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The kinetics of the electro-oxidation and electro-reduction of Sb in alkaline solutions as well as the 
electrodeposition of Sb (III) on Sb have been studied. The rest potential follows the relation, 

E0 = 0.152 -- 0.059 pH Vis SHE 

which is the equation for the equilibrium potential for the redox reaction, 

2Sb + 6OH- = Sb203 + 3H20 + 6e- 

The rates of  anodic dissolution and electro-reduction can be expressed by the following empirical kinetic 
equations, 

ia = 6F/~a [OH-] 2 exp 0.59FE/RT 
and 

Iiel = 6F/~eexp - 1.31FE/RT 

The empirical kinetic equation for electrodeposition of Sb (III) is 
0 

Ji'el = 3F/}'e[SbO~ ] exp -- 0.454FE/RT 

Mechanisms are proposed to interpret the experimental results. 

Nomenclature 

b a Anodic Tafel slope 
be Cathodic Tafel slope 
b' e Tafel slope for electrodeposition reaction 
E Electrode potential 
E e Equilibrium potential 
Eo Rest potential 
i a Anodic current density 
i e Cathodic current density 
i0 Exchange current density for Sb/Sb(III) 

reaction 
ie, 28a Sb (Ill) electrodeposition current density 

for Step 28a 
ie, 21e Cathodic current density for Step 21 e 
i~ Current density for Sb(III) electro- 

deposition 

1. Introduction 

Antimony has been used as an alloying element to 
harden and mechanically strengthen soft metals 
such as tin and lead. For example, it has been used 
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i0 Exchange current density for Sb (III) electro- 
deposition 

/Ca Anodic rate constant 
/~e Cathodic rate constant 
/~e, zsa Electrodeposition rate constant for Step 28a 
ka,21eAnodic rate constant in Equation 22 
ke,21e Cathodic rate constant in Equation 25 
/~e Electrodeposition rate constant 
/~',21e Anodic rate constant in Equation 23 
k~,21e Cathodic rate constant i~ Equation 26 
R Gas constant 
T Absolute temperature 
aa Anodic charge transfer coefficient 
% Cathodic charge transfer coefficient 
a '  e Charge transfer coefficient for Sb (III) 

electrodeposition reaction 
Symmetry factor 

in the support grids of lead acid battery plates [1 ]. 
Furthermore, because of its noble character it can 
increase the corrosion resistance of iron and steel 
[2, 3]. 

Applications of  the Sb/Sb oxide electrode as a 
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reference electrode have been widely reported. 
Stock et al. [4], and Ires and Janz [5] have 
reviewed the use of antimony as reference 
electrodes. Park and Beard [6] attribute the rest 
potential of the Sb/Sb203 electrode to the redox 
reaction, 

2Sb + 6OH- = Sb2Oa + 3H20 + 6e- (1) 

Edwall [7] has provided an updated review of the 
literature and has reported on his comprehensive 
studies of the Sb/Sb oxide electrode using poly- 
crystalline and single crystal Sb. He was primarily 
interested in physiological applications. 

The irregular behaviour of the Sb/Sb oxide rest 
potential has been attributed to the presence of 
dissolved oxygen [4, 5, 8-10]. Thus the true 
equilibrium potential cannot be experimentally 
measured until virtually all traces of oxygen are 
removed from the system. 

Huq et al. [ 11 ] determined the anodic dissolu- 
tion behaviour of monocrystalline Sb in 
1 mol dm -3 NaC104 (pH 10.8) and obtained a Tafel 
slope of 0.10 V dec -1. More recently, Wikstrom 
et al. [12] reported experimental results of the 
kinetics of Sb electro-oxidation and electro- 
reduction as well as electrodeposition of Sb (III) 
in HC1 solutions. They report that the rest poten- 
tial of Sb in deoxygenated HC1 is the equilibrium 
potential of the redox reaction 

Sb + 2H20 = HSbO2 + 3H + + 3e- (2) 

Empirical kinetic expressions for electro-oxidation 
and electro-reduction are 

i a = /~a[OH-] [Sb(III)]-lexp2FE/RT (3) 
and 

Iicl - /~c[H+]2exp--FE/RT (4) 

The Sb(III) electrodeposition rate is 

Ii'~1 -= /~s H+] [Sb(III)] exp --FE/2RT (5) 

The work reported in this paper is a study of the 
electro-oxidation and electro-reduction kinetics of 
Sb in alkaline solutions containing Sb(III). In 
addition, the electrodeposition kinetics of  Sb (III) 
on Sb in alkaline solutions have been examined. 

2. Experimental details 

The 1 cm x 1.5 cm planar electrodes were cut from 
99.9996% antimony bar stock, and masked with 

purified paraffin except for surfaces to be exposed 
to the electrolyte. The electrodes were first etched 
in CP-4A for 4-8 s, rinsed in distilled water and 
then immersed in the electrolyte. 

