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ABSTRACT: Iridium antimony-doped tin oxide (Ir/ATO) is a promising catalytic material for the anodic oxygen
evolution reaction (OER), a significant challenge in clean energy technologies such as energy storage, energy
conversion, and electrolysis. In this study, Ti/Ir/ATO electrodes were fabricated using the dip coating method with
various Ir concentrations at different calcination temperatures. The oxygen evolution reaction was evaluated. The
material properties were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), Energy-
dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and Cyclic voltammetry (CV). The Ir/ATO
materials exhibit a single-phase tetragonal structure with nano-sized particles ranging from 8.2 to 24 nm as a function
of doping at 550 °C. The spherical particles and EDX mapping show uniformly distributed Ir and Sb atoms over tin oxide
with no aggregation. XPS spectra of Ir/ATO calcined at 550 °C showed the presence of Sn** and both Sb*" and Sb®*.
The highest Sb®* peak area of 2.5% Ir/ATO suggests enhanced kinetics due to substitution and increased number of
electrochemically active sites. With regard to OER performance, the CV performed on a 2.5%]Ir/ATO catalyst exhibits
a cathodic surface oxide reduction peak around ca. 0.47 V (vs. Ag/AgCl) with a current density of 2.03 mA cm™2 and
a surface oxidation onset around E = 0.8V, Furthermore, an onset potential for the OER can be observed at ca. 1.4V,
indicating superior OER properties.
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INTRODUCTION

Electrochemistry, as the investigation of the oxygen
evolution reaction (OER) in the water splitting pro-
cess, has gained widespread attention because it can
produce hydrogen and oxygen, which are applied in
energy-related technologies such as energy storage,
energy conversion, and clean energy technologies.
These include hydrogen production, renewable energy
storage, metal-air batteries, and fuel cells [1-4]. The
OER is a water oxidation process that produces oxygen
molecules and four protons, with an equilibrium half-
cell potential of 1.23 V in an acidic solution [2-5].
However, the thermodynamics and kinetics processes
of the OER indicate that the reaction involves multiple
steps of proton movement to form oxygen molecules.
The cumulative energy from each step results in a
slowdown of the electrochemical reaction kinetics, re-
quiring a higher applied potential [2]. To address this
issue, the most efficient materials as catalysts have
been investigated to improve the efficiency of OER.
Extensive studies have been conducted on elec-
trode materials for OER, including transition metals
such as Co, Ir, Ru, Nb, Ni, Fe, and others [6], and
compounds corresponding to hydroxides, sulfides, ox-
ides, etc. [4,7-9]. Additionally, metal oxide cata-

lysts such as tin oxide (SnO,) and manganese oxide
(MnO) have been studied for electrode structure. It
was found that both metal oxides have low electrical
conductivity [8]. However, their conductivity can be
improved by doping with transition metals. Therefore,
the transition metal antimony (Sb) has been selected
as a dopant in tin oxide, resulting in Sb-SnO,, (ATO),
and this material has been employed as a catalyst to
enhance oxygen evolution reaction and optimize the
electrocatalyst properties [10]. Further improvements
have been made to Sb-SnO, by doping it with no-
ble metals such as Ir, Ru, Pd, Au, Nb, Ti, and Ta
[2,11,12]. Oh et al [13] studied the reaction of IrO,
with ATO nanoparticles to enhance OER efficiency and
found that ATO is a suitable support material for Ir
particles, which provides improved stability in acidic
solutions. This finding is consistent with studies by
Chen et al [14] and Perez et al [10], which showed
that Ti/IrO_-Sb,0.-SnO, electrodes are highly stable
and have suitable conductivity for the OER. Regarding
using metal alloys to enhance OER efficiency, the re-
action of the electrocatalyst can be explained by the
adsorption energies of intermediates that occur in the
intrinsic activity or the number of active sites on the
catalyst. Kim et al [15] and Xu et al [16] explained the
increase in intrinsic activity at the active sites on the
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catalyst surface by stating that the adsorption energy
at these sites can be affected when another metal is
substituted, resulting in increased electrical conduc-
tivity of the catalyst. In principle, the adsorption
energy of intermediates on the catalyst surface can be
determined from the electronic structure. In highly
conductive catalysts, the metal valence states lie in the
d-band, and the oxygen valence states lie in the p-band,
both near the Fermi level, which is used to calculate the
adsorption energy of the metal [13].

