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Abstract- A thin film of antimony-oxide on an antimony electrode (Sb-Sb-oxide) is a simple,
robust, and low-cost electrode for pH measurement. This study reports on the effect of different
electrolytic media on forming a thin-film of Sb-oxide by electrochemical methods and its
stability for pH measurements. An antimony electrode was obtained by the melting and
solidification of antimony powder. Sb-oxide, thus obtained by electrochemical methods, was
characterized by X-ray Photoelectron Spectroscopy (XPS). The cyclic voltammetry (CV) study
revealed a complex oxide formation mechanism. This mechanism could be interpreted as a
stepwise formation of different Sb species, such as SboO3z and Sb2Os, in a low field near an open
circuit potential (OCP). XPS results showed that the Sb>O3 and Sb>Os ratio was almost similar
in acidic medium, whereas SboOs was dominant in phosphate solution. All the prepared Sb-
Sb-oxide electrodes showed a linear electromotive force (e.m.f.) in pH 2-10, giving a slope of
0.049- 0.052 V/pH at room temperature (RT). The electrodes gave an excellent pH response,
and hence they can be used in standard laboratory experiments where the accuracy of £0.02
pH is required. However, Sb-oxide obtained in phosphate buffer solution of pH 7 showed a
lower electrode sensitivity and lower stability due to dominant Sb,Os formation.

Keywords- Potentiostatic Polarization; Open-circuit Potential; Cyclic Voltammetry;
X-ray Photoelectron Spectroscopy
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1. INTRODUCTION

Metal-metal oxide-based electrodes have been prepared and used as a pH sensor for
aqueous electrolytes for a long [1,2]. A thin film of insoluble metal oxide is formed as soon as
certain noble metals such as bismuth, tin, tungsten, tellurium, and antimony are immersed in
an electrolyte at room temperature (RT). These metal oxides form a redox couple, which shows
quick, reversible, and reproducible responses towards hydrogen ion concentrations. The
potential drift during pH measurement is small and comes into equilibrium without appreciable
dissolutions of oxides [3,4]. In the recent past, there has been increasing interest in the metal-
metal oxides as pH electrodes due to greater rigidity, low impedance, and high scope for
miniaturization [5]. Besides these, metal-metal oxide electrodes are easy to handle, and they
can be readily fabricated on single crystals or polycrystalline metals in the laboratory at RT.

A glass electrode is the most commonly used pH sensor because of its comprehensive range
of pH, freedom from oxidation-reduction ("redox"), and other interferences [6]. These
electrodes have certain materials and design limitations, such as fragility, high impedance, and
the need for an internal aqueous phase. This precludes the straight forward miniaturization and
microfabrication of glass pH electrodes. At the same time, it is inconvenient to use and difficult
to prepare; therefore, the glass electrode is not adopted for general measurement [7,8].
Alternatively, a quinhydrone electrode has also been tried, but contamination of the test
solution with quinhydrone itself is a problem. Therefore, the combination of glass electrodes
with metal-metal oxide electrodes is used for pH measurements to overcome these drawbacks
[9-11]. The metal-metal oxide electrodes are being optimized and prepared using polymers,
nanotubes, and several compositions to increase their efficiency [12—15].

Among the different metal-metal oxide electrodes, the antimony-antimony oxide (Sb-Sb-
oxide) electrode is one of the most well-behaved electrodes for pH determination [4,10,11,16—
18]. The equation may represent the basic reaction of the Sb-Sb-oxide electrode for hydrogen
ion concentration:

Sb203 + 6H" + 6¢"— Sb + 3H,0
The Nernst equation gives the electrode potential as:

Esp = E° — (RT/6r) In'/a’y"

=E°-0.0591 pH (at 25°C)

