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Abstract Nucleation and growth of silver, electrodeposited
from water—acetonitrile (CH3;CN from 0 to 100% by
volume) mixed solvents on glassy carbon electrodes, was
studied by means of double-sweep voltammetry, current—
time transients (CTT) and scanning electron microscopy
(SEM). The effects of the addition of the specifically
interacting tetrabuthylammonium cation were also investi-
gated. From voltammetries, the formal potential, the
nucleation potential and the cathodic current efficiency
have been evaluated as a function of the mixed solvent
composition. The key role on nucleation kinetics of
transferring Ag' from the bulk phase to the CH;CN-
enriched electrode/solution interphase has been highlighted.
CTT transients were described by a model combining
instantaneous and progressive nucleation mechanisms.
SEM images highlighted the effects of the presence of the
organic solvent, which yields to a more regular growth, and
of the quaternary ammonium salt, which exhibits grain-
refining properties.
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Introduction

Electrodeposition of silver from cyanide solutions is a
common industrial practice [1-3]. This kind of bath plating
assures a high quality of the deposits, but is highly toxic.
Thus, an extensive search has been made for satisfactory
alternative electrolytes [4—6]. Silver electrodeposits pre-
pared from AgNO; solutions prove to be very different
from those obtained from cyanoalkaline baths and typically
degenerate as dendrites [7-10]. The deposit quality can be
improved with suitable additives, chiefly organic [4, 10];
nevertheless the standard of cyanoalkaline baths cannot be
paralleled at the time of this writing. Despite their poor
decorative quality, the studied deposits have larger surface
areas and can be used as catalysts with interesting chemical,
energetic and environmental applications.

Recently, the use of nonaqueous or mixed solvents gained
a growing interest because they offer an alternative route for
several electrochemical processes, allowing limited influ-
ence of water-related electrochemical reactions as well as the
possibility of solubilising many organics [11, 12]. The study
of the interfacial electrochemistry of Ag/H,O/CH;CN
systems has received some attention in the literature [13—
15]. However, limited research effort has gone so far in the
electrodeposition from nonaqueous phases [16—18]. In [19],
a selection of nonaqueous-solvent based plating systems—
specifically for iron-groups metals—has been reviewed.
From electrodeposition and related literature, it results that
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acetonitrile (CH3CN) with quaternary ammonium salts as
supporting electrolytes are promising electrolytes for metal
electrodeposition [14, 18, 20].

Of course, nucleation and growth kinetics are critical for
the understanding and control of the physicochemical
properties of the electrodeposited materials [21-23]. The
kinetics of the electrochemical nucleation of silver from
aqueous solution on glassy carbon [22, 24] and other
electrodes [25, 26] was extensively studied. Particular
interest was devoted to the influence of temperature [24]
and to rationalise the spatial distribution of nuclei [25]. The
most frequently employed technique for these studies is the
potential step method (see, e.g. [23, 27]). For mechanistic
nucleation studies, different models were used, among
which [22, 27-32].

Electrochemical nucleation studies of Ag in mixed
solvents have not been published before to the best of the
authors’ knowledge. The selection of these systems for the
present study stems from their prospective applications in
electrocatalysis (e.g. [33-39]). Furthermore, the use of
mixed solvents represents a new and exciting field of
investigation for electrocrystallisation, with many important
theoretical implications as well as potential technical and
industrial applications. In the present paper, we study the
nucleation of Ag onto glassy carbon electrode (GCE) by
electrochemical methods (cyclic voltammetry and potentio-
static current transients) and the nucleation and growth
morphology by scanning electron microscopy. Moreover,
the effect of the addition of tetrabutylammonium perchlo-
rate to mixed solvents was investigated.

Experimental

The solutions used were NaClO,4 0.1 M and AgNO5 10 mM
with CH3;CN in volume fractions varying from 0% to
100%. To this solution, tetrabutylammonium perchlorate
(TBAP) 10 mM was added. The solutions were prepared
with analytical grade chemicals supplied by Fluka and
Aldrich, 99.8% HPLC-grade acetonitrile and ultra-pure
water with 18.2 M) cm of resistivity from a Millipore-
Milli-Q system.