As mentioned earlier, the efficiency of mixed cat-
alysts for OER also depends on the synthesis method.
There are various synthesis methods such as chlorine-
free Adams fusion [16,17], the soft-template method
and colloidal method [4], the coating method [18],
and the thermal method [10]. It is evident that all
these synthesis methods help increase the surface area
for the reaction at the active sites of the catalyst.
As a result, nanoparticles have been considered a
key factor in catalyst preparation due to their high
surface area and conductivity [22-25]. Therefore,
the size of the metal oxide particles depends on the
preparation method and calcination temperature. A
simple synthesis method that can enhance the catalytic
efficiency of the electrocatalyst is the coating method,
which enables both heterogeneous and homogeneous
catalysts to adhere to the surface of the anode [19].

With respect to the effect of calcination tempera-
ture, it was found to impact the electronic structure
of the catalyst, with higher conductivity at higher
calcination temperatures [7, 20]. Studies on the effect
of calcination temperature on IrO,, Ir-IrO,, Ti/IrO,-
Sb,0.-Sn0,, and Ir/ATO anodes showed that the
optimal calcination temperature range for achieving
high stability and activity in the anodes is between
500-800°C [5,14,16,17]. In addition, the chemical
composition of alloy-based catalysts is also crucial, as
doping with different metals affects the shape, oxi-
dation state, and surface area of the catalyst. Thus,
metal alloys represent another strategy to enhance
OER performance. The electronic structure of the
host phase can be modified by doping, with transition
metals replacing other atoms in the crystal structure,
leading to increased adsorption energy and improved
reaction kinetics for OER [4].

Therefore, this research focuses on the effect of
dopants on antimony-doped tin oxide electrodes on the
efficiency of electrocatalysts for the oxygen evolution
reaction. Iridium (Ir) was selected as a dopant, and the
effects of dopant concentration and calcination tem-
perature on the performance of Ti/Ir/ATO electrodes
for OER were investigated.

MATERIALS AND METHODS
Materials

Chemicals and reagents employed in this synthesis
were Tin (IV) chloride pentahydrate, (SnCl4-5H20)
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Fig. 1 Schematic of Ti/Ir/ATO electrode preparation.

(98%, Sigma-Aldrich, St. Louis, MO, USA), Antimony
trichloride (SbCl,) (99%, Sigma-Aldrich), and Iridium
(1) chloride hydrate (IrCl, -xH,0) (99.9%, Sigma-
Aldrich), used as received. The ethanol (C,H.OH, AR
> 99.9%) and acetone (C;HLO, AR > 99.9%) were
purchased from Merck (Darmstadt, Germany).

Synthesis of mixed oxide catalysts

The Ir/ATO anodes were prepared using the dip-
coating method. The anode preparation steps were
adapted from the method of Maneelok and Attidekou
[21]. A titanium substrate of 0.8 x 0.8 cm was em-
ployed. The precursor solutions for Ir/ATO were pre-
pared from SnCl,-5H,0, SbCl,, and IrCl, - xH,0 in
molar ratios Sn:Sb:Ir of 500:8:x, respectively, where
X represents Ir at concentrations of 0.5, 1, 1.5, 2,
and 2.5. The preparation method was adapted from
the work of Maneelok and Attidekou [21] and Perez-
Viramontes et al [10]. The Ti/Ir/ATO anodes were
fabricated by creating thin films on the surface of the
substrate (Ti) using the dip-coating method. The pre-
pared electrodes were dipped into the Ir/ATO precur-
sor solution and then calcined in a furnace at 450°C.
This dip-coating and calcined process was repeated,
with the final calcining step lasting for 1 h. Then, the
electrodes were allowed to cool to room temperature,
as shown in Fig. 1. This study examined the effect of
calcination temperature on the OER, with electrodes
fabricated at 500 and 550 °C.

Characterization techniques

X-ray diffraction (XRD) measurements were conducted
using a Panalytical EMPYREAN powder diffractome-
ter (Malvern, UK) equipped with Cu-Ka radiation (A
= 1.5406 A) at operating conditions of 40 kV and
40 mA. The morphology of the synthesized materials
was examined via field emission scanning electron
microscopy (FESEM) (FEI Quanta450 FEG model, 5 kV,
Oregon, USA) working at an accelerating voltage of
200 kV. The chemical composition of the prepared
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Fig. 2 The XRD patterns of the Ir/ATO catalyst calcined at
550 °C with various Ir contents at (a) 0.5 mol%, (b) 1 mol%,
(c) 2 mol%, and (d) 2.5 mol%.

Table 1 A variation of lattice parameters and crystallite size.

