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Abstract: AsSb alloy (0.70-95.81 wt.% As) was prepared by electrodeposition in As(III) and Sb(III) contained
electrolytes. The influence of electrolyte composition, hydrochloric acid concentration, and temperature on the
composition and structure of AsSb deposits was studied. The electroreduction mechanism of As(III) and Sb(IIl) in
hydrochloric acid solution was revealed via thermodynamic analysis. The results show that the increase of H'
concentration promotes the reduction of As(Ill), while the increase of Cl concentration significantly inhibits the
reduction of Sb(III). As a result, the As content in deposits increases gradually with the increase of hydrochloric acid
concentration. Simultaneously, the phase structure of AsSb deposits evolves from crystalline to amorphous. When the
As content is 24.55-33.75 wt.%, AsSb mixed crystal is obtained. The electrolysis temperature has little effect on the
deposits composition, but the structure of deposits evolves from crystalline to amorphous with decreasing the
temperature.
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toxicity during the electrodeposition process [12,13]
and the self-inhibition phenomenon caused by the
non-conductivity of elemental arsenic. In our

1 Introduction

Arsenic is a dangerous pollutant [1,2] but an

important resource. The traditional treatment
methods of arsenic in waste water include
precipitation [3—5], adsorption [6], membrane

separation [7], ion exchange [8], oxidation [9], etc.
The arsenic-containing waste produced by these
disposal methods is likely to cause secondary
pollution [10]. A promising technology for
arsenic-containing solution treatment should be
comprehensive recovery, i.e. eliminating the arsenic
contamination and at the same time producing
valuable arsenic products. Therefore, the
application of electrochemical technology to
recover elemental arsenic from high-concentration
arsenic wastewater seems to be an attractive
way [11]. However, there are many limitations,
such as the inevitably released arsine gas with high

previous studies [14,15], we found that the addition
of ammonium citrate [16] or Sb(III) ions [17] could
inhibit the produce of arsine effectively, and AsSb
alloy was obtained by continuous electrodeposition
in arsenic-containing hydrochloric acid solution
derived from the treatment of lead anode slime [18].

In addition, As,Sb,-, [19], GaAs,Sb;_, [20],
AlGaAsgSbog [21], InGaAsg75Sbg,s [22] and other
arsenic-containing alloys [23] have broad potential
applications in the fields of photovoltaic [24],
semiconductor [25], thermoelectric [26] and
thermomagnetic [27] materials. At present, the
main preparation methods of AsSb alloy and
I1I-AsSb alloy are metal organic vapor phase
epitaxy (MOVPE) and molecular beam epitaxy
(MBE). However, these methods have many
disadvantages, such as toxicity of raw materials,
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high cost, and low efficiency. At this point,
electrochemical deposition method is a promising
candidate in both academic and industrial
aspects.

As we know, the composition and structure of
alloys are of great importance for the application.
The crystal structures depend strongly on the alloy
composition, and the composition is usually
affected by electrolyte components and electrolytic
parameters. In this work, we found that
hydrochloric acid has a special influence on the
composition of AsSb electrodeposits. So far, there
has been less relevant researches on this issue. To
reveal the underlying mechanism of hydrochloric
acid on arsenic and antimony reduction, we
systemically investigate the electrochemical
behaviours of As(III) and Sb(IIl) with different H"
and CI' concentrations via thermodynamic analysis.
Moreover, crystal structure evolution of AsSb
electrodeposits was also investigated detailedly.
This study provides a novel way to control the
composition and phase structure of AsSb alloy
directly by electrodeposition process, opening a
new path for preparation of alloy with different
purposes.

2 Experimental

2.1 Materials

The electrolytes were prepared with acidic
AsCl; aqueous solution (derived from the
chloridizing—leaching process of lead anode slime)
and SbCl; (AR, 99%). H" and CI™ concentrations
were adjusted by adding HCI and NaCl.

2.2 Electrochemical measurements
Linear sweep voltammetry (LSV) curves were
measured on a CHI660 electrochemical workstation

(CHI Instruments, Shanghai, China) using glassy
carbon electrode (GCE, exposed area of 7.065 mm?)
as working electrode, platinum plate (exposed area
of 4.5cm® as counter electrode and saturated
calomel electrode (SCE) as reference electrode. The
potential was swept negatively from open circuit
potential to —0.8 V at a scanning rate of 50 mV/s.
All tests were carried out at 30 °C.