The electrolytes were prepared from B&A KC1, 
KOH and Sb2Oa. The ionic strength was main- 
tained constant at one i.e. 1 mol dm -3 (KOH + 
KC1). Solutions o f p H  11, 12, 13 and 13.7 were 
prepared. The solutions (23.5 -+ 1.0 ~ C) were 
deoxygenated with prepurified nitrogen which 
first passed through two scrubbers before the cell. 
A three-electrode cell was used with a saturated 
calomel reference electrode. However, all poten- 
tials are reported relative to SHE. 

The antimony electrodes were galvanostatically 
polarized at each current density for 2 rain as 
steady state potentials were attained within 
1�89 Prior to polarization and subsequent to 
immersion in the electrolyte, the rest potential of 
antimony was monitored until a steady state was 
achieved. 

3. Results 

The pH dependence of the rest potential (E0) in 
alkaline solutions (pH 11, 12, 13 and 13.7)is 
shown in Fig. 1, where 

0Eo 
- 0.059V 

0pH 

The rest potential is independent of Sb (III) for 

(6) 

-400 

~-500 

8 

-600 
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Fig. 1. Rest potential of antimony vs pH in alkaline 
solutions. 
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Fig. 2. Polarization behaviour of antimony 
in alkaline solutions. Open - 0mmol dm -3 
Sb (liD, closed - 2 mmol dm-3 Sb (liD; 
o pH 11.0, optt  12.0, ~ pH 13.0, ApH 13.7. 

concentrations ranging from 0.2 to 2 mmol dm -3 
in pH 11, 12, 13 and 13.7 solutions, 

[ +~ 1 
l o g [ ~ I I I ) l | p H  = 0 (7) O 

A 

Fig. 2 shows that the anodic dissolution of  Sb 
increases with increasing pH but that the reduction 
reaction is independent of  pH (except for pH 
13.7). It is also observed that both anodic dis- 
solution and the reduction reaction are 
independent of  the Sb ( I I I ) in  the electrolyte. 
Anodic Tafel slopes of  0.10 V decade-1 (potentials 
> - - 0 . 5 2 V  for pH 13.7) and cathodic Tafel slopes 
of  0.045 V decade -1 were obtained. 

The polarization data for pH 13.7 are 
anomalous. There is a horizontal potential plateau 
of  about 1�89 decades in current density at - -0 .52 V 
during anodic polarization (complete set of  anodic 
polarization data for pH 13.7 is not  shown); this 
behaviour was not observed for Sb in solutions of  
lower pH. Furthermore, the cathodic Tafel line for 
pH 13.7 is shifted to more negative potentials of  
about 0.14 V than the cathodic Tafel line for pH 
11, 12 and 13. Extrapolation of  the anodic Tafel 
line ( > - - 0 . 5 2 V )  for pH 13.7 to the cathodic 
Tafel line for pH 11, 12 and 13 solutions gives a 
potential o f - -  0.64 V and a current density of  
1.2 mA cm -2 at the intersection. The former value 
is the measured rest potential of  Sb in pit  13.7 
solutions. If  it is assumed that the mechanism for 
Sb anodic dissolution in pH 13.7 solutions above 
the current plateau ( > - - 0 . 5 2  V) is the same as for 
Sb anodic dissolution in pH 11, 12 and 13 

solutions, the current density of  1.2 mA cm -2 at 
the intersection, as described above, can be taken 
as the exchange current density for the Sb/Sb (III) 
reaction in pH 13.7 solutions consistent with those 
obtained for Sb in the other alkaline solutions. 
These exchange current densities are plotted versus 
pH in Fig. 3 and, 

log io 
- 1.1 ( 8 )  

~)pH 
1c-z, 

10-2 
A 

-~ 10-4 

g 
g 
?< 

10-5 
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11 

�9 = , 
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pH 

Fig. 3. Exchange current vs pH for the Sb redox reaction 
in alkaline solutions. 
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Fig. 4. The pH reaction order plot of anodic dissolution 
of antimony in alkaline solutions. E a = -- 0.4 V. 
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It is seen that the exchange current density of  pH 
13.7 obtained at the intersection of  the extra- 
polation of  the upper anodic Tafel line and the 
cathodic Tafel line for pH 1 I, 12 and 13 correlates 
well with the exchange current densities for the 
other alkaline solutions. 
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Fig. 5. Effect of Sb (III) on the polarization behaviour of 
antimony in pH 13 solutions, o 0.0 mmol dm -3 [ Sb (III)1, 

0.2 mmol dm -3 [Sb (III)], o 0.6 mmol dm -3 [Sb (III)], 
zx 2.0 mmol din-3 [ Sb (III)]. 