Several characterizations and optimizations have been done by many researchers dealing
with the different aspects of the Sb-Sb-oxide electrode for pH measurements [6—8]. The growth
of antimony oxide and the evolution of its morphology were studied. The stability of the
prepared electrode in buffered phosphate electrolytes was tested by electrochemical methods,
in-situ ellipsometry, and atomic force microscopy [7]. These pH electrodes have been used for
medical treatments and disease diagnosis [6,10,15,19,20] and re-evaluation of microelectrode

methodology for in-vitro pH determination [11,21,22], among others.
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The response, sensitivity, and reproducibility of the Sb-Sb-oxide electrode depend on the
nature of oxide film developed on the Sb surface. Sb-Sb-oxide electrodes prepared from a
single crystal in a nitrogen atmosphere showed better reproducibility and quick equilibrium
attainment [8,16,17]. When the prepared Sb-electrode is immersed in an aqueous alkaline
solution (e.g., 0.1 M Na>CO3) for about an hour, it quickly develops a thin Sb-oxide film on
the surface [1,23,24]. Electrodes thus prepared by simple immersion method give a satisfactory
pH response. Alternatively, the oxide can also be deposited electrochemically, namely anodic
polarization, where a more precise and controlled oxide film is formed. It increases the electric
field across the oxide film and leads to the growth of oxide by ionic conduction. The anodic
polarization can be carried out at constant anodic potential (potentiostatic polarization) or
constant anodic current (galvanostatic polarization) or by cyclic voltammetry (CV).

The preparation and characterization of polycrystalline Sb-Sb-oxide electrode is reported
scarcely. This work focuses on the preparation of polycrystalline Sb-Sb-oxide electrodes at RT
by electrochemical oxidation in different pH solutions. Electrochemical oxidation of the
antimony electrode has been achieved in sulfuric acid as an acidic electrolyte, phosphate buffer
as neutral, and borax buffer as a basic electrolyte. The composition of the differently prepared
surface oxide has been studied using X-ray photoelectron spectroscopy (XPS) to explain its pH

response effect.

2. EXPERIMENTAL

Antimony (Sb) powder (99.90%) was purchased from Fisher Scientific, India. The Sb
powder was melted in a corning glass tube to prepare polycrystalline Sb ingot [12,23]. The
ingot was then mounted on a Teflon rod with 4 mm of inner diameter to shape as an electrode
(Fig. 1). Further, the exposed electrode surface was mechanically abraded with SiC paper until
#2000 grit size to have a shiny surface. The electrode was then subjected to electrochemical
oxidation in different pH solutions by potentiostatic, galvanostatic, and cyclic voltammetry
(CV) to make an Sb-oxide layer on Sb. All the electrochemical polarizations were performed
with an HA150 Hokuto Denko Potentiostat/Galvanostat, Japan, controlled by a self-made
LabVIEW program. Different electrolytes with different pH were used to prepare the Sb-Sb-
oxide electrodes. 5.0 M H2SO4, 0.5 M H2SOs, phosphate buffer solution of pH 7.0 (0.1 M
NaH2PO4 + Na;HPO4,) and borax buffer of pH 10 were used for electrochemical oxidation. A
series of buffer solutions from pH 2.0 to 10.0 were prepared and maintained with standard
procedure[25].

The electrochemical measurements were carried out using a conventional three-electrode
cell comprising the Sb-electrode as a working electrode, a saturated calomel electrode (SCE)
as a reference and a platinum foil as a counter electrode. Potentiostatic polarization of the Sb-
electrode was carried out at 2.0 V for 2 h. Similarly, a galvanostatic polarization was carried

out at the current density of 4 mA/cm? until the potential reached 10 V. The process was
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repeated five times so that a sufficiently thick oxide layer could be formed. Regarding CV, in
the case of H2SO4 solutions, the cathodic potential was fixed at -0.60 V while the anodic
potential was varied as 0.80 V, 0.20 V, and 0.10 V to check the effect of anodic potential limit
on the nature of the oxide. As for phosphate buffer (pH 7.0) and borax buffer solutions (pH
10.0), the potential range of CV was -0.60 V to 0.80 V as cathodic and anodic limits,
respectively. CV was carried out at 0.01 V/s for each measurement. All the mentioned potential
in this paper is referred to as SCE. All the chemicals were of reagent grade and purchased from
Fisher Scientific, India. The solutions were prepared by dissolving an appropriate amount of
chemical in double-distilled water.