2.3 Electrodeposition experiments

AsSb alloy electrodeposition was performed in
galvanostatic regime (4 mA/cm®) for 1h using
copper as cathode and platinum as anode, which
were placed face to face with a distance of 70 mm.
All experiments were carried out at 10—40 °C.

2.4 Characterization

The phase of deposits was
characterized by X-ray diffraction technique (XRD,
RIGAKU D/Max 2550 PC). The composition
of deposits was determined by energy dispersive
X-ray fluorescence spectroscopy (EDX-LE). The
morphology of the deposit was observed by
scanning electron microscopy (SEM, FEI nano
nova 450).

structure

2.5 Thermodynamic calculation

The ¢—pH diagram and ¢—lg[Cl ] diagram of
As(III)=Sb(III)-HCI system were made based on
the thermodynamic data shown in Table 1 [28,29],
for the purpose of analyzing the main species and
their redox equilibrium potentials.

3 Results and discussion
3.1 Effects of hydrochloric acid on AsSb

electrodeposition
The electrodeposition characteristic of AsSb

Table 1 Reactions and its p—pH/p—1g[CI | equations in As(II1)—Sb(III)-HCI system at 25 °C

No. Reaction AY Equation
1 H3AsO5+3H +3e=As+3H,0 0.240 »=0.240+0.01971g[H;As0;]-0.0591pH
2 As(OH),CIH+2H"+3e=As+2H,0+CI"  0.261 »=0.261+0.01971g[ As(OH),C1]-0.01971g[C] ]-0.0394pH
3 As(OH)CL+H'+3e=As+H,0+2CI"  0.330 9=0.330+0.01971g[As(OH)Cl,]-0.03941g[C1 ]-0.0197pH
4 AsCl3+3e=As+3Cl 0.412 9=0.412+0.01971g[AsCl1;]—0.05911g[Cl ]
5 2H +2e=H, 0 »=—0.0591pH
6 SbCly+3e=Sb+4Cl 0.014 ¢=0.014+0.01971g[SbC1,4]-0.07891g[CI ]
7 SbCl; +3e=Sb+5CI- 0.015 go=0.015+0.0197lg[SbCl?]—0.0986lg[le]
8 SbCl; +3e=Sb+6CI- 0.026 go=0.026+0.0197lg[SbCl(3,7]—O.1 1831g[CI]
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alloy in low arsenic and high antimony electrolyte
(0.2 g/ As(lll) and 9.8 g/l Sb(Ill)) was first
investigated. As shown in Fig. 1(a), the As/Sb ratio
in deposits increases gradually with increasing
the concentration of HCI. It can be seen that the
content of As in deposits increases from 0.70 to
3586 wt.% when the HCI concentration is
increased from 2.0 to 5.0 mol/L. In addition, the As
content in deposits also depends on the As(III)
concentration in electrolyte, as shown in Fig. 1(b).
In the electrolyte with 5.0 g/L of As(IIl) and 1.0 g/L
Sb(III), the As content in deposits reaches up to
95.81 wt.% at HCI concentration of 5.0 mol/L.
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Fig. 1 As content in deposits and current efficiency
under different conditions: (a) 0.2 g/L As(III) and 9.8 g/L
Sb(I1I); (b) 5.0 g/L As(IIT) and 1.0 g/L Sb(III)

In low arsenic-containing solutions, the current
efficiency is maintained above 90%. In high
arsenic-containing solutions, the current efficiency
tends to decrease at high HCI concentration, and it
is found that low HCI concentration leads to
extremely low current efficiency, which may be

related to the incompact structure of deposits in this
case.

Figure 2 shows the XRD patterns of electro-
deposits prepared from the above-mentioned
solutions with different HCI concentrations. It can
be seen that the deposits prepared at low HCI
concentrations are crystallines, and in other words,
low As deposits show a crystalline structure, as
indicated by the sharp diffraction peaks on the XRD
patterns. With the increasing of HCI concentration,
the As content in deposits increases, which finally
leads to an amorphous structure.