Double-sweep voltammograms and current—time transi-
ents were recorded with a computer-controlled AMEL 5000
potentiostat. The working electrode was an AMEL 492/
GC3 glassy carbon disk (3 mm diameter) embedded in a
Teflon cylindrical holder. After each measurement, the
glassy carbon was stripped chemically by immersion in
concentrated HNO; and electrochemically by applying an
anodic potential of +750 mV vs Ag/AgCl for a few
minutes; an outstanding degree of reproducibility was
obtained. A graphite bar with an exposed area of 7 cm?
was used as counter electrode. The reference electrode was
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an AMEL Ag/AgCl containing a 3 M KCl separated from
the electroplating solution by a porous ceramic interliquid
junction. The reference electrode tip was placed at a
distance ca. 5 mm from the working electrode. All
potentials in this paper are reported vs Ag/AgCl for ease
of reference. The voltammograms were recorded in the
potential range +750 through —250 mV, with a scan rate of
10 mV s

The samples for scanning electron microscopy (SEM)
were electrodeposited galvanostatically at —1 mA cm > for
60 s from the solutions indicated above. The morphology of
the samples was studied with a Cambridge Stereoscan 360
SEM. The electron source was LaByg; the electron detection
was carried out with a scintillation photodetector.

Results and discussion
Double-sweep voltammetry

In order to extract information on nucleation, the potential
sweep was initiated at the anodic terminal voltage of
+750 mV. For each bath, three replicate experiments were
performed. The voltammetric behaviour of the Ag bath
containing different percentages of CH3;CN, without and
with TBAP, is shown in Figs. 1 and 2, respectively. In each
voltammogram, two distinct voltammetric peaks, one
during the negative going scan and one during the reverse
scan, were clearly resolved. Silver deposition is evident by
the appearance of a reduction peak in the range from +250
to +45 mV, the peak position depending on the percentage
of CH;CN. In the positive going scan, the stripping peak of
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Fig. 1 Double-sweep voltammograms for Ag electrodeposition from
solutions containing NaClO4 0.1 M and AgNO; 10 mM, CH;CN in
the volume fraction indicated. Working electrode: glassy carbon disk.
Scan rate 10 mV s
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Fig. 2 Double-sweep voltammograms for Ag electrodeposition from
solutions containing NaClO4 0.1 M, AgNO; 10 mM and TBAP
10 mM, CH3CN in the volume fraction indicated. Working electrode:
glassy carbon disk. Scan rate 10 mV s~

the Ag previously deposited on the working electrode lies
in the range from +570 to +280 mV, also in this case
depending on the mixed solvent composition.

In Fig. 1, the voltammetric peaks appear bigger at higher
percentage of CH3CN. This fact can be explained as due to
variation of mass transport in the different solutions. In fact,
the viscosity of CH3CN is 38% of that of water, yielding a
higher diffusion coefficient of silver. In the presence of
TBAP (Fig. 2), smaller peaks are found, not depending on
CH;CN content. This can be due to the increased viscosity
of the solution due to the addition of TBAP [40].

In these voltammograms, a clear “cross over” of the
anodic and the cathodic part of the cycle is noticed at
potential £, denoting the presence of nucleation [23, 41,
42]. From these voltammograms, the formal potential E,
(estimated from the potential under zero-current conditions,
E), the nucleation overpotential 7. (estimated as 7.=E;—E)
and the cathodic current efficiency have been evaluated for
the silver electrodeposition baths with different amounts of
CH;CN.

A regular shift of E, towards more negative potentials is
found upon increasing the percentage of CH;CN, in both
systems without and with TBAP (Fig. 3). The addition of
TBAP to the solutions gives rise to a further shift of E,
towards slightly more negative potentials. In Fig. 3, the
mean values 1 SD—estimated from the three replicate
experiments—are reported.

The change of nucleation overpotential, 7., upon varying
the CH3CN volume fraction from 0 to 100%, is not
monotonic, but a minimum can be observed at 75% and
50% for the system without and with TBAP, respectively

(Fig. 4).
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Fig. 3 Formal potential £1 SD, estimated from double-sweep
voltammograms obtained on glassy carbon electrode from solutions
containing NaClO4 0.1 M, AgNO; 10 mM, as a function of CH3;CN
percentage, without or with TBAP 10 mM. Scan rate 10 mV s~

As far as the cathodic current efficiency is concerned
both in the systems without and with TBAP, the value of
this quantity has been found to increase systematically from
ca. 65% to ca. 95% with the increase of the content of
CH;CN. The addition of the organic additive does not
modify substantially the estimated values.