The electrode response prepared by different methods was measured in buffer solutions of
pH 2.0 to 10.0. The dynamic response of the electrodes was studied at pH 2.0, pH 7.0, and pH
10.0. The change in potential with time was recorded every 10 s for 30 min under stirring

conditions.

Antimony
Powder

f3%  Teflon Rod ) \

Copper wire

Heat

Fig. 1. Antimony ingot preparation scheme from powder sample

The Sb-oxide formed on the Sb-electrode by different methods was characterized by X-ray
photoelectron spectroscopy (XPS). Before making measurements, the surface was sputtered by
Ar* at 1.0 keV for 2 min to remove the surface impurities. The XPS measurement was then
done on Sb-Sb-oxide samples prepared in 5.0 M H2SO4, phosphate buffer of pH 7.0, and borax
buffer of pH 10.0 using a Thermo Scientific Sigma probe instrument in 2x10* mbar pressure.
The X-ray source was Al Ka (1486.6 eV) with a beam size of 400 um and a pass energy of 50
eV at 0.1 eV resolution. Fifty cycles of scanning were performed for collecting individual data.

The spectra were fitted with Thermo Avantage software.

3. RESULTS AND DISCUSSION
3.1. Oxidation of Sb-electrode

Fig. 2a shows a CV of Sb electrode from +0.80 V to -0.60 V in 5.0 M and 0.5 M H2SO4
solutions. The current-potential response shows that the Sb dissolution starts at around -0.04 V
and continues till +0.025 V. A shoulder appeared at +0.075 V till +0.137 V, which again
increased till 0.190 V, and finally, a stable plateau continues from +0.325 V. These peaks
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correspond to the process of nucleation, formation, and expansion of a partly passivating oxide
layer. A large limiting current afterward indicates the dissolution process through the
passivation layer. The phenomena of Sb-dissolution in H2SO4 and phosphate solutions have

already been reported [7,8].
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Fig. 2. Cyclic voltammetry of Sb electrode a) in 5 M and 0.5¢cM H2SO4 inset: zoom-in of
phosphate buffer and borax buffer solution and b) Effect of anodic limits on the CV in 5.0 M
H>SO4 (a=0.8 Vt0 -0.6V, b= 0.2 Vto -0.6 V, c=0.1 to -0.6 V)

The anodic current from -0.04 V to +0.45 V is attributed to the electro-formation of Sb2O;
via the formation of different soluble Sb species, while the steady-state current after +0.45 V
is attributed to the anodic growth of the oxide [2,3]. The anodic growth of the Sb2Os film
occurred due to an ionic conduction mechanism caused by a ‘high field”, which drives the
ionic migration in typical ‘‘valve” metals [26]. The formation of pentavalent Sb-oxide happens
together with the oxygen evolution, confirmed by a ring-disc experiment [26]. In the case of
0.5 M H2SOs4, anodic dissolution of Sb starts at +0.17 V till +0.29 V, the current gradually
decreases, and finally, a sizeable steady-state current is observed after +0.325 V. This
phenomenon shows only one type of Sb2O;3 film formation by an ionic conduction mechanism
[16,27].

During the cathodic scan, the current maintains an anodic value initially, showing the
dissolution of antimony. As the potential moves to a more cathodic value, a pronounced
cathodic peak due to the reduction of previously formed oxide in the anodic scan is observed
at -0.40 V in 5.0 M and -0.30 V in 0.5 M H2SO4. There is not a distinct difference in the
reduction peak in both solutions. However, the current in the 5.0 M H2SO4 solution is higher
than in the 0.5 M H2SOs4 solution. This indicates a high dissolution, and hence solubility of Sb
is relatively large in high concentrated H>SO4 solution.