Figure 2(a) shows the XRD patterns of
deposits from electrolyte with low  As(III)
concentration. According to the Joint Committee on
Powder Diffraction Standards (01-071-1173), the
diffraction peaks appearing at about 26=28.72°,
40.08°, 42.04°, 51.73°, 59.46°, 66.01°, 68.85°,
75.55° and 76.94° are attributed to Sb. There is no
peak related to pristine As, which may be ascribed
to the fact that the As atoms enter into the crystal
lattice of antimony in the form of solid solution,
then forming an AsSb alloy instead of an
intermetallic compound. From the partially
magnified images in Part 1 and Part 2, it can be
found that as the concentration of HCI increases,
the diffraction peaks of Sb(012), (104), (110) are
slightly shifted to the right. The above analysis
indicates that the addition of HCI will lead to the
rise of arsenic content in deposits, from which we
can speculate that it may be also the main reason
causing the shift of Sb diffraction peaks. As we
know that the As atom radius is smaller than the Sb
atom radius, when the As atom takes the place of Sb
atom in the lattice, the interplanar distance of Sb
will decrease and then the diffraction angle
increases accordingly. For the deposits from
electrolytes with high As(IIl) concentration
(Fig. 2(b)), two distinct broad peaks in 26 range of
20°—40° and 45°-60° are observed when the HCl
concentration is higher than 3.0 mol/L, indicating
that the deposits present an amorphous structure in
these conditions.

Figure 3 displays the SEM images of deposits
prepared under different HCI concentrations. It can
be clearly seen that some protruding particles grow
on the surface, and the particle size increases with
the increasing of HCI concentration. When the HCI
concentration reaches 3.5 mol/L, the protruding
particles change into cubic shape. Lamellar defects
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Fig. 2 XRD patterns of electrodeposits prepared from different solutions: (a) 0.2 g/L As(Ill), 9.8 g/ Sb(Ill) and
different HCI concentrations; (b) 5.0 g/L As(III), 1.0 g/L Sb(III) and different HCI concentrations

are found on the surface of cube particles at
HCI concentration of 4.0 mol/L. The excess of
hydrochloric acid (i.e. 4.5 mol/L) will cause the
particles to transform into wheat spike shape.

These different morphologies and crystal
structures are largely attributed to the composition
changes in the deposits. In the As(II1)—Sb(II1)-HCl
system, As content in deposits rises with the
increase of HCIl concentration; that is, As content
can be regulated by HCI. Thus, single-variable
conditional experiments were designed in order to
reveal the effects of H™ and Cl ions in electro-
deposition process, respectively.

Herein, the concentrations of As(III), Sb(III)
and CI” in solutions were kept constant, but H"
concentration ranged from 2.0 to 5.0 mol/L. As
shown in Fig. 4(a), the as-obtained deposits possess

a broad range of As content from 9.64 to
35.86 wt.%. The effect of CI' on As content in
deposits was tested by using solutions with same H"
concentration while Cl concentration from 2.0 to
5.0 mol/L. In this case, the As content varied from
0.70 to 9.64 wt.%. These results indicate that the
increasing in H' concentration or C1” concentration
can sharply raise the content of As. It is worth
mentioning that the current efficiency is above 90%
in all experimental conditions.

Therefore, to reveal the cathodic reaction
mechanism, a set of linear sweep voltammetry
curves with different H" or Cl” concentrations were
measured. In Fig. 5(a), two cathodic peaks are
observed at —0.15 V (vs SCE) (P1) and —0.43 V
(vs SCE) (P2), which correspond to the reduction
of As(III) to elementary arsenic and the evolution of
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Fig. 3 Morphologies of cathodic deposits obtained from solutions with 0.2 g/L As(IIl), 9.8 g/L Sb(III) and different HCI
concentrations: (a) 2.0 mol/L; (b) 2.5 mol/L; (c¢) 3.0 mol/L; (d) 3.5 mol/L; (e) 4.0 mol/L; (f) 4.5 mol/L
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Fig. 4 As content in deposits and current efficiency with different H" and C1™ concentrations (0.2 g/L As(IIT) and 9.8 g/L