Sample Calcined a c Crystallite
temp. (°C) (nm) (nm) size (nm)
ATO 450 4.7372  3.1841 7.2
ATO 500 4.7390  3.1826 8.9
ATO 550 4.7396  3.1819 10.8
0.5%Ir/ATO 550 4.7397  3.1851 12.1
1%]1Ir/ATO 550 4.7398  3.1858 14.6
1.5%Ir/ATO 550 4.7401  3.1862 17.5
2%Ir/ATO 450 4.7398  3.1851 18.4
2%Ir/ATO 500 4.7401  3.1856 19.2
2%1Ir/ATO 550 4.7402  3.1865 20.3
2.5%1Ir/ATO 550 4.7402  3.1864 24.4

materials was analyzed using the FESEM equipped
with an Energy-dispersive X-ray (EDX) detector (X-
Max50, Oxford Instrument, Abingdon, UK). X-ray pho-
toelectron spectroscopy (XPS) (Thermo K-alpha, Hills-
boro, Oregon, USA) with 72 W monochromated Al-
Ka radiation (photon energy of 1486.6 eV) was used
to evaluate elemental composition. The XPSpeak41
program was employed for peak fitting. The binding
energy of the Cls peak at 284.6 eV was used as a
reference to correct the peak shift.

Electrochemical characterization

Cyclic voltammograms (CVs) were recorded within a
potential range of 0 V to 1.4 V (vs. Ag/AgCl) at a scan
rate of 50 mV/s in an argon-saturated 0.5 M H,SO,
solution. For the OER, steady-state polarization curves
were obtained in an oxygen-saturated electrolyte solu-
tion at a scan rate of 5 mV/s.

RESULTS AND DISCUSSION
X-ray diffraction analysis

The XRD technique was employed to analyze the
structure of ATO thin films synthesized at calcination
temperatures of 450, 500, and 550°C and revealed
that all samples exhibited X-ray diffraction patterns
at the same positions on the planes (110), (101),
(020), (121), (220), (002), (130), and (112), which
correspond to the tetragonal crystal structure of SnO,,
according to the standard data for cassiterite, syn; Q:
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Fig. 3 The XRD patterns of the Ir/ATO catalyst with the 2%
of Ir content at varying calcined temperatures at (a) 450 °C,
(b) 500°C, and (c) 550°C.

S; 00-041-1445, using Space group: P42/mnm. The
Sb-SnO,, structure is single phase, with no contami-
nation from other compounds. Doping Sb into SnO,
affects the physicochemical properties of SnO,, where
Sb enters the SnO, lattice and integrates uniformly,
maintaining the single crystal structure of cassiterite.
Based on ionic radius size consideration, Sn in SnO,
(i.e., Sn** with a radius of 0.83 A) can be easily sub-
stituted by Sb, which has a smaller ionic radius either
in the form of Sb*" (0.76 A) or Sb>" (0.62 A) [22].
Overall, an ion with a smaller radius can replace its
bigger counterpart, and the ionic radii in ATO can
be classified in size as follows: Sn** > Sb>* > Sb*.
The XRD patterns of the Ti/Ir/ATO anodes calcined
at 550°C, with Ir doping concentrations of 0.5%,
1%, 2%, and 2.5% by mol, shown in Fig. 2, reveal
that all XRD patterns of all Ir contents investigated
are isostructural and exhibit a single crystal structure
with no contamination from other compounds, even
with Ir doping as high as 2.5% [20]. However, at
a fixed temperature of 550°C, a variation of lattice
parameters is observed in both “a” and “c” with the
ratio ¢c/a < 0. Additionally, the lattice parameters
“a” and “c” increase with Ir content up to 2 mol%
and then remain nearly constant between 2 and 2.5
mol%, depicting the effect of concentration as shown
in Table 1. The ionic radius for Ir cations is smaller
than the Sn ionic radius in SnO, and therefore can
replace its bigger counterpart, justifying the possibility
of Ir insertion into the crystal structure. Alternatively,
at fixed concentration (i.e., 2 mol% Ir content), both
lattice parameters “a” and “c” increase with increasing
temperature from 450 °C to 550 °C, and this is probably
due to thermal expansion. The result is similar to
the study on the structure of iridium oxide for oxygen
synthesis by Abbott et al [17], who reported that
iridium oxide calcined at temperatures higher than
500 °C exhibits a single rutile crystal structure. It was
also reported that the ionic radii of Sn** (0.83 f\) and
Ir** (0.77 A) allow Ir** to replace Sn** ions, resulting
in a single structure [14]. Additionally, Chen et al [14]
and Oh et al [13] reported 26 values for Ir-ATO of
740.7°, 47.3°, 69.1°, 83.4°, 88°, and 121.9°, with the
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26 at 40.7° representing the (111) plane according to
JCPDS card no. 87-0715 [13]. Furthermore, it can be
seen in Fig. 2 and Fig. 3 that the (111) plane at 20 of
39.7° is becoming more discernible with an increase
in Ir content and an increase in temperature. This
indicates that Ir has replaced Sn in the crystal structure
of ATO. Regarding the effect of Ir doping on crystallite
size, calculated using the Scherrer equation, for the
samples calcined at 550 °C, it is clear that the addition
of Ir causes an increase in crystallite size from 12.1 nm
for 0.5 mol% Ir to 24.4 nm for 2.5 mol% Ir.