Similar CVs were performed in a phosphate buffer solution of pH 7.0 and a borax buffer
of pH 10.0 to check the effect of the solution on the Sb-oxide formation (inset Fig. 2a). The
dissolution and passivation current decreased by approximately 40 times in phosphate buffer
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and about 10 times in borax buffer compared to that in 5.0 M H2SO4 solution. This is due to
the low dissolution of antimony in these solutions, and the formation of a stable phosphate and
borax complex on the surface takes place. Interestingly, dissolution potential in the phosphate
solution shifted to a negative potential by about 0.30 V, and the cathodic peak appeared very
small compared to the other two solutions. It may indicate the formation of a stable phosphate
complex on the surface and more stability of aqua Sb-ion in the phosphate solution. To
understand the contribution of anodic peaks on the appearance of a cathodic peak, two different
CVs were recorded at anodic potential limits of 0.20 V and 0.10 V at the same cathodic limit
of-0.60 V, Fig. 2b. The appearance of a cathodic peak when the scan was reversed at the anodic
limit of 0.10 V confirmed the dissolution of Sb and reduction of the anodically formed oxide
film. Therefore, the dissolution of Sb takes place at about 0.0 V vs. SCE.

The approximate estimation of anodic and cathodic charges from CVs in various solutions
shows that the anodic charge is only slightly larger than the cathodic charge in the case of
H>SO4. Moreover, the charge difference was more significant in higher concentrations
compared to the lower ones. This can be explained by considering the stability of oxide and
reduction of Sb-ion during the cathodic scan. Since the dissolution rate in the 5.0 M H2SOq4
solution is higher than in the 0.5 M H2SO4 solution, more Sb gets dissolved in the form of a
trivalent or pentavalent ion and a thicker oxide layer may form [11,28,29]. All Sb-ions cannot
be deposited back on the electrode surface during the cathodic scan due to the limitation
imposed by diffusion co-efficients of aqua Sb-ions. Therefore, a smaller cathodic peak and
hence lower cathodic charge density can be expected. When the potential is returned from
either 0.20 V or 0.10 V, the anodic and cathodic charge densities are almost identical. This is
because the reverse potential is very close to the start of the reduction potential of Sb-ion. So
limited time is available for the dissolved Sb-ion to go into the solution before it is reduced

back to Sb during the cathodic scan.
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Fig. 3. Potential-time curve of Sb electrode during galvanostatic oxidation
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In contrast, the ratio of anodic to cathodic charge is much higher in phosphate buffer. It
indicates a meager amount of Sb dissolution; therefore, less Sb-ion is reduced back to the Sb
surface during the cathodic scan. It shows a high stability of Sb in phosphate buffer compared
to the acidic or alkaline media, and it might not be reducible or requires large overpotential.
Thus, the oxidation of Sb in phosphate solution shows irreversible nature, and anodic
polarization shows passivation of the electrode surface. The difference between peak potentials
(anodic and cathodic) indicates the incomplete reversible oxide formation process in all the
cases.

Galvanostatic polarization was carried out at 4 mA/cm? until the potential reached 10 V in
5.0 M H2SOs4, phosphate buffer of pH 7.0, and borax buffer of pH 10.0. The process was
repeated five times without taking out the electrode from the solution. Fig. 3 shows the results
of the galvanostatic oxidation of Sb in the mentioned solutions. A systematic change of
potential in the 5.0 M H>SO4 solution leading to the development of three distinct plateau
regions can be seen. The first plateau from 0.0 to 0.30 V and the second plateau from 0.30 V
to 1.7 V are assigned to continuous formation of Sb>O3; and thickening up to 1.7 V. The
potential increment from 1.7 V until 4.5 V might be due to oxygen evolution and Sb2Os
formation. Thereafter, the exponential rise of current above 4.5 V is due to the thickening of
the Sb-oxide layer. El Wakkad and Hickling [28] and Laihonen et al. [26] reported that the
oxide layer formed on Sb under anodic polarization in an acidic medium consisted mainly of
Sb203, under which a film of Sb2Os in direct contact with Sb metal was produced later. The
potential-time plots in phosphate and borax solutions do not show features like in the H2SO4
solution due to passive oxide formation, which leads to an exponential increase of potential.

For potentiostatic polarization, the Sb electrode was polarized anodically at 2.0 V for 2 h,
and the change in current was recorded (plot not shown here). As the growth of oxide occurred,
the current decreased and reached steady state (50 pA) after a short time interval, indicating
for the dissolution of Sb under the passive film. The electro-formation of oxide was considered

to take place in different steps until the trivalent oxide formation only.

