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Anodic oxide films on antimony formed in oxalic acid solutions
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Anodic oxide films on antimony were grown in aqueous solutions of oxalic acid in a large current density and acid
concentration range. Under galvanostatic conditions, the common linear increase of the formation voltage with time
proved to occur at current densities higher than 2 mA cm and in electrolytes with oxalic acid concentrations lower than
0.01 M. Under these only conditions the relationship between the ionic current density and the field strength is described

by Giintherschulze and Betz equation.

The electrical breaking down of anodic antimony oxide in the oxalic acid electrolytes was studied. The experimental
data obtained for the breakdown voltages are well described by Burger and Wu equation. The amplitude and the frequency
of voltage oscillations during electrical breaking down were found practically not to depend on current density.

The results are compared with those obtained for anodic oxidation of antimony in other aqueous solutions. Under
specified conditions, the oxalic acid electrolyte proved to be suitable for the formation of anodic oxide films on antimony.
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INTRODUCTION

Apart from the assumed effect of its formation in
lead—acid batteries, antimony oxide has found
applications as electro catalyst, photoconductor, for
thin film capacitors and in preparing electro chromic
devices [1]. Barrier-type anodic oxide films on
antimony have been grown in a number of aqueous
solutions of acids, bases and salts [2-11], as well as
in non-aqueous electrolytes [12, 13]. In all cases,
however, a strong influence of nature and
concentration of the forming electrolyte on the
kinetics of anodizing has been established. The
anodizing of antimony often exhibits a specific
Kinetics, such as appearance of induction periods, S-
shaped curves and maxima in the kinetic
dependencies [3-6, 10]. It was therefore of interest to
search for electrolytes ensuring a linear potential
growth during galvanostatic anodizing of antimony
in a wide range of concentrations and current
densities.

In the present study, data for the formation
kinetics and the breakdown phenomena of antimony
oxide films in aqueous solutions of (COOH), at
various current densities were obtained.

EXPERIMENTAL
Specimens of high purity (99,999%) antimony

were cut out of polycrystalline Sb with a working
area of 2.5 cm? The electrodes were mechanically
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polished with sandpaper R 4000 (d = 5 um). The
anodizing was carried out under galvanostatic
conditions at a temperature of 293 K. The current
densities (J) varied from 2 mA cm2to 20 mA cm2,
Various (COOH); solutions in the range from 0.01
M to 0.1 M were used as forming electrolytes. The
electrolytes were not stirred in order to avoid the
influence of hydrodynamic effects.

The formation of the films was carried out in a
two-electrode cell with a platinum mesh serving as a
counter electrode, using a high voltage generator of
constant current (600 V, 0.5 A). Kinetic curves, i.e.
dependences of the formation voltage (Ur) on time
(t) were registered with a precision multi meter
(Mastech MS 8050) and a PC-based data acquisition
system.

RESULTS AND DISSCUSSION
Kinetics of galvanostatic anodization

The formation of barrier anodic films on valve
metals at galvanostatic and isothermal conditions is
known to be associated with a linear increase of the
formation voltage (Ur) with time (t), or respectively
with the density of electric charge passed (Q). It
turned out that the concentration of the oxalic acid
and the current density used had a strong influence
on the kinetics of the process. Examples of kinetic
Us(t)-curves  (respectively  Ux(Q)-dependencies)
obtained in solutions with different concentrations at
a constant current density of 2 mA cm? are
presented in Fig.1.
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Fig. 1. Kinetic curves of galvanostatic anodization of
antimony in oxalic acid solutions with different
concentrations

The kinetic curves proved to have different
shapes depending on the concentration of the oxalic
acid. As it was shown earlier [14], a linear
relationship between formation voltage (Us) and time
(t) was observed only at the lowest concentration
(0.01 M). That is why the corresponding electrolyte
was chosen for subsequent experiments.

It was of interest to trace the influence of current
density (J) on the anodization kinetics. Figure 2
presents Kinetic curves obtained at different current
densities. The slopes (0U#/0Q) of these curves are
also calculated.
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Fig. 2. Kinetic curves of antimony anodization in 0.01 M
(COOH); at different current densities

During galvanostatic anodization, the ionic
current (J;) is known to depend on the intensity of the
electric field (E) in the oxide. This Ji(E)r-
dependence is described in a first approximation,
known as the high field approximation, by
Giintherschulze and Betz equation [15],

J; = A exp(B;E), M

At constant temperature, the constants Ag and Bg
are independent of the field intensity. The current (J)

flowing  through the system  metal/oxide
film/electrolyte is assumed to be completely ionic,
i.e. J = Ji. It has been shown [12] that the high field
approximation  describes the anodization of
antimony in a number of aqueous electrolytes as
well. The validity of egn. (1) has been further
confirmed for the anodizing kinetics in a phosphate
buffer [16], the anodic antimony oxide being
determined as Sh,0s.