Sb(II)): (a) 5.0 mol/L CI'; (b) 2.0 mol/L H"

arsine, respectively. With the increasing of H'
concentration, the peak current of P1 rises
gradually, which indicates that the adding of H" is
beneficial to the deposition of As. On the contrary,
Cl' concentration has little influence on the

reduction of As(Ill) (Fig. 5(b)) and there is no
significant change in the potential range.
Figures 5(c, d) represent the effects of CI” and H"
concentrations on the reduction of Sb(III). One
strong peak appears from —0.30 to —0.35 V (vs
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Fig. 5 LSV curves of GCE in different solutions: (a) 0.2 g/L As(III), 5.0 mol/L CI; (b) 0.2 g/L As(III), 2.0 mol/L H";
(c) 9.8 g/L Sb(III), 2.0 mol/L H'; (d) 9.8 g/L Sb(III), 5.0 mol/L CI°

SCE) (P3), which is ascribed to the reduction of
Sb(IIl) to Sb. It is noted that the Peak P3 shifts
negatively with the increasing of CI' concentration
and the peak current decreases gradually, which
indicates that the adding of CI inhibits the
reduction of Sb(III). In addition, it is also observed
that the H™ concentration has a slight effect on the
reduction of Sb(IIl). The main reactions in the
experimental system are as follows:

As(OH),CI+2H +3e=As+2H,0+Cl €))
H;AsO5+3H +3e=As+3H,0 )
SbCl: +3e=Sb+5CI- 3)
SbCl; +3e=Sb+6CI° 4)

H" ions participate in the reduction reaction of
arsenic. According to the chemical reaction
equilibrium, the adding of H' promotes the
formation of As. Conversely, the reduction reaction
of antimony will produce CI; that is, high Cl
concentration does not benefit the formation of Sb.

To further elucidate the mechanism, thermo-

dynamic analysis was conducted. Associating the
on—pH diagrams (Fig. 6(a)) and the ¢,—Ig[Cl ]
diagrams (Fig. 6(b)), we can observe that the main
species and their redox equilibrium potentials are
changed with H" and CI  concentrations. In the
high-chlorine solution, the main existence form of
Sb(IlI) is SbCl; , while As(III) exists in the form of
H;AsO; and As(OH),Cl when H™ concentration
varies from 2.0 to 5.0 mol/L. With the increase of
acidity, the reduction potential of As(IIl) shifts to
the positive direction gradually while the reduction
potential of Sb(III) is independent on the acidity. In
the high acid solution, the existence forms of
Sb(I1I) are SbCI: and SbCI; , and the main species
of As(Ill) is H3AsO; with Cl concentration of
2.0-5.0 mol/L. With the increase of CI
concentration, the reduction potential of As(III)
remains unchanged, while the reduction potential of
Sb(III) becomes negative gradually. Based the
above thermodynamic analysis, As(Ill) is likely to
be reduced and the reduction of Sb(IIl) becomes
difficult with the adding of HCI, which ultimately
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results in the significant increase of As content in
the deposits.

The effects of HCI concentration on the crystal
structure and As content of electrodeposits are
shown in Fig. 7. Crystalline deposits with
8.00—9.80 wt.% of As are obtained under low HCI
concentrations (2.5—3.0 mol/L). When the HCI
concentration reaches 3.5 mol/L, the deposits turn
to mixed structure (coexistence of crystalline
and amorphous states), which has As content of
24.19 wt.%. In the case of high HCI concentration
(4.0-5.0 mol/L), the As content ranges from 46.55
to 76.98 wt.% and the deposits are completely
transformed to amorphous structure. That is to say,
with the increase of HCIl concentration, the As
content in deposits increases gradually and the
structure evolves from crystalline to amorphous.

3.2 Effects of As(III) and Sb(III) concentrations
on AsSb electrodeposition
The composition and crystal structure of

deposits prepared under different As(III)/Sb(III)
mass ratios were studied by X-diffraction spectra
combined with energy dispersive  X-ray
fluorescence spectroscopy. In this experiment, the
total concentration of As(II) and Sb(IIl) was
controlled at about 5.0 g/L. It is clearly seen from
Fig. 8 that crystalline-state deposits can be obtained
when the electrolyte has a low As(III)/Sb(IlI) ratio
(<0.67), and in this case, the As content in deposits
is below 22.58 wt.%. Naturally, the As content in
deposits rises with the increasing of As(III)/Sb(III)
ratio, so mixed crystal region is observed in the
As(IIT)/Sb(III) ratio range of 0.82—1.22. Under the
conditions of high As(IIT)/Sb(III) ratio, i.e. >1.5, the
obtained deposits are fully amorphous and the As
content is not less than 38.42 wt.%. In addition, it is
noticed that the surface of crystalline-state deposits
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Fig. 7 Effects of HCI concentration on As content and
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becomes rough and crystal structure becomes loose
with the increased As(III)/Sb(IIl) ratio, and as a
result, the appearance changes from typical metallic
luster to black. However, for the amorphous
deposits, their surfaces are flat, slippery and
compact. The above results suggest that As content
of the deposits increases with the increasing
of As(III)/Sb(IIl) ratio in electrolyte, and the
structure changes from crystalline to amorphous
accordingly.

