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Abstract: The initial electrocrystallization of As—Sb alloy on glass carbon (GC) electrode in hydrochloric acid system was studied
via cyclic voltammetry (CV) and chronoamperometry measurements. Current transients were presented in dimensionless formation,
which showed that the initial nucleation/growth process of As—Sb alloy followed three-dimensional nucleation model with diffusion-
controlled growth. Relevant nucleation parameters were calculated by analyzing related current transients. Particular attention was
paid to the effect of Sb(III) concentration on the nucleation process during the co-electrodeposition. The quantitative results showed
that Sb(IIl) played a positive effect on enhancing the nucleation rate of As—Sb alloy, leading to the evolution of alloy surface

morphology from grain structure to compact layer structure.
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1 Introduction

The contamination of arsenic compounds from
waste disposals is a worldwide problem and has become
a challenge for both academic and industrial
communities. To solve this problem, scientists have
proposed many treatment strategies, aiming to efficiently
remove, recycle, and utilize the waste arsenic. For the
of arsenic, some technologies including
chemical precipitation [1], ion exchange [2], membrane
separation [3] and adsorption [4] have been developed,
which can effectively remove the arsenic from waste or
contaminated water. However, large amount of
arsenic-bearing compounds are produced, which become
secondary contamination. The electrodeposition of
elemental arsenic seems to be a good way to obtain
nontoxic and valuable material. Despite many efforts
devoted to this method, there still remain some
difficulties in terms of arsine evolving and low current
efficiency [5-9]. Recently, increasing attention has been
paid to the co-deposition of arsenic with other
metals [10-14] to prepare functional alloy, by which the
evolution of arsine could be efficiently inhibited and the
current efficiency was obviously enhanced [15]. Among
these functional alloys, As—Sb alloy and As-Sb-

removal

based alloy have a broad prospect in photoelectric
conversion [16], semiconductor [17,18] and thermo-
magnetic devices [19,20]. Therefore, the study of
electrodeposition of As—Sb alloy is meaningful. Besides,
the standard electrode potential of Sb(II)—(0) is close to
that of As(IIT)—(0), which indicates that the co-deposition
of arsenic with antimony from their aqueous solutions is
easy and feasible.

In the past years, we have made many efforts in
electrodeposition technology and process of As—Sb
alloy [15,21], and could continuously electrolyze for 8 h
or longer time. The prepared As—Sb alloy showed typical
metallic luster with current efficiency higher than 90%
and the mass fraction of As in deposits ranging from
30% to 70%. However, a fundamental study such as
nucleation and growth mechanism is insufficient. For
alloys, the quality and property of alloy are usually
determined by their composition and microstructure. For
example, the band gap energy of In—As thin films shows
strong dependence on the crystalline size [22], as another
example, some alloys with finer grains provide superior
corrosion resistance [23]. For metal electrodeposition,
the formation of alloy consists of two processes: 1) the
nucleation which induces the embryo of crystalline, and
2) the growth of the crystalline. Generally, nucleation
plays a more important role in determining the
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microstructure of alloy. High nucleation rate usually
leads to fine grains. Therefore, it is of great importance
to investigate the nucleation and initial electro-
crystallization process in electrodeposition. Potentiostatic
current transient is an efficient electrochemical method
to investigate the kinetics of nucleation. By applying
typical models which describe the early stages of
electrocrystallization [24—28], the mechanisms of
electrochemical nucleation and crystal growth in
different circumstances can be revealed.

In this work, CV method and chronoamperometry
technique were used to investigate the initial behavior of
As—Sb alloy during electrocrystallization process and
reveal its nucleation/growth mechanism. Specifically, the
influences of Sb(IIl) concentration on the nucleation rate
and grain size were investigated in detail combined with
scanning electron microscopy (SEM) observation.