As a matter of fact, egn. (1) describes well the
anodizing kinetics of antimony even after the
appearance of induction periods [13]. Unfortunately,
there are differing opinions about the composition of
the anodic antimony oxide and, moreover, no
reliable methods for determining the film thickness.
Hence, it seems impossible to calculate the electric
field intensity (E). Based on Faraday's law, this
intensity can be expressed:

E:ZF—”(%}
M A Qs @

Here, F is the Faraday constant, M is the
molecular mass and p is the density of the film, z is
the number of electrons involved in the
electrochemical process, and (6U#/0Q) is the slope of
the kinetic curve. The fact that the growth rate of
formation voltage U with charge density (Q)sr
remains constant during the first anodizing stage,
could be an indication that film growth dominates
over film dissolution and a barrier type film is
formed. In this case, the ionic current is controlled
only by the film properties and (6Uy/0Q);r should
depend on the current density. The Giintherschulze
and Betz equation can be used to describe the
anodizing kinetics on replacing the field intensity (E)
by its proportional magnitude (6U#/0Q);T. AN
assessment of the validity of egn. (1) was carried out
by replacing the field intensity in eqn. (1) by the
proportional magnitude (6U#/0Q),.r from eqgn. (2):

J,= A, exp[ By (8U, / 8Q), | @

The notation Bg" marks here the expression
BG* = BGZFp/M.

Figure 3 presents the plot of (6U#/6Q)s1 vs. Ind.
The obtained linear dependence shows that egn. (3)
adequately describes the anodizing kinetics of
antimony in 0.01 M (COOH)z.
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Fig. 3. (0U#/0Q)s1 / InJ - dependence for galvanostatic
anodization of antimony in 0.01 M (COOH),. Similar
relationships for two other electrolytes are presented for
comparison.

Values for the constants Agand Bg® were
determined from the data in Fig. 3. These values
were then compared (Table 1) with those estimated
for anodization of antimony in a glycol-borate
electrolyte (GBE) [12] and in a phosphate ester
(CsHsCH20)3P04 [13].

Table 1 Values of the constants Agand Bg" in
equation (3)

Electrolyte Ag (Acm?) B; (CVicm?)
0.01 M (COOH), 0.56 x 10 0.017
GBE [12] 1.25 x 10 0.058
(CsHsCH0)sPOs B [13]  2.30 x 108 0.020

It is worth noting that the anodization in
(CsHsCH20)3P04, which occurs with the appearance
of a pronounced induction period, is also well
described by eqgn. (3) [13]. It was of interest to study
the dependence of (0U#/0Q),r on the concentration
of (COOH); during anodization at a constant current
density. An example of such dependence during
anodizing with J = 102 A cm is presented in Figure
4. It turned out that the dependence was linear only
at lower concentrations (under 0.02 M). A similar
picture is observed [17] during anodization of
antimony in sulfuric acid solutions.

Breakdown phenomena

The breakdown phenomena are important
anodizing characteristics. It is well known that the
increase in anodic film thickness, respectively the
anodizing voltage, is limited by the occurrence of
electrical breakdowns. The first evidence for a
limiting voltage attained during anodization has
been furnished in the pioneer work of
Giintherschulze and Betz [15].
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Fig. 4. (0U+#0Q),.1 / logC - dependence for anodization of
antimony in (COOH). solutions. For comparison, a
similar dependence in H,SO4 solutions is presented [17].

Numerical values for breakdown voltages of
antimony oxide in some acid, base and salt solutions
have been calculated by Ammar and Saad [3, 9]. The
dependence of the breakdown voltage (Ug) on the
electrolyte resistivity (o) for anodic films on
different valve metals is well described by the
empirical equation of Burger and Wu [18]:

Ug=a;+bylog p (@)

The only question remaining controversial is
whether the constants ag and bg depend on the
electrolyte composition. To clarify this, the
breakdown voltage of Sh was studied in oxalic acid
solutions with different concentrations (or specific
resistances p, respectively), as shown in Fig. 5.
Current density and temperature were held constant.
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Fig. 5. Breakdown voltages are shown as a function of the
specific resistance of the oxalic acid electrolyte. The
results are compared with those obtained in two other
solutions.

The anodizing process was conducted in
galvanostatic regime with a current density of 102 A
cm2 at a constant temperature (293 K). In all cases,
after reaching a specific value of Uy, voltage
oscillations which are typical for the electric
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breakdown could be observed (Fig.1). The
oscillations began at different values of U depending
on the type and concentration of the contact
electrolyte. Next, the voltage increased slowly, with
continuous oscillations and after a certain time (or
charge density passed) remained practically
constant. The value of Uy, after a charge of 3 Ccm™
passed since the first appearance of oscillations [17],
was adopted to be the breakdown voltage (Us). The
data obtained for Ug (Fig. 6) allowed the calculation
of the constants in egn. (4). This equation proved to
describe well the experimental data obtained during
anodization of antimony in oxalic acid solutions.
The values of the constants az and by are presented
in Table 2. For comparison, values for the same
constants obtained in solutions of other two acids,
H3PO, [12] and H2SO4 [17], are also presented.

