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Abstract 
The formation of thick anodic oxide films on antimony in diluted solutions of oxalic acid 
(CO(OH)2) was studied under galvanostatic and isothermal conditions. The film 
formation was always accompanied by a dissolution process which strongly depended on 
the growth conditions. The formation efficiency, as determined by the dissolved metal 
amount, was affected by the CO(OH)2 concentration, the current density and the 
anodization time. The dissolved antimony amount increased with higher CO(OH)2 
concentrations and anodization time, and with lower current densities. The analysis of the 
total current density suggests the occurrence of a formed film and a dissolving 
component. According to the calculations, the anodic oxides composition is close to 
Sb2O3. The growth of anodic Sb2O3 took place at high electric fields within the oxide 
film. The thicknesses of the formed films were calculated by taking into account their 
dissolution. The film formation efficiency was determined at various current densities. 
 
Keywords:  antimony anodic dissolution, film formation efficiency, galvanostatic 
anodization and electric field intensity.  
 
 
Introduction 
Metals anodic dissolution is an important topic for both practice (battery design, 
materials finishing, corrosion protection, metal digestion and others) [1-3] and 
theory [4, 5]. Anodic oxide films on antimony can be formed in different aqueous 
or non-aqueous electrolyte solutions. The use of various acidic solutions, such as 
sulfuric [6-11], phosphoric [12-15], oxalic [16-18] and hydrofluoric acids [19] has 
been reported. In all cases, appreciable oxide dissolution during the film formation 
has been ascertained. The oxide dissolution continues even without polarization in 
diluted aqueous solutions of H2SO4 [11] and CO(OH)2 [16]. 
In order to explore the oxide films anodic formation under well-defined conditions, 
a galvanostatic and isothermal regime is frequently used, but the kinetics of anodic 
oxide growth on antimony has been found to strongly depend on the electrolyte 
forming conditions, nature and concentration. Besides the classical linear increase 
in the forming voltage (Uform) with time (t), passed charge density (Qtotal), S-shaped 
curves, induction periods and maxima in the kinetic dependencies have been 
observed. Anodization in CO(OH)2 diluted aqueous solutions was found to 
proceed up to high voltages, thus leading to the formation of relatively thick oxide 
films [16-18].  
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In CO(OH)2 solutions, with concentrations in the range from 0.001 to 0.02 М,    
two-stage kinetic curves were observed [17]. They were linear only during the first 
anodization step, for charge densities up to 6 C cm-2. During the second one, the 
increase in Uform slowed down, and electrical break down occurred. 
In this work, antimony oxide films formation and dissolution during their anodic 
oxidation in CO(OH)2 were studied, in order to estimate the electrolyte 
concentration, current density and process duration influence on the films 
formation efficiency (λ) and thickness (d). 
 
Experimental 
Electrode preparation 
The working electrodes were prepared from high purity polycrystalline metallic 
antimony (99.999% Sb), from American Elements, with a working area of             
2.5 cm2. The surface was isolated with a thick layer of epoxy resin. The electrodes 
were mechanically polished with a Р 4000 sand paper (5 μm), and were then 
washed with neutral detergent and double distilled water. 
 
Conditions for film formation 
Anodization was carried out at constant total current density                               
(Jtotal = 0.8 - 20 mA cm-2), at 20 ºС. A two-electrode cell with a golden plate as 
counter-electrode was used, connected to a high voltage galvanostat                        
(600 V, 0.5 A). The electrolytes were intentionally not stirred, in order to avoid the 
influence of hydrodynamic effects. Various СО(ОН)2 aqueous solutions, with 
concentrations from 0.001 to 0.02 М, were used as forming electrolytes. The film 
formation was carried out only during the first anodization stage, thus 
corresponding to the Uform(t)-curves linear part. In all experiments, the passed 
charge density did not exceed 0.6 C cm-2. The final forming voltage was in the 
range from 100 to 150 V. 
 
Used equipment 
Kinetic curves showing Uform dependence on t were registered by a precision 
multimeter (Mastech MS 8050) and a PC-based data acquisition system. The 
dissolved Sb amount during anodization was determined by the Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) method. Further, an 
interferometric method was used to estimate the formed oxide films thicknesses. 
 
Results and discussion 
Influence of the anodizing parameters on the dissolved antimony amount 
The influence of CO(OH)2 concentration (C), total current density (Jtotal) and 
anodizing time (t) on the dissolved Sb amount was studied. These data were further 
used for calculating the film formation efficiency.  
 
CO(OH)2 concentration influence 
The CO(OH)2 concentration influence on the dissolved Sb amount was determined 
by ICP-OES, for specimens anodized at current densities from 2 to 10 mA cm-2, in 
CO(OH)2 aqueous solutions with concentrations from 0.001 to 0.02 M (Fig. 1).  
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Figure 1. Dissolved Sb amount as a function of the electrolyte concentration for Sb oxide 
films formed in CO(OH)2 solutions, at two current densities. 
 