3.2. Electrode surface characterization by XPS

XPS measurement was performed to characterize the surface state of Sb-Sb-oxide formed
in three different media. The analysis was performed for O 1s and Sb 3d core levels spectra to
detect the trivalent and pentavalent Sb-oxides [29]. Fig. 4 shows the XPS spectra of Sb 3d5/2
and Sb 3d3/2 core levels. Two different Sb-oxides, Sb2O3 and Sb205 for 3d5/2, appear at 529.9
eV and 530.9 eV, respectively, and other spin pairs 3d3/2 appear at approximately 9.3 eV apart
from their 3d5/2 peaks [30]. The approximate atomic percentage of Sb203 and Sb20s are 49%
and 51%, 13% and 87%, and 70% and 30% in 5.0 M H2SOs, phosphate buffer (pH 7.0) and
borax buffer (pH 10.0), respectively. The XPS analysis indicates that Sb-oxidation in an acidic
medium leads to the formation of an equal amount of Sb2O3 and Sb2Os on its surface. However,
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the oxide ratio is different in the electrode prepared in neutral phosphate buffer where Sb2Os is
87 % in the total oxide layer. It means a stable Sb2Os layer dominates the oxide composition.
In contrast, the Sb surface oxidized in alkaline media shows the presence of Sb20;
dominated surface. Comparing three different media, the results indicate that the oxide
formation is the highest in phosphate buffer compared to the borax buffer and sulfuric acid
solution. This is due to the higher stability of the Sb-phosphate complex. The presence of
phosphorous at 134.0 eV in the survey spectra (not shown here) suggests phosphate complex

formation in the phosphate medium.

a Sb,05 3d5/2 b
SM H,SO; Sb,04 Phosphate buffer pH 7 - Borax buffer pH 10 Sb,0; 3d5/2 ¢
3d52
= —~ 3 Sb,0; 3d3/2
i 3 Sb,0, 3d3/2 | ’
2 - 2
a Sb,053d52 | £ F
k) s ] Sb,05-30%  Sb,0s
€ Z | Sb,0s- 87% = Sb,0,-70%  3d3/2
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Fig. 4. XPS spectra of Sb-Sb-oxide electrode surfaces prepared in a) In acidic, b) neutral and

¢) basic solution

3.3. Response characterization of Sb-Sh-oxide sensor
3.3.1. Nernst response

Nernst response of differently prepared Sb-Sb-oxide electrodes was tested by pH
measuring of a known buffer solution. The e.m.f. of the cell as a function of pH was recorded.
Fig. 5 shows the cell e.m.fvs. pH plot of Sb-Sb-oxide electrodes prepared in different pH media
by CV, potentiostatic polarization, and galvanostatic polarization. All electrodes show a linear
potential response in the pH range of 2.0-10.0 irrespective of preparation methods. However,
a slight difference in the value of the slope is observed in each electrode. The Nernst slope in
5.0 M H2SOs4, phosphate buffer of pH 7.0, and borax buffer of pH 10.0 ranges from 0.050-
0.052 V/pH, 0.048-0.050 V/pH, and 0.050-0.51 V/pH, respectively. The best Nernst slope is
shown by the electrode prepared by the galvanostatic polarization method, and a relatively
lower slope is exhibited by the electrodes prepared in phosphate buffer (see Table 1). This
difference might be due to the Sb-Sb-oxide surface condition. The XPS analysis of the oxide
formed in phosphate buffer showed 13 % and 87 % of Sb2Os; and Sb2Os, respectively.
Therefore, it can be assumed that the response of the electrode is affected by the relative
amounts of trivalent and pentavalent Sb-oxides. Further, in-depth surface characterization

needs to be done to understand the role of the distribution of Sb-oxides on the Nernstian
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response. Another possibility for showing a lower slope might be the formation of a passive

phosphate complex of antimony.
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Fig. 5. Potential vs. pH response of the Sb-Sb-oxide electrodes prepared by a) CV, b)

potentiodynamic polarization, and c¢) Galvanostatic polarization

Table 1. Nernst’s Parameters of Sb-Sb-oxide electrodes oxidized by electrochemical process