3.3 Effects of temperature on AsSb electro-

deposition

Figure 9 shows the As content and crystal
structure evolution of the deposits prepared at
different temperatures. It is observed from
Figs. 9(a, b) that the temperature can change the
product structure while has little effect on the As
content. When the temperature is 10 °C, amorphous
deposits with about 10 wt.% of arsenic are obtained
from the solution containing 3.0 mol/L HCI, 1.0 g/L
As(III) and 4.0 g/L Sb(Ill). For the case of 15 °C,
the deposits have mixed structure and crystalline
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deposits can only be obtained at higher
temperatures.
Figures 9(c,d) present much detailed

description on how temperature influences the
product structure. By comparison, it is clear that the
low electrolysis temperature is beneficial to the
formation of amorphous deposits, while higher
temperature will improve the formation of
crystalline deposits. Specifically, in the case of
20 °C, to get amorphous deposits, we must keep the
As(IIT) concentration not below 3.0 g/L. However,
as the temperature drops to 15 °C, amorphous
deposits can be obtained at 1.25 g/L As(IIl), which
is far below that under 20 °C.

Figure 10 shows the micro-morphology of
deposits prepared at different temperatures. It can
be seen that the microscopic surface of deposits
is relatively smooth and compact when the
temperature is 10 °C. No crystal grains are observed
on the nodular unit cells, i.e. amorphous structure as
identified by XRD analysis. For the sample
prepared at 30 °C, a rough surface with lots of
octahedral particles is observed.
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Fig. 9 Effects of temperature on As content and structure form of deposits obtained from solutions containing 3.0 mol/L

HCl and 5.0 g/L As(I11)+Sb(1II)
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Fig. 10 Micro-morphologies of deposits prepared for
200 s from solutions containing 1.0 g/L As(III), 4.0 g/L
Sb(Ill) and 3.0 mol/L HCI at different temperatures:
(a) 10 °C; (b) 30 °C

4 Conclusions

(1) AsSb alloy with different As contents
(0.70—95.81 wt.%) and phase structure can be
directly fabricated by electrodeposition in As(III)—
Sb(II)-HCI system. The phase structure of AsSb
alloy evolves from crystalline to amorphous with
the increasing of As content.

(2) Hydrochloric acid plays an important role
in regulating the composition of electrodeposition
products. According to thermodynamic analysis, the
increase of acidity causes the reduction potential of
As(Ill) to shift positively, while the adding of CI
increases the overpotential of Sb(IIl) reduction,
which ultimately results in the significant increase
of As content with increasing the HCI
concentration.

(3) The electrolysis temperature has little
influence on the composition of products, but the
phase structure evolves from crystalline to
amorphous with the decreasing of temperature.

(4) This study provides a special way to
prepare AsSb alloy with different compositions and
phase structures, which could be used for different
purposes.
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SR PRI AsSb & &RV 5451

RERK, REM, &L, BEF, FER

WL TR $HRR S TSR, BN 310014

o OE: s BUTRETE S As(IIDF S ZhRRIA W ] % AsSb &42(0.70%~95.81% As, i sr4), FEAHIT
HLAR I RS SRR FE AL FE XS AsSb A& A BUANEE M2 . Gl I #4722 0 Fr As(IIDFD ST TE 25 BRI 1
HIRRNLEE, 25 5REN, HIRERIMAEIE Rt AsQUD IR R, i CIHR B (3N 0] &3 30 SbAID TSR, Kk,
TR As & B B AR D HCL IR EFH Mg, RN, P SSs e hlERS. 4 As &
TN 24.55%~33.75%(R 5 E), TN AsSb A HIERSKIREEY . WAREES RN AR /N, H
AsSb &4 [ 45 I BEIR BE 1 BRI S AR R A
KR AsSb &4 BUAr: WA ERIR: AJ1EaT

(Edited by Bing YANG)