The pH reaction order plot for anodic dissolu- 
tion in alkaline solutions is given in Fig. 4. A reac- 
tion order of  1.8 is obtained, 

( ~ l~  = 1.8 (9) 
~pH ] -o .4v  

indicating that anodic dissolution of  Sb in alkaline 
solutions is approximately second order with res- 
pect to hydroxyl  ions. The pH reaction order for 
reduction of  the Sb/Sb(III)  reaction is zero order, 
as shown in Fig. 2. The empirical rate expressions 
for the anodic and cathodic reactions are 

ia = 6F/ca [OH-] 2 exp aaFE/RT (10) 
where 

ba = 2.303RT/aaF = 0 .10Vdec  -1 (11) 
and 

lie I = 6F/~e exp -- aeFE/R T (12) 
where 

b e = --2.303RT/aeF = --0.045 V dec -1 

(13) 

Figs. 5 and 6 show the effect of  Sb (III) on the 
anodic and cathodic polarization of  Sb in pH 13 
and 13.7 solutions, respectively, where cathodic 
polarization below -- 1.0 V is also obtained. 
Sb(III)  concentrations of  0.0, 0.2, 0.6 and 
2.0 mmol  dm -1 were examined. Anodic dissolu- 
tion is independent of  Sb (III), as also shown in 
Fig. 2. For Sb in pH 13.7 solutions, the current 
plateau at - -0 .52 V is clearly shown with a lower 
anodic Tafel line of  slope 0.05 V decade -1 and an 
upper anodic Tafel line of  slope 0.10 V decade -1. 
At potentials below -- 1.0 V, there is a clear 
dependence of  cathodic polarization on Sb (III). 
In the absence of  Sb(III)  only hydrogen evolution 
through water discharge occurs. In the presence of 
Sb(III) ,  both  hydrogen evolution and electro- 
deposition of  Sb(III)  occur. In all cases, the 
cathodic Tafel slopes are --0.13 V decade -~. The 
polarization behaviour of  Sb in pH 11 and 12 solu- 
tions are similar to Sb in pH 13 solutions. 

The rate of  Sb(III)electrodeposi t ion is deter- 
mined by subtracting the rate of  hydrogen evolu- 
tion obtained in the absence of  Sb(III)  from the 
cathodic polarization in the presence of Sb(III). 
These results are given in Fig. 7, which shows that 
the rate of  Sb(III) electrodeposition is indepen- 
dent of  pH and increases with increase in Sb(III) 
concentration. The cathodic Tafel slopes rep- 
resenting Sb(III) electrodeposition are - -0 .13  V 
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Fig. 6. Effect of Sb(III) on the polarization 
behaviour of antimony in pH 13.7 solutions. 
o 0.00 tool dm -3 [ Sb (III)], n 0.2 mmol dm -3 
[Sb(III)], 0 0.6 mmol dm -3 [Sb(III)], 
A 2.0 mmol dm -3 [Sb(III)]. 

decade -1. Fig. 8 shows that the electrodeposit ion 
of  Sb(III) in alkaline solutions is first order with 
respect to Sb(III).  

According to Park and Beard [6] Sb(III )  is in 
the form of  SbO~ in alkaline solutions. Thus, when 
Sb203 is dissolved in alkaline solutions, SbO~ 
forms, 

SbzO3 + 2OH- = 2SbO~ + H20 (14) 

The electrodeposit ion reaction is assumed to be 

S b O ~ + 2 H 2 0 + 3 e -  = S b + 4 O H -  (15) 

where E e = 0.446 --  0.079pH + 0.02 log [SbO~] 

Vvs SHE. 
The exchange current densities for the reaction 

(Equation 15) determined from the experimental  

-0.7 

-0.8 

-0.9 

-1.0 

= -1.1 

=~ -1.z 

7 -1.3 

~.-1.4 
-1.5 

results are given in Figs. 9 and 10 as functions of  
pH and Sb (III) concentrations,  respectively. The 
plots give, 

(a log i ; ]  = 0.5 (16) 
\ 8pH ] [Sb(III) l  

and (  log/o I - -  

log[Sb( i i i ) ] ]pH 0.9 (17) 

The empirical rate expression for Sb(III )  electro- 
deposit ion is 

i e = 3F/c~[SbO~] exp--(a'~FE/RT) (18) 

where 

RT t 

t b e = - 2 . 3 0 3 c %  F 0 .13Vdecade  -1 (19) 

~ ~ S l o p e  =-0.13 V 

-1.6 

-1.7 

0 -6 10 -5 10 -4 10 -3 10- 2 10- I 1.0 
Current density {A crn "2} 

Fig. 7. Rate of electrodeposition of Sb(III) 
on antimony in alkaline solutions. Open - 
0.2 mmol din-3 [ Sb (III)], half-closed - 
0.6 mmol dm -3 [Sb(III)], closed - 
2.0 mmol din-3 [ Sb (III) ]; o pH 11.0, 
npH 12.0, OpH 13.0, a pH 13.7. 
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Fig. 8. Sb (III) reaction order plot for electrodeposition 
of Sb 0ID on antimony in alkaline solutions. 