The shift in the E, value towards more negative
potentials with the increase of CH3;CN% can be explained
with the fact that, in the presence of CH;CN, the surface
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Fig. 4 Nucleation overpotential £1 SD, estimated from double-sweep
voltammograms obtained on glassy carbon electrode from solutions
containing NaClO4 0.1 M, AgNO; 10 mM, as a function of CH;CN
percentage, without or with TBAP 10 mM. Scan rate 10 mV s .
Fitting lines obtained with the model reported in [11, 45] approxi-

mated to the second order
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oxidation starts at less positive potentials than in the
aqueous solutions [14]. According to the theory described
in [11], in mixtures of water with solvents of lower Lewis
basicity—such as CH;CN—the organic component of the
mixed solvent is preferentially adsorbed on the electrode,
and the electrode surface may be largely covered by
adsorbed organic molecules, even at relatively small
concentrations of the organic solvent in the bulk. Therefore,
the electrode surface layer will be preferentially populated
by molecules of the organic solvent, while the reactant still
contains water in its solvation shell. Transfer of silver from
the solution phase to the metallic cluster can be described
with the following model (Fig. 5):

+ +
Agwater+CH3CN - AgCH;CN - Agadatom - Agcluster (1)

According to this model, elaborating on [43, 44], the
Gibbs free energy of formation of a three-dimensional
cluster consisting of N atoms, with N>0, as required by
[43], can be given by:

AGio = NAGy — Nzen, + ¢(N) (2)

The first term accounts for the free energy of transfer
[11] of N Ag" cations from the bulk of the mixed solvent to
the electrolyte in contact with the electrode that, at
equilibrium, is composed of pure CH;CN [14]. The second
term accounts for the transfer of the N atoms across the
double layer at the crystallisation overpotential 7; the third
term accounts for the increase of the surface energy due to
creation of the surface of a cluster.

O(N)=Ses(c — B) + Z 0:Si (3)

where o is the specific surface energy, 3 is the cluster—
substrate interaction per unit contact area, and then, Scs(o —
0) is the surface free energy of the cluster—substrate
interface and Y o0;S; is the surface free energy of the
cluster—solution 'interface [44].

Fig. 5 Sketch of the model
adopted to describe the transfer
of silver from the solution phase
to the metallic cluster

AG (Ag+waler +CH3CN _>Ag+CH3CN)
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Assuming a hemispherical deposit having radius 4,
made up of N atoms having radius a,

9(N)=na*N*(30 — B) (4)
So,
AGi: = NAGy — Nzen, + ﬂazN%(?)O' ) (5)

The maximum of AG(N) corresponds to the size of the
critical nucleus N, for N > N, further growth of the cluster
is connected with a decrease of the free energy and
proceeds spontaneously. From Eq. 5, the nucleation over-
potential 7. can be written as:

L 2 (30— B)na?
Ne = ze (AGtr + 3 \/[3]]\[ > (6)

As reported in [11] and in the references therein, the
change of AG, with solvent composition typically has a
maximum. Measuring AG,, for the water-CH3CN system
with added AgNOj is beyond the scope of this paper, but
we conjecture that such a maximum exists also in this case
on the basis of published data on water—CH;CN solutions
in the same compositional range, with dissolved Mn*" [45].
Assuming the size of the critical nucleus a property of the
material, then a maximum in AG, corresponds to a
maximum in 7.. The experimental data can be fitted with
the model reported in [11, 46] approximated to the second
order. It is worth noting that Eqgs. 2—6 contain purely
thermodynamic information and that, in particular, ion
transfer is treated according to the thermodynamic theory of
Galus [11]. Furthermore, the electrode potential will depend
on the activity of silver ions in the CH5CN layer, which, via
AGy, is of course also depending on the activity of silver
ions in the mixed solvent bulk.