2 Experimental

Electrolytes used in experiments contained
0-15g/L  As(lll), 0-20g/L. Sb{Il) and 2 mol/L
hydrochloric acid, which were freshly prepared with
purified AsCl; and SbCl; aqueous solutions generated
from the treatment of lead anode slime [29,30]. CV and
potentiostatic
investigate the initial electrocrystallization mechanisms
of As—Sb alloy. All electrochemical tests were carried
out at room temperature on CHI660C electrochemical
workstation in a three electrode cell. A GC electrode with
surface area of 0.1256 cm® was used as the working
electrode. A saturated calomel reference electrode (SCE)
was served as the reference electrode and a Pt slice was
used as the counter electrode. Prior to experiments, GC
electrode was polished and thoroughly rinsed by
deionized water. Before each experiment, high purity
nitrogen was bubbled into the system to eliminate the
dissolved oxygen.

Electrodeposition was carried out under constant
current density of 2 mA/ecm® for 10 min. The
morphology of the deposit was observed by scanning
electron microscopy (SEM, VEGA3). The chemical
composition of the deposit was determined by X-ray
fluorescence (XRF, ThermoFisher/ARLADVANT’X
IntelliPowerTM 4200). The phase composition of the
deposit was also characterized by employing X-ray
diffraction (XRD, RIGAKU D/Max 2550 PC).

transient curves were measured to

3 Results and discussion

3.1 Cyclic voltammetry study
The main reactions occurred during electro-
deposition were first determined by CV measurements.

Figure 1(a) presents the CV curves of As

electrodeposition from solutions with 2 mol/L HCI and
different concentrations of As(IIl) on a GC electrode. For
comparison, the CV curve for blank solution only
containing 2 mol/L HCI is also presented. It can be
observed that a broad and weak cathodic peak (Py)
occurs at about —0.48 V for blank solution, after that the
cathodic current tends to increase monotonously. The
reduction current arising in this case is associated
with the adsorption of intermediate H on GC
electrode [31-33]. For As(Ill)-containing solutions, it
can be found that in the negative potential sweep, the
reduction of As(III) begins at a potential of —0.1 V, after
that the cathodic current increases and two current peaks
emerge at potential of —0.31 V (P)) and —0.51 V (P,),
respectively. In prior studies [5—9,15,34,35], it has been
confirmed that the As deposition is often accompanied
with the evolution of arsine, and the formation of arsine
is closely related to the reduction of H". As can be seen
that the potential of P, is very close to that of Py, so it is
obvious that the P, is related to the evolution of arsine
and the P; denotes the reduction of As(Ill) to As.
However, the cathodic current is low albeit it increases as
As(I1I) concentration changes from 5 to 15 g/L, which is
due to the non-conductivity of electrodeposited
arsenic [5,6,36].

CV curves of Sb electrodeposition from solutions
with 2 mol/L HCI and different concentrations of Sb(III)
on GC electrode are shown in Fig. 1(b). An obvious
cathodic peak (P;) is observed at about —0.29 V, which
corresponds to the reduction of Sb(III) to Sb. For the
reverse scanning, a current loop appears between anodic
and cathodic current curves. The presence of this current
loop is a typical characteristic representing the nuclei
formation of metal antimony on electrode [37,38].
Furthermore, it is clear that the current peak becomes
stronger with the increase of Sb(IIl) concentration, which
suggests that the reduction process is facilitated by the
higher Sb(III) concentration.

Following the individual electrodeposition of As(III)
and Sb(III), their CV curves were carried out in the
solutions with various concentrations of As(IIl) and
Sb(I1I) (Figs. 1(c) and (d)), respectively. For all curves,
two cathodic peaks (P, and Ps) are observed. The peak
P, (-0.28 V), which shows a slight shift as compared
with that (—0.29 V) from pristine Sb deposition, becomes
stronger with the increase of Sb(III) concentration while
is less affected by the As(III) concentration. So it can be
confirmed that the P, is related to the reduction of Sb(III).
Being different from P,, the Ps emerges at more negative
potential than P4 and is close to the peak P; of As(Ill)
reduction. However, the current value is much higher
than that obtained in the individual As(III)
electrodeposition. It may be speculated that the strong
peak Ps corresponds to the reduction of As(III) and
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Fig. 1 Cyclic voltammograms of GC in solutions containing various As(III) concentrations (a), various Sb(IIl) concentrations (b),
10 g/L Sb(III) and various As(III) concentrations (c), and 10 g/L As(III) and various Sb(III) concentrations (d) at scan rate of 50 mV/s

Sb(III) to form As—Sb alloy. In addition, the cathodic
current is enhanced monotonously with increasing the
Sb(IIl) concentration, indicating that Sb(III) has a
significant stimulative effect on the deposition of alloy.
Similarly, crossover between anodic and cathodic current
curves also appears on the reverse potential sweep,
denoting the nuclei formation of As—Sb alloy.