Table 2 Values of the constants in the Burger and Wu
equation

Electrolyte Current density ag (V) bg (V)
(COOH), 102 Acm? -104+18 7245
HsPOs[12]  10% Acm? -180+23 72+8
H,SO4[17]  10° Acm?? 585+42 24+3

The studies on breaking down during anodization
of antimony in aqueous oxalic acid solutions showed
that breakdowns obeyed the common regularities
typical for valve metals. On the other hand, the
constants ag and by for antimony oxide in Burger
and Wu equation [18] depended on the nature of the
forming electrolyte as the other oxides on valve
metals. The amplitude and frequency of the voltage
oscillations during breaking down were analyzed.
Fragments of the oscillations are presented in Fig. 6.
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Fig. 6. Fragments of the kinetic curves during breaking
down for anodization with two current densities

The results show that both the frequency and the
amplitude of voltage oscillations during breaking
down are insensitive to the applied current density.
A similar result has been obtained with oxide films
on other typical valve metals.

CONCLUSIONS

Oxalic acid solutions are suitable for the formation
of anodic oxide films on antimony. The common
kinetics of linear increase of the formation voltage
with time in galvanostatic conditions were observed
only at current densities greater than 2 mA.cm2 and
electrolytes with concentrations lower than 0.01 M
(COOH).. The kinetics of formation is subject to
known relationships between current density and
field intensity (Giintherschulze and Betz equation).
Breaking down is discussed on the base of Burger
and Wu equation which describes well the
experimental data. Furthermore, the amplitude and
frequency of formation voltage oscillations during
electric breakdowns is found to be practically
independent of current density.
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MEXAHWU3BM HA AHOIHO OKHNCJIEHUE HA AJIYMHWHUEBU CITJIABU B CYJI®ATHO-
OJIYOPUIEH EJIEKTPOJIUT

E. Jlunos, K. Tuprunos, E. Knain™

Xumuxomexnonoeuven u memainypeuuer ynueepcumem, 1756 Coghus, bvrcapus
IMocrenuna Ha 28 despyapu, 2013 r.; Kopurupana na 13 ampu, 2013 1.
(Pesrome)

W3cnenBana ¢ KHHETHKATa HA 00pa3yBaHe HA AaHOHU OKCUAHH (HUIMH BbB BOJHHU PA3TBOPH Ha OKCAIOBA KHUCEIHHA.
IMporechT ¢ u3y4eH MpHu IMHPOKO BapHpaHe HA KOHICHTPALUITA U IITHTHOCTTA Ha TOKA. Y CTAHOBEHO €, ue oOnYaiHaTa
KHHETHKA C JIMHEWHO HapacTBaHe Ha (DOPMHUPAIIOTO HANpEKEHHE C BPEeMETO (B TalBAHOCTATHYHH YCIOBHS) Ce
HabJII0/1aBa TIPY aHOJMPAHE C TUILTHOCTH Ha TOKa Haj 2 MA ¢cm™ B eJIEKTPOJIUTH ¢ KOHIIEHTpalus 1o-Hucka ot 0.01 M
(COOH),. Ipwu Te3u ycnoBus € B CHiia ypaBHEHHETO Ha ItoHTepinyiie u ber, KoeTo onmmMcBa 3aBUCUMOCTTA Ha WOHHUS
TOK OT CHJIaTa Ha MPUI0KEHOTO EIEKTPUYHO ToJie. [1oayueHnTe eKCepuMEeHTAIHH JaHHHU 33 IPOOUBHUTE HATIPSKCHHS
[0 BpeMe Ha aHOJMPAHETO Ha aHTHMOHA C€ OMUCBAT JA00pe ¢ eMIUPUYHOTO ypaBHeHue Ha byprep u By. CroliHocTuTe
HA KOHCTAHTUTE B YPABHEHUETO Ca CHIIOCTABEHH C TE3H, MOJYYCHHU MPH aHOAUPAHETO HA AHTHMOH BB BOJHU Pa3TBOPU
Ha JIPYr'd KUCETHHHU. Y CTAaHOBEHO € CBINO TaKa, 4Ye aMILUTUTYIATa M YeCTOTaTa Ha OCHUIALMUTE HA HAPEKCHUETO 110
BpeMe Ha MPOOMBHUTE HE CE MOBIHIBAT 3HAYMTEIHO OT IUThTHOCTTA HA TOKA. [IpH OnpeieieH  YCIOBUs BOJHHUTE Pa3TBOPU
Ha OKCAJ0oBaTa KHCEIMHA Ca MOAXOISIIH 32 (OpMHUPAHETO HA AaHOJHU OKCHIHH (HHIMH BbPXY aHTUMOH.
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