The systematic increase of the cathodic current efficiency
is probably due to powder formation related to dendritic
growth during the cathodic scan. Dendritic growth is in fact
inhibited by CH3CN addition, as confirmed by SEM images

Ag ] GC

AG (Ag+CH3CN %Ag adamm) AG (Ag adatom — Ag clusler)
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reported in a following section, as well as by the presence
of powder in the cell at the end of the voltammetric
experiments.

Current—time transients

CTTs were measured in order to study the Ag nucleation
mechanism of the electrodeposition systems of interest onto
GCE. Figure 6 shows a typical set of current transients
(selected from our complete set of CTTs measured with
different solvent compositions and overvoltages), recorded
at different potentials for a content of CH;CN of 75%. The
shape of the experimental current transients is similar to
those described by many cognate experiments and pre-
dicted by several mathematical models based on mass
transport as the rate determining step (e.g. [27, 29]). During
the data elaboration, two probable causes of distorted
results should be taken into account: a component of
double-layer charging that dominates the initial part of the
recorded data [23, 31] and instrumental limitations if the
data-sampling rate is slower than the rate of current
variations. The rising portion of our experimental transients
is invariably in very good agreement with either instanta-
neous or progressive nucleation models, but the descending
portion of the transients is generally higher than the one
predicted by theory due to electrode roughening (Fig. 7).
In order to compare the electrodeposits obtained from
mixed solvents of different composition, we adopted a
simple purely phenomenological model (Eq. 9) based on
one of the many available literature models that is
compatible with our system. Equation 9 is meant as mere
data description tool in terms of a single parameter. Among

-4 4
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-84
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Current density / mA cm™
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Fig. 6 A set of experimental current density transients recorded in a
solution containing NaClO4 0.1 M, AgNO; 10 mM and TBAP
10 mM, CH;CN in a volume fraction of 75%, for different
overpotential step values indicated in the figure
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Fig. 7 Nondimensional Pl2 vs it plots from potentiostatic
nucleation transients. Scatter experimental data recorded during a
potentiostatic current transients at 7y=—300 mV in a solution
containing NaClO4 0.1 M, AgNO; 10 mM and TBAP 10 mM;
CH3CN in a volume fraction of 75%. Dashed line instantaneous
nucleation; dotted line progressive nucleation; solid line fitting of the
experimental data using Eq. 9 (see text)

many essentially equivalent models [e.g. 27-32, 47-52], we
chose those described in [27, 47] where the growth of
nuclei is considered to be 3D, taking into account overlap
of diffusion zones. For 3D nucleation with crystal growth
controlled by localised hemispherical diffusion, the instan-
taneous and progressive nucleation types are described by
the Egs. 7 and 8. Normalised variables i/i,,, and #/¢,, are
derived using experimental values for i, and #,,, the current
and time at the current density maximum.

2 1.9452 A\ 1?
R it —1.2564 7
= |ee( 1) Y

2
2 1.2254 t\°

From the time behaviour of the transients and from the
position of the current density maxima, the following
conclusions can be drawn: (a) The transients are faster
with the increase of the content of CH;CN, and (b) the
current density maximum of the transient is anticipated with
the increase of the cathodic overvoltage. For comparison,
the times corresponding to the current density maxima
of the transients for solutions not containing TBAP are
reported in Fig. 8. The same behaviour has been essentially
found in the solutions with TBAP. Comparing the current
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Fig. 8 Time corresponding to the current density maxima estimated
from potentiostatic transients recorded in a solution containing
NaClO4 0.1 M and AgNO; 10 mM, without or with TBAP 10 mM,
with the indicated CH3CN%, as a function of the cathodic over-
potential applied

peak of the transients (Fig. 9), higher values are observed
upon increasing the CH;CN% and by adding TBAP to the
solutions, with particular effect for the solvents with higher
CH;CN%.