3.2 XRD and XREF analysis

The compositions of cathodic deposits
characterized by XRD to verify the inferences mentioned
in the above CV study. The diffraction pattern of deposits
from solutions containing 10 g/l As(Ill) and 6 g/L
Sb(IIl) are exhibited in Fig. 2. According to the Joint
Committee on  Powder Diffraction  Standards
(00-001-0802) and (00-025-0048), the diffraction peaks
of Sb and Sb,(Sb, As), are overlapped in 26 range of
29.0°—42.4°, and the weak peaks at 26 of 52.1°, 59.9°,
66.3°, 69.3° and 76.0° prove the existence of Sb. With
the aid of XRF (Table 1), it reveals that the cathodic
product is composed of large number of arsenic and
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Fig. 2 XRD pattern of deposits prepared under constant current
density of 2 mA/cm? for 10 min from solutions containing
2 mol/L HCI, 10 g/L As(III) and 6 g/L Sb(III)

antimony. XRD and XRF analyses confirm that the
codeposition of As and Sb from As(III)-Sb(III)-HCI
system can be achieved under certain experiment
condition.
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Table 1 Mass ratio of As to Sb in deposits prepared under
constant current density of 2 mA/cm’ for 10 min from solutions
containing 2 mol/L HCI, 10 g/L As(lll) and various
concentrations of Sb(III)

Sb(IIT) concentration/(g-L™") Mass ratio of As to Sb in deposit

4 1:2.92
6 1:3

8 1:3.32
10 1:3.35

3.3 Potentiostatic study
3.3.1 Initial electrocrystallization process of As—Sb alloy
Chronoamperometry technique was applied to
studying the nucleation and subsequent crystalline
growth during the electrodeposition. For the purpose of
determining the control process during the co-deposition
of As—Sb alloy, CV curves with different scan rates were
obtained from solutions containing 2 mol/L HCI, 10 g/L
As(IIT) and 2 g/L Sb(III) firstly as shown in Fig. 3(a).
Furthermore, a plot of peak (Ps) current density (J)
versus the square root of scan rate (v'?) was then
obtained and shown in Fig. 3(b). It can be seen that the
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current density J shows a good linear relation with v'?,
which reveals that the deposition process of As—Sb alloy
belongs to diffusion-controlled growth.

Figure 4(a) shows the transient current density
obtained between —0.36 and —0.41 V from solutions
containing 2 mol/L HCI, 10 g/L As(III) and 6 g/L Sb(III).
The applied potential is carefully chosen in the broad
range of peak Ps where the co-deposition of As and Sb
happens based on the CV study. More importantly, our
previous study [15] has revealed that Sb can effectively
inhibit the evolution of arsine during electrochemical
co-deposition of As and Sb, which means that the
evolution of arsine can also be negligible in such a
condition. All curves perform a rising part followed by a
maximum current density (J,,) at the initial stage, after
that, the current density begins to decay and then reaches
stability gradually. It can be seen that with the negative
shift of applied potential, the value of J, increases
gradually and the time to reach J, (¢,) shortens
correspondingly. This suggests that the cathodic shift of
applied potential accelerates the nucleation and decreases
the nucleation induction time.
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Fig. 3 Cyclic voltammograms of GC in solutions containing 2 mol/L HCI, 10 g/L As(III) and 2 g/L Sb(III) at scan rates of 30, 50, 70,
100 and 130 mV/s (a) and plot of peak (Ps) current density J vs square root of scan rate v'’* (b)
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Fig. 4 Transient current density obtained in solutions containing 2 mol/L HCI, 10 g/L As(IIl) and 6 g/L Sb(IlI) at different applied
potentials (a), and comparison of experimental 3D dimensionless nucleation curves with theoretical 3D nucleation plots (b)
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Several nucleation/growth models have been
proposed to explain the electrochemical processes
including the generation of new phase [24—26,28]. In the
case of the co-deposition of As and Sb, the transient
curves exhibit a typical feature of 3D nucleation
process [39] as proposed by SCHARIFKER et al [24,25].
This 3D nucleation model has two extreme cases and the

correlative equations are as follows:

1.9542

JHJE = {1—exp[—1.2564(t/t, )]} (1)
tt,

JHJE = 1;2/254 {1—exp[-2.3367(¢*/£2)]}* (2)
tm

where J represents the current density, ¢ represents the
time, J,,, represents the maximum current density and #,
is the time corresponding to J;,. Equation (1) represents
the instantaneous nucleation condition with extremely
faster growth rate and fewer active nucleation sites,
while Eq. (2) represents the progressive nucleation
condition with slower growth rate but larger numbers of
nucleation sites. The nucleation growth
mechanism can be determined by comparing the
experimental plots with theoretical nucleation plots
derived from Egs. (1) and (2).

Figure 4(b) gives a comparison of experimental
plots obtained at different applied potentials from
solution containing 2 mol/L HCI, 10 g/L As(Ill) and
6 g/L Sb(III) with the theoretical 3D dimensionless plots
derived from Egs. (1) and (2). It can be seen that all of
the experimental plots obtained from —0.36 to —0.41 V
fall between the theoretical instantaneous nucleation

active

curve and progressive nucleation curve, which suggests
that the nucleation/growth mechanism of As—Sb alloy
follows 3D nucleation model with diffusion control. It is
noted that with the negative shift of applied potential,
experimental curve becomes broader and draws nearer to
the theoretical instantaneous nucleation curve gradually.
In other words, nucleation rate increases with the
negative shift of applied potential.

From the CV results concluded from Fig. 1(d), we
got to know that Sb(IIl) has a significant stimulative
effect on the deposition of As—Sb alloy. For the further
understanding of the effect of Sb(Ill), a series of
electrochemical measurements were carried out in the
solutions containing 2 mol/L HCI, 10 g/L As(IIl) and
varied concentrations of Sb(IIl). Figure 5 shows the
comparison of relevant experimental nucleation curves
obtained under —0.36 V with the theoretical 3D
nucleation plots. It is clear that with the gradual increase
of Sb(II) concentration, experimental nucleation curve
widens and approaches the theoretical instantaneous
nucleation plot, meaning that the nucleation rate

increases at higher Sb(III) concentration. This
phenomenon also proves that Sb(III) could accelerate the

nucleation/growth rate of As—Sb alloy.
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Fig. 5 Experimental 3D dimensionless nucleation curves
obtained from solutions containing 2 mol/L HCI, 10 g/L As(III)
and various Sb(III) concentrations at —0.36 V with theoretical
3D nucleation plots

3.3.2 Quantitative analysis of nucleation process

Based on the above discussion, we have
demonstrated that the nucleation/growth process of
As—Sb alloy follows 3D nucleation with diffusion
controlled growth. Relevant kinetics parameters during
electrocrystallization process were calculated by
analyzing the increasing portion of transients current
density as well as the maximum current density (J,,) and
time (#,). SCHARIFKER and MOSTANY [24] have
proposed the relationship between current density and
time with consideration of hemispherical diffusion into
the growing crystallites, the equation is as follows:

J =[zFD"*¢/(n""*1"*)]{1 - exp[~N,mkD -
(t=(1-exp(=A0)/A)]} (3)

where z represents the number of electrons, F' is the
Faraday constant, D is the diffusion coefficient, ¢ is the
concentration of active species in the bulk, N is the
number density of active sites and A4 represents the
nucleation rate per active site.