4. Discussion 

The rest potentials (Fig. 1) closely follow the 
equilibrium potential  for the reaction, 

2Sb + 6OH- = Sb203 + 3H20 + 6 e -  (1) 
where 

E e = 0 . 1 5 2 - -  0 .059pH Vvs SHE 

(20) 

~E 
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I i i I i i i I i i i I 
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pH 

Fig. 9. Exchange current vs pH for the electrodeposition 
of Sb (III) on antimony in alkaline solutions, 
�9 0.2 mmol dm -3 Sb (III), �9 0.6 mmol dm -3 Sb OlD, 
* 2.0 mmol dm -3 Sb (III). 
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Fig. 10. Exchange current vs Sb (III) concentrations for 
the electrodeposition of Sb (III) on antimony in alkaline 
solutions. �9 pH 11, * pH 12, �9 pH 13, �9 pH 13.7. 

If  it is assumed that  the Sb/Sb(I I I )  reaction can be 
represented by  Equation 1, the following mechan- 
ism is proposed to interpret  the experimental  data: 

Sb + OH- = SbOH- (21a) 

SbOH- = Sb(OH) + e-  (21b) 

SbOH + OH- = Sb(OH)2 + e- (21c) 

Sb(OH)2 + O H -  = Sb(OH)~ (21d) 

Sb(OH)~ + OH- sos> Sb(OH)2 + e-  (21e) 

Sb(OH)4 + Sb = 2Sb(OH)2 + e-  (210  

Sb(OH)2 + OH- = HSbO~ + H20 + e-  

(21g) 

2HSbO2 = Sb203 + H20 (21h) 

For  the rate determining Step 21e, the anodic rate 

is 
ia,21e = F/~a,21e [Sb(OH)3] [OH-] exp (3FE/RT 

(22) 

If  it is assumed that  all steps other than Step 21e 
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are then at quasi-equilibrium, that surface cover- 
ages of adsorbed intermediates Sb (OH)-, Sb(OH) 
tend to very small values, and that 0Sb(Om~-~ 1. 
Equation 22 becomes 

ia,21e ----= F/Ta,21e[OH-] 2 exp/3FE/RT (23) 

Therefore, for 13 = 0.5 the rate of Sb electrodis- 
solution is 

ia = 6F/Ta [OH-] 2 expFE/2RT (24) 

The cathodic rate for Step 21e is, 

Iie, zlel = F/~e,2~e [Sb(OH)4] exp --(1 --/3)FE/RT 

(25) 

With the same assumptions as given above for 
Equation 22, Equation 25 becomes 

Iie,21e[ -- Fk-e,21e exp -- (2 --/3)FE/RT 

(26) 

Thus, the rate of Sb (III) reduction is, 

lie[ = 6F/Teexp -- 3FE/2RT (27) 

The rate expressions (Equations 24 and 27) 
developed from the above mechanism approximate 
well the empirical rate expressions given in Equa- 
tions 10 and 12, respectively. 

For electrodeposition of Sb (Ill) in alkaline 
solutions (potentials < -- 1.0 V), Equation 15 is 
taken as the reaction, 

SbO~+ 2H20 + 3e- = Sb + 4OH- (15) 

where E e = 0.446 -- 0.079pH + 0.02 log [SbO~] 
Vvs SHE. 

The following mechanism is proposed for the 
electrodeposition of Sb(III) in alkaline solutions. 

rds 
SbO2 + 2H20 + e- ~ Sb(OH)~ + OH- 

(28a) 

Sb(OH)~ = Sb(OH)2 + OH- (28b) 

Sb(OH)2 + e- = SbOH + OH- (28c) 

SbOH + e- = SbOH- (28d) 

SbOH- = Sb + OH- (28e) 

If Step 28a is assumed as the rate determining step, 

ic,21a = F/Se,28a[SbO2] e x p -  (1 - /3 )FE/RT 

(29) 

Therefore, for t3 = 0.5, the rate of Sb(III) electro- 
deposition (li'l) is, 

1i'[ = 3F/~s exp --FE/2RT (30) 

The rate expression for Sb(III)electrodeposition 
(Equation 30) developed from the above mechan- 
ism is in accord with the empirical rate expression 
(Equation 18). 
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