In all experiments, the total passed charge density was 0.4 C.cm-2. This value, as 
well as the concentration range, was chosen to keep the film growth in the kinetic 
curve linear part.  
As seen in the figure, for both current densities, the dissolved Sb amount increased 
with higher CO(OH)2 concentrations, which was an expected result. On the other 
hand, larger amounts of dissolved Sb were obtained at lower current densities. For 
one and the same passed charge density, lower current densities would correspond 
to longer anodization times and film exposure to the more or less aggressive 
solution. Hence, it is expected that the chemical dissolution should play a role in 
the film dissolution process. 
 
Current density influence 
Applied Jtotal influence was studied in two electrolytes with concentrations of 0.001 
and 0.01 M, in the range from 0.8 to 20 mA cm-2. In all experiments, a constant 
value of 0.4 C cm-2 was chosen for the charge density. The dissolved Sb amount in 
both electrolytes depended on the anodization current density (Fig. 2). 

 
Figure 2. Dissolved Sb amount in 0.01 M and 0.001 M CO(OH)2, as a function of the 
current density. 
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The results logically point to increasing amounts of dissolved Sb with higher 
electrolyte concentrations and lower current density, as it was found for other 
metals [20]. 
 
Anodization time influence 
The influence of anodization time (t) or of the passed charge density (Qtotal) on the 
dissolved Sb amount was studied in 0.01 M CO(OH)2, at four current densities. 
The results are presented in Fig. 3. They confirmed once more that the decrease in 
current density leads to an increase in the dissolved Sb amount. A quite surprising 
feature of the shown dependences is their linearity, as observed for all used current 
densities.  

 
Figure 3. Dissolved Sb amount during anodization in 0.01 М CO(OH)2, at different 
current densities.   
 
In order to assess the possible impact of chemical dissolution during anodic 
polarization, experimental exposure of formed films, with 0.8 mA cm-2, to            
0.01 M CO(OH)2, was performed over 750 secs (Qtotal = 0.6 C cm-2). After this stay 
in the electrolyte, the dissolved Sb amounts were measured (approx. 1 µg cm-2). 
This amount was around 1.1% of the overall Sb dissolved during the anodic 
polarization. In this sense, the chemical dissolution during the anodic polarization 
could be neglected. A proportional correlation of the dissolved Sb amount to      
Qtotal (t) was observed.  
The dissolution current density values (Jdiss) during anodic polarization can be 
estimated by the charge passed for Sb electrochemical dissolution (Qdiss). This 
enables the calculation of the film formation efficiency.  
 
Calculation of the film dissolution charge density 
Using the data obtained from the ICP-OES method, the Qdiss charge apparently 
spent for the chemical and electrochemical Sb dissolution was calculated. For the 
purpose, the following expression was used: 
 

                                 
Sb

Sb
diss M

Fzm
Q                                        (1) 
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where mSb is the dissolved Sb mass, MSb is Sb atomic mass                                     
(MSb  = 121.76 g mol-1), z is the number of exchanged charges, while Sb dissolves 
to Sb

3+, z = 3, and F is Faraday constant (F = 96485 C mol-1). 
In Fig. 4, Qdiss is presented as a function of the total charge passed (Qtotal) during 
anodization, in 0.01 М CO(OH)2, at different current densities, in the range from    
0.8 to 20 mA.cm-2. Proportionality was ascertained between Qdiss and Qtotal, thus 
justifying once more the approach chosen. As shown in the figure, the charge spent 
for dissolution increases with lower current densities. 

 
Figure 4. Dependence of the apparent charge spent for Sb dissolution on the total charge 
passed during anodization, in 0.01 M CO(OH)2, at various current densities. 
 
The knowledge of Qdiss and Qtotal allows the calculation of the charge spent for the 
film formation (Qform), as the difference of Qtotal - Qdiss, at a given current density. 
 