Recently, DIAZ-MORALES et al [28] have
developed this model for the calculation of
nucleation/growth kinetic parameters of bimetallic by
considering the binary components as one pseudo
component. The expression of the nucleation/growth of
bimetallic phases is analogous to Eq. (3), as the
following Eq. (4) shows:

J= [—DWFC*/(TCI/zDal/zl‘l/Z)]'
{1—exp[—NymkDY>DY* (t — (1 - exp(- A1)/ 4)]}  (4)

where ¢” corresponds to the bulk concentration of the
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pseudo-ion, D,, and D, represent the mass and charge
coefficient —and apparent diffusion coefficient,
respectively, k is the dimensionless constant that affects
the growth rate of diffusion zones. The values of ¢, D,
D, and k can be determined by calculating sequential
equations as follows:

=¢" =y (5)
Dy, =(z1Dyy +z,0,)/[(7 (2% + 25%,)] (6)
D, =(Dyy+D,)/(y+1) (7
k= \J87C (1Y + %3V 2) (8)

where ¢, and ¢, refer to the bulk concentrations of the
two component species, y equals to ¢, /c,, x; equals
cl*/(cl*+cz*) and x, equals cz*/(cl*Jrcz*), z; and z, are the
electron numbers of the two component species, with D,
and D, corresponding to the diffusion coefficient of
As(III) and Sb(IIl) in the solutions and v, and vy»
denote the moral volumes, respectively. By dealing
Eq. (4) with derivative operations and making
substitution of x for NynkD,"*D,,"*t,, o for Nynk D,"?
D" /4 and a for DyFe Ax'*D,"), Egs. (9) and (10) can
be obtained as follows:

In[1+2x(1-exp(—x/a))]—x+a(l—exp(—x/a))=0 (9)
In(1-J,,2 /a)+ x— a(1-exp(—x/a)) = 0 (10)

There are three unknown variables in Egs. (9) and
(10). If we assume the value of a, then the other two
unknown variables, i.e., x and @, can be calculated.
Meanwhile, an equation describing the relationship of
diffusion coefficient D; and D, of the electrochemical
active ions can be constructed based on the Cottrell
equation:

Jp 2, FD ¢, [ (n"/%"%)
Jy 2, FDY?c, [ (n%?)

an

By XRF analysis, the mass ratios of As to Sb in
deposits were obtained (Table 1), from which the ratio
of Ji/J, was determined. Combining «, x, a, and
Egs. (6)—(8) and (11), the values of Dy, D,, D,, Dy,, A and
N, are obtained. According to the calculated D,, Dy, A4,
N, and Eq. (4), we can get a calculated current density—
time curve. Figure 6 shows a series of non-dimensional
plots derived from the calculated current density—time
curves at different hypothetical values of a from

solutions containing 2 mol/L HCI, 10 g/L As(Ill) and
6 g/L Sb(III). It is found that the peak of dimensionless
plot becomes sharper with the increase of @, and the
calculated plot at a=0.17 fits quite well with the
experimental plot in the range of #/¢,<1, which indicates
that this value of « for fitting is reliable. Then, the values
of Dasamy, Dspamy, Da, Dw, A and N, are determined as
1.91x10°° cm?s, 4.74x10° cm?s, 1.42x10° cm’s,
1.95x10° cm%s, 3945 s' and 5.83x10° cm?
respectively. However, derivation appears at extending
time, which may be due to the hydrogen evolution on the
deposited nuclei or the change of morphology from
hypothesis hemispherical geometry [40,41], and the
latter explanation seems more possible under this
condition.

1.00 Instantaneou ncleai? .

0.75} y
o E
< 050}
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o Experimental
Caculated
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0 0.5 1.0 1.5 2.0
tt,

Fig. 6 Illustration for influence of a value on experimental 3D
dimensionless nucleation plots obtained from solution
containing 2 mol/L HCI, 10 g/L As(Ill) and 6 g/L Sb(III) at
-0.36V

Table 2 presents the calculated results of the
experimental curves obtained from solutions containing
2 mol/L HCI, 10 g/L As(IIl) and various concentrations
of Sb(III). The variations of 4 and N, with the gradual
increase of Sb(IIl) concentration are exhibited in
Figs. 7(a) and (b), respectively. It is found that with
increasing the concentration of Sb(IIl) in the solutions,
nucleation rate A4 increases while number density of
active nucleation sites N, decreases. In addition, the
value of 4 increases rapidly when Sb(III) concentration
varies from 8 to 10 g/L, which can be due to the fact that
the experimental nucleation curve almost overlaps with
the theoretical instantaneous nucleation plot under such a
condition, implying a fast nucleation rate.