Preparation method | Nature of Electrode Slope Regression Standard potential
(£1mV/pH) | coefficient (R?)| (E°) mV
- Fused Sb electrode -51 0.995 221
Cyclic voltammetry | 5.0 M H,SO4 solution | -50 0.998 241
Phosphate solution pH 7| -48 0.993 214
Borax solution pH10 -50 0.994 226
Galvanostatic 5.0 M H2SOg solution | -52 0.998 245
polarization Phosphate solution pH 7| -49 0.993 255
Borax solution pH 10 | -50 0.998 235
Potentiostatic 5.0 M H2SO4 solution | -50 0.997 241
polarization Phosphate solution pH 7| -50 0.995 236
Borax solution pH 10 | -51 0.997 236

The e.m.f. vs. pH plots are linear, with regression coefficients of more than 0.993 for all
electrodes. The obtained slope is slightly lesser than expected from the Nernst equation. The
electrode prepared by simple immersion in alkaline solution (pH 10.0) for 1 h has shown a
slope of 0.51 V/pH; it attained equilibrium quickly, and the potential varied marginally over a
more extended period [23,24]. The electrodes prepared by electrochemical oxidation also give
reproducible results with quick attainment of equilibrium. However, electrochemically
deposited Sb-oxides dissolve with frequent use and aging. Oxidation at higher potential or

higher current density for a more extended period enhances the stability and durability of such
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Sb-Sb-oxide electrodes. Unlike the simple fusion electrodes, the electrodes oxidized
electrochemically do not require preconditioning in a solution of pH 10.0 before their use,
which is an essential improvement regarding the use of such pH sensors for practical

applications.

The standard potential of the Sb-Sb-oxide electrode varies with the electrode preparation
method as well as with aging. This necessitates calibration of the electrode before use.

3.3.2. Dynamic-time response

Fig. 6. shows a dynamic time-response of the differently prepared electrodes. The
equilibrium potential is attained within 2 min of immersion in the respective buffer solution.
Interestingly, an equilibrium potential is attained only in about 10 min by the electrode prepared
in the neutral media (phosphate buffer). Therefore, it clarifies that although the linear pH range
and the slope are not significantly different, the response time is significantly longer in the
electrode prepared in phosphate buffer. This time-delay to attain equilibrium potential might
be due to the formation of a passive phosphate complex containing a more substantial amount

of pentavalent Sb-oxide, as revealed by XPS analysis.
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Fig. 6. Dynamic time-response of different Sb-Sb-oxide electrode prepared in a) in acidic, b)

neutral and c¢) basic solution

4.

CONCLUSION

The present work reveals the significance of electrochemical oxidation methods and

electrolytic medium in preparing the Sb-Sb-Oxide pH electrode. The current-potential response
showed a stepwise electro-formation of different Sb-oxides. XPS analysis reveals the presence
of mixed oxides on the surface where Sb2O3; and Sb2Os are almost similar in the electrode
prepared in an acidic medium. The electrode prepared in a neutral phosphate buffer solution
showed Sb2Os dominated surface, while the one prepared in a basic borax buffer solution
showed the presence of SboO3 dominated oxide.

The prepared Sb-Sb-oxide electrodes show reproducible pH values with a gradient of 0.049
—0.052 V/ pH in pH range 2.0-10.0, and they are well suited to be used in pH measurements
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within the accuracy of £0.02 pH. It also shows reproducible results with quick attainment of
equilibrium in acidic and alkaline solutions. However, electrochemically deposited oxide
dissolves with its frequent use and with aging. On a positive note, the electrodes prepared by
electrochemical oxidation do not require preconditioning. The Sb-Sb-oxide electrode prepared
in phosphate buffer (pH 7.0) gives a lower slope value, and it attained the equilibrium cell e.m.f
slowly than the two others. This indicates the formation of a stable passive complex between
antimony and phosphate. A detailed surface characterization of the Sb-oxide film may be
required to further understand the role of different surface oxides in the response and life of the

electrode.
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