Sb oxide films thickness determination 
One of the important characteristics of anodic oxide films is their thickness (d). 
The theoretical film thickness can be calculated from Faraday’s law, by 
introducing the total passed charge density: 
 

                             tJQ totaltotal                                     (2) 
 
In this case, it has to be assumed that the total current is entirely ionic, and that no 
electrochemical dissolution or electronic conduction occurs, so that Jtotal = Jionic. 
The film thickness is then calculated: 

                            
oxide

totaloxide

Fz

QM
d


                                           (3) 

where Moxide is the Sb oxide molecular mass and ρoxide is its density, z is the number 
of exchanged electrons and F is the Faraday constant. Problems related with the 
Sb oxide films stoichiometry have arisen a long time ago.  
Different opinions have been expressed, suggesting Sb2O3, Sb2O5, Sb2O4 [19], or 
even more complex compositions. In most studies, however, the Sb2O3 
composition has been upheld [14, 15]. 
Assuming two compositions of the obtained films (Sb2O3 and Sb2O5), their 
thicknesses were calculated in parallel using equation (3). The calculated values 
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were then compared to those experimentally determined by standard 
interferometric methods.  
The calculations have shown that only the acceptance of Sb2O3                             
(MSb2O3 = 291.5 g.mol-1, ρSb2O3 = 5.2 g.cm-3 and z = 6) would result in thicknesses 
comparable to those determined by the optical method. 
The experimental thicknesses (d) of oxide films formed during anodization in    
0.01 М CO(OH)2, at three current densities, are presented in Fig. 5, in juxtaposition 
with the calculated theoretical films thicknesses.  

 
Figure 5. Experimental thicknesses of oxide films formed during anodization at three 
current densities. Calculated theoretical thicknesses are plotted for comparison. 
 
In all cases, experimental thicknesses are lower than theoretical ones. Anodization 
at higher current densities results in thicker Sb2O3-films. These results are in full 
agreement with the established reduction of the dissolved Sb amount with higher 
current densities. The charge spent in film formation, Qform = Qtotal - Qdiss, was 
calculated and plotted versus the total passed charge (Fig. 6). 

 
Figure 6. Dependence of the charge density passed for the antimony oxide film formation 
on the total charge passed during anodization. 
 
Qform found values allowed to correct the calculated film thicknesses from equation 
(3) for film dissolution, taking again Sb2O3 as the oxide composition. The film 
thickness corrected values were compared with the experimental ones (Fig. 7). 
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Figure 7. Anodic Sb2O3-films thicknesses, corrected for dissolution, in dependence of 
the charge passed for their formation (broken line). Symbols denote optically measured 
experimental thicknesses. 
 
The excellent agreement between the corrected and experimental thickness values 
indicates, on one hand, the reliability of the used optical method, and on the other, 
the absence of measurable electronic conductivity during the film formation. 
 
Electric field intensity calculation 
The electric field (E) intensity (or the so-called field strength) during anodization 
is calculated from the following expression: 
 

                                       
d

U
E form                                      (4) 

 
The Sb isothermal and galvanostatic anodization, in various electrolytes, leads to 
the formation of films with different dielectric properties. E values in 1 М H3PO4 
reached up to 6.5 × 105 V cm-1 [13], and in buffered phosphate electrolytes reached 
2.25 × 106 V cm-1 [15]. The latter value is usually related to the presence of high 
electric fields within the oxide film, and the current is assumed to be prevailingly 
ionic. It was of interest to determine E value during Sb anodic polarization in        
0.01 М CO(OH)2. Under the used conditions, a E value = 2.37 × 106 V cm-1 was 
calculated, thus indicating a high-field film formation in the whole current density 
range, studied alongside with a negligible electronic component of the current. 
 
Film formation efficiency 
Anodic film formation efficiency (λ) calculations appeared to be an easy task. 
Qform- values ratios and the corresponding Qtotal values were calculated for four 
different current densities to furnish λ values, according to the expression:  
 

                                      
total

form

Q

Q
100                             (5) 

 
The film formation efficiency is plotted in Fig. 8 against the total charge passed 
during Sb anodization in 0.01 M CO(OH)2. 
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Figure 8. Sb2O3-film formation efficiency in 0.01 M CO(OH)2, at four current densities, 
in dependence of the total passed charge density. 
 
As seen in the figure, the anodic film formation efficiency proved to remain 
practically constant during the anodization, at a given current density, and to 
increase with higher J. The λ constancy implies a constant film dissolution rate; 
the latter might explain the proportionality between total charge density and total 
dissolved Sb amount. 
 
Conclusions 
Sb anodic oxidation in diluted CO(OH)2 solutions led to the formation of relatively 
thick oxide films, but which always suffered dissolution. The dissolution process 
was strongly affected by CO(OH)2 concentration, current density conditions and 
anodization time. The dissolved Sb amount increased with longer times and total 
passed charge density, and decreased with higher current densities. The linear 
dependence between the dissolved Sb amount and the total charge permitted the 
calculation of an apparent charge spent for dissolution, as well as of the charge 
spent for films formation. Using these data, the anodic oxide composition was 
determined as being Sb2O3. The calculated films thicknesses proved to be in 
excellent agreement with the experimental values determined by a standard 
interferometric method, and finally, the film formation efficiency could be 
evaluated under different current density conditions. The efficiency was found not 
to depend on total charge density; it increased with higher current densities.  
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