M KNO4 system at pH 11 on
VC, as a function of the overpotential (n).2
1071 M Ag(l)
« 7 (V) Nucleation Growth No. of  **h x 10°/cm
£ monolayers
B —0.08 Instantaneous 3D 147 2.33
Controlled
—0.10 by the 132 2.09
—0.12 lattice 191 3.04
_ incorporation
0.14 of adatoms 198 3.14
-0.15 301 4.79
—0.16 250 3.96
: -0.17 262 4.16
time /s ~0.20 332 5.28
—0.22  Progressive 3D 381 6.06
Controlled
—-0.24 by the 429 6.81
diffusion of
-0.25 electroactive 458 7.27
« species
g —0.30 448 7.11
= -0.35 518 8.22
—0.40 Indefinite 2D 526 8.35
-0.45 508 8.07
—0.50 512 8.13
—0.55 513 8.15
—0.60 506 8.03
—0.75 547 8.68
0 1 2 3 4 5 #The thickness of a monolayer of silver deposited is 1.59
time / s X 107 cm (this term was evaluated from characteristics param-
eters). The thickness of the silver formett f) was evaluated from
Figure 7. Potentiostatic current transients obtained for the deposition of sil-  the charge associated to the depdsitea under the curve of the
ver on a VC electrode from 10 M Ag(NH5);/1.6 M NH;, 1 KNO; solu- corresponding current transigenThe charge needed to form a mono-
tion at pH 11. The overpotential/V was different; Fig. 7a(i) —0.08, (ii) layer (7.35X 10" atoms) is 1.19< 107° C.

—0.10, (i) —0.12, (iv) —0.15, (v) —0.17,(vi) —0.20. Figure 7b(i) —0.22,
(i) —0.24, (jii) —0.25, (iv) —0.30, (v) —0.35, (vi) —0.45, (vii) —0.75.

of Ag(NH3); or the incorporation of silver adatoms into the sub-
strate lattice. Likewise, for these concentrations and very negative
verpotentials at which the amount of deposited silver is much
reater than a monolayer, 2D growths are observable, possibly as-
sociated with the growth of Agon the previously deposited silver.

It is worth noting that, for the first time in the same chemical
system, the systematic evolution of electrocrystallization of 2D-3D
stages of nuclei growth on heterogeneous VC surfaces can be ob-
Conclusion served through gradual modification of energetic conditions of the
interface by either changing the concentration of electroactive spe-
cies or the potential imposed to the electrode.

that for overpotentials between0.22 to —0.35 V, a 3D growth
limited by diffusion of electroactive species appears. The nuclei
grow onto silver independent the amount of the monolayers formed®
(Table V); yet, the energetic conditions are such that the process i
limited by diffusion. Once the conditions become energetically more
severe(—0.4 to —0.75), the amount of deposited metal becomes
significant and 2D growth of silver onto silver is observed again.

In this work, a systemic study of silver electrocrystallization pro-
cess was performed on a VC electrode in a medium of 1.6 M ,NH
1 KNO; at pH 11. It was carried out for a wide range of concentra- ~ Centro de Investigacion en Energia assisted in meeting the publication
tions of electroactive specidsAg(NHs);] and the potentials ap- ~ CoSts of this article.

plied. It is important to emphasize that the potential pulst_e times for Appendix
these experiments are shéfrom 2 to 5 s), whereas in the literature . .
the times reported are much longer. Nonlinear Fit Procedure

| d t luate the kineti t £ leati The equations used for the nonlinear fit of the experimental current transients con-
n oraer to evaluate the Kinetic parameters of nucieation and'[ain different parameters that can be varied during the fitting procedure. In this Appen-

growth, it was necessary to establish a methodology for identifica-dix, the nonlinear procedure used in this work is shown for the case of Eas &n

tion and analysis of current transients using different theoreticalexample).

models. As described in the text, the total current for this case may be represented as follows
For low concentrations of electroactive species (100 3 M)

and not so negative overpotentials, it is possible to observe 2D-2D hotar = Tai + 12orms) * 120Am2) (A-1]

and 2D to 3D growths. In these transitions, two types of silver

growth sites were identifiable, first on VC and after, on the recently

deposited silver. Concentrations greater than or equal 6 Wand _ L = Kage®XDl —Kaod) [A-2]

not so negative overpotentials, 3D growth was observed of nuclei

forming deposits beyond a monolayer that depended on the diffusiorand

where
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TNFMhANKSE? p(
eX]

[A-3]

B wANOM2k5t3)
Jopp =

3p2

M, and M, in Eq. 1 correspond to each one maximum in the experimental current
transient and this equation is completely developed as

nmFMhy AN, k5 t? TMZAIN, kG, t®
I = kadsex’xfkdeé) + exX] 3 >
p p
nmTFEMh AN Kot? TM2A,N, Kt
+ ex > [A-4]
p 3p
this equation is parametrized such as 1
2.
I = ky exp(—kot) + [P1P,P3P4t? exp PsP,P3P,t%)] 3.
+ [PgPeP;Pgt? exp(PsPP;Pgt®)] [A-5]
where 5.
nwFMh, s 6.
K1 = Kags, Ko = Kgesy Pr = ———, P, = A;, P3=Noy, Py = kglx
7
8
B M2
Ps = 3p? 9.
) nwFMh, 10.
Pg = Az, P;=Nop, Pg= kg, Pg=—" 11.
12.

Kinetic parametersR,,P,,Ps...... Py) were obtained as a result of the best(fion-
linear regressionof Eq. A5 to experimental data. We performed the nonlinear fit using

the Statistica StatSoft software. This software requires the initial values of each param=>" M .
14. R. Philipp and U. RetteElectrochim. Acta40, 1581(1995).

eter in Eq. A5, and these were estimated considering the following

the maximum current occurs at a time defined by 15.
16.
2p2 1/3
= — A- 17.
tm (TrMZANOkS) [A-6]
the maximum current density is given by 18.
19.
[ F( AmANkGp 1/Bh 2/3 A7
m=2F|— | hexp-2/3 A
the product .t yields 21.
2zFph exp(—2/3)
_ ph exp(—2/3) (A8] 22.

mtm M

Using the experimental current transients, we obtained the different valugs(Ab),
I m (A7), and the product of Eq. A8, for each applied potential; these values are specific

and allowed to fix the initial limits of parameters in Eq. A5. Likewise, the convergence 25,

criterion, means, and standard deviation for the fitting procedure was fixed in a factor of
1074, Furthermore the convergence criterion, means and standard deviation for theg

fitting, the values obtained in this manner, are accepted only when the magnitude ob-
27.

tained forP5, P;, andPg4 parametergsee belowgare equals to those obtained by the
direct evaluation using previously reported values fdr(molecular weight of silver
andp (silver density.

wM?2
Ps = constant value= 110.37= ——

3p 30.

23.

24,

28.
29.

Journal of The Electrochemical Socigtys1 (3) C220-C228(2004)

. nmFMh
P, and Py are defined as equal tep— = 3.1124%x 1¢° h

This procedure allows one to obtain the valueslgf A, ky with physical meaning.
Furthermore, this procedure allows to independently determine valukg aid N, .
This is the importance of this procedure.

The strategies used for the nonlinear fit procedure for different electrocrystallization
processes are more deeply discussed in a previous works.
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