Table 2 Calculated values for D s, D, No and 4 at various Sb(III) concentrations

Sb(III) concentration/(g'L™")  o/V tnls

Jp/(mA-cm?)

DAS(HI)/(CmZ‘Sil) DSb(H[)/(sz'Sil) ]\v]()/Cl'l'f2 A/371

4 -0.36  0.018 145.2
6 -0.36  0.024 184.2
8 -0.36  0.030 210.7

10 -0.36  0.035 240.0

0.56x107¢ 2.97x107° 39.90x10° 107.3
1.91x10°¢ 4.74%107° 5.83x10° 394.5
3.31x107° 5.63%x107° 2.63x10° 671.7
5.81x107¢ 6.51x107° 1.44x10° 3655.6
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3.3.3 SEM observation

Figure 8 shows the SEM images of deposits
prepared from solutions containing 2 mol/L HCI, 10 g/L
As(IIT) and different concentrations of Sb(III), and single
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arsenic deposits are also observed for comparison. For
arsenic deposits, lots of irregular grains are loosely
distributed on the surface. However, with the
introduction of Sb(III) into the arsenic solution, the

50 (b)
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W
(=]
T
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(=]
T

Ny/106cm™

4 5 6 7 8 9 10
Sb(11I) concentration/(g-L™")

Fig. 7 Influence of Sb(III) concentration on nucleation rate 4 (a) and number density of active sites Ny (b)

Fig. 8 Surface micro-morphologies of deposits prepared at constant current density of 2 mA/cm® for 10 min from solutions
containing 2 mol/L HCI, 10 g/L As(III) and different Sb(III) concentrations: (a) Without Sb(III); (b) 2 g/L Sb(IIl); (c) 4 g/L Sb(IIl);

(d) 6 g/L Sb(IID); (e) 8 g/L Sb(III); (f) 10 g/L Sb(III)
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deposits (Fig. 8(b)) present a more compact structure, in
which the grains with uniform size regularly grow on the
surface. It is obvious that the amount of deposits is
significantly increased as compared with that of the
single  arsenic  deposits under the  similar
electrodeposition conditions.

By gradually increasing the concentration of Sb(III),
the evolution of surface morphology of the alloys was
studied, as shown in Figs. 8(c)—(f). The microstructure of
electrodeposits  highly depends on the Sb(IIl)
concentration in solution. When the Sb(III) concentration
is lower than 6 g/L, surfaces are covered with compact
grains, and specifically, the average size of grains
decreases as increasing the Sb(II) concentration
(Figs. 8(b) and (c)). In the cases of Sb(III) concentration
higher than 6 g/L, no obvious grain structure is observed,
instead, uniform and compact alloy layers are formed.
The refined crystalline structure is likely caused by the
high nucleation rate. The evolution of microstructure of
the alloys further proves the facilitated effect of Sb(III)
on the co-electrodeposition.

4 Conclusions

1) Cyclic voltammetry study indicates that the
addition of Sb(IIl) can facilitate the eletrodeposition
process and As—Sb alloy can be prepared under optimal
conditions. In addition, deposition process of As—Sb
alloy belongs to diffusion controlled growth.

2) The chronoamperometry study reveals that initial
nucleation/growth mechanism of As-Sb alloy follows 3D
nucleation model. Quantitative analyses of initial
nucleation process give the values of nucleation rate and
number of active nucleation sites at various Sb(III)
concentrations. Nucleation rate increases by the addition
of Sb(III).

3) The microstructure of electrodeposits is proved to
be highly dependent on the Sb(IIl) concentration.
Irregular grains will grow on the surface in the absence
of Sb(III), while the addition of Sb(IIl) will lead to form
regular grains. The grain size of deposits decreases with
the increase of Sb(IIl) concentration, which finally
brings about a uniform and compact structure.
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