The nucleation mechanism has been evaluated using
Egs. 7 and 8. Indicating as 7 the weight of instantaneous
nucleation, the optimised nucleation mechanism has been
estimated by combining Eqgs. 7 and 8:

2 1.9452 ?
oy l2 {1 - exp<—1.2564i)}
2 t/tm Im

1.2254 NI ©)
+(1-W) i 1 — exp —2.3367<t—>

In the solutions with 100% of CH;CN, only instanta-
neous nucleation can be observed in the investigated
potential range. With mixed solvents, W has been found
to vary with CH3CN% and potential. At lower over-
voltages, the instantaneous nucleation mechanism is dom-
inant, whereas at higher ones, the progressive mechanism
prevails. With the increase of CH;CN content, the transition
between instantaneous and progressive nucleation shifts
towards more negative potentials. The threshold over-
potential 7., results to be an exponential function of x, the
CH;CN volume fraction, of the type:

Ne=A+Be"/€ (10)

where 7, is expressed in millivolts, A=165 mV, B=40 mV,
C=0.44, and the linear correlation coefficient p*=0.97.
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Then, CH5CN seems to hinder the progressive nucleation
during the Ag electrodeposition process.

Scanning electron microscopy of galvanostatic deposits

In-plane SEM micrographs of Ag layers deposited galva-
nostatically in the absence and in the presence of TBAP are
shown in Fig. 10. The effects of organic solvent and
surfactant are clearly visible: Upon increasing the CH3;CN
%, under the same electrochemical conditions, smaller
nuclei and more compact deposits are obtained, the growth
is more regular, and nucleation is partially inhibited; in fact,
with the organic solvent, the surface density of nuclei
seems to be reduced. Moreover, CH3;CN hinders progres-
sive nucleation, shifting the threshold from instantaneous to
progressive nucleation towards more cathodic potentials.
For 0% of CH3;CN, unstable growth and elongated
crystallites appear; at 50% CHsCN, an intermediate
condition is found with crystallites that in some regions
tend to cluster; at 100% CH;CN, a globular grain structure
made of small particles tends to dominate. This scenario is
compatible with the electrochemical measurements reported
in this work in terms of effects of solvent and quaternary
ammonium salt on nucleation and growth mechanism. In
particular, the presence of TBAP gives rise to remarkable
grain refining as expected for cathodically adsorbed
species. This point is also confirmed by Raman data,
illustrated in a separate paper [53], where a higher degree of
surface enhancement is observed in the experiments carried
out in the presence of the quaternary ammonium salt,
coherently with the generally accepted view of SERS effect
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(3]
<
1S -
- P
> -10 4
a e - PP
k] " y 9
E) 15 4 o W —&—CH,CN 50%
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/ -0~ CH,CN 50%, with TBAP
20 4 A --0---CH,CN 75%, with TBAP
A CH,CN 100%, with TBAP
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Cathodic overpotential / mV
Fig. 9 Current density maxima estimated from potentiostatic tran-
sients recorded in a solution containing NaClO4 0.1 M and AgNO;

10 mM, without or with TBAP 10 mM, with the indicated CH3;CN%,
as a function of the cathodic overpotential applied
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Fig. 10 SEM micrographs of
Ag deposited from solutions
containing NaClO4 0.1 M,
AgNO; 10 mM without (a, b, ¢)
or with TBAP 10 mM (d, e, f),
with the indicated CH3CN%,
obtained at =1 mA cm >

for 60 s. Magnification:

a, d x10,000; b, e x20,000,

¢, f x40,000

(C) 100% CH5CN, without TBAP

related to nanometric metal clusters present at the electrode
surface [54].

Conclusions

We studied Ag nucleation mechanisms during electrodepo-
sition from aqueous—acetonitrile electrolytes in the presence
of tetrabutylammonium perchlorate by electrochemical
methods and SEM. Transfer of silver from the solution
phase to the metallic one has been described with a model
taking into account the fact that—in this system—the

KT L,
i S A
okl

(d) 0% C

(f) 100% CH3CN, with TBAP

diffusion layer is preferentially populated by molecules of
the organic component of the mixed solvent having a lower
Lewis basicity. The contribution of instantaneous and
progressive mechanisms has been estimated, and a transi-
tion overpotential between the two nucleation mechanism
has been found, being a function of the molar fraction of
acetonitrile. CH;CN has been proved to move the threshold
from instantaneous to progressive nucleation towards more
negative potentials. From SEM micrographs, a more regular
growth of deposits can be observed upon increasing the
CH;CN%, and remarkable grain-refining effect was found
for TBAP.
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