The effects of calcination temperatures between
450°C and 550°C on Ir/ATO with an Ir doping con-
centration of 2 mol% were investigated. The results of
this study indicate that calcination temperatures from
450°C to 550°C in Fig. 3 do not affect the structure
of Ir/ATO. As the calcination temperature increases,
the full width at half maximum (FWHM) decreases,
indicating that the Ir/ATO catalyst becomes more crys-
talline, as shown by the peaks at the (110), (101),
and (121) planes [17]. Additionally, the crystallite
size increases with both temperature and Ir content.
With respect to the crystallite size of 2% Ir/ATO, the
calculated average crystallite size is from 18.4 nm to
20.3 nm at calcination temperatures from 450°C to
550 °C, suggesting that the Ir dopant could affect the
growth of the crystallite size.

Scanning electron microscopy and
energy-dispersive X-ray spectroscopy analysis

Fig. 4 shows SEM images of the Ir/ATO electrodes
synthesized at a calcination temperature of 550 °C with
Ir doping concentrations of (a) 0.5%, (b) 1%, (c) 2%,
and (d) 2.5% by mol. With respect to the morphology
of Ir/ATO particles, a spherical particle shape was
observed independently of doping levels [14]. The
approximate particle sizes at Ir doping concentrations
of 0.5%, 1%, 2%, and 2.5% were ca. 36 nm, 38 nm,
41 nm, and 44 nm, respectively. With respect to
the chemical composition analysis, the EDX technique
(Fig. 5) revealed the main detected elements, includ-
ing Sn, Sb, Ir, and O. Despite the low doping level, Ir
was detected. Furthermore, EDX Mapping confirmed
the presence of Ir in the Ir/ATO catalyst. Fig. 6 shows
the EDX mapping images of the Ir/ATO anode elec-
trodes synthesized at a calcination temperature of
550 °C with Ir doping concentrations of 0.5% and 2.5%
by mol. The elements Sn, Sb, and Ir were well-
dispersed with no agglomeration throughout the sam-
ples. Fig. 6 has consistently exhibited the elemental
distribution of the cations (Sn, Sb, Ir) throughout
the samples, confirming their presence in the Ir/ATO
catalyst. This result confirms that Ir was successfully
incorporated into the Ir/ATO catalyst. The composition
of Sn, Sb, and Ir in the Ir/ATO synthesized materials
showed the mass concentration of Sn, Sb, and O of
ca. 65 wt%, 5.6 wt%, and 32 wt%, respectively.
The Ir mass concentrations were 0.26, 0.21, 0.29,
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and 0.28 wt% for 0.5%Ir/ATO to 2.5%Ir/ATO. The
analysis revealed that the experimentally measured el-
emental percentages deviated from the nominal values
calculated during preparation. Such variations are
often inherent to the EDX technique, as the measured
composition is sensitive to the spatial distribution of
the catalyst particles, which can result in values lower
than the theoretical loading.

X-ray photoelectron spectroscopy analysis

With respect to the oxidation state of elements, the
photoelectron peaks of Sn and Sb in ATO crystals cal-
cined at 550 °C are shown in Fig. 7. The photoelectron
peaks analyzed correspond to Sn3d, Sb3d, and Ols
at specific electron binding energies. The photoelec-
tron peaks for Sn3d;,, and Sn3ds,, were observed at
binding energies of 495.40-495.68 eV and 487.05-
487.28 eV, respectively. The difference between the
Sn3ds,, and Sn3ds,, peaks was approximately 8.4 eV,
indicating that the binding energy corresponds to the
oxidation state of Sn*". Regarding the photoelectron
peaks for Sb3d;;, and Sb3ds,, it was found that
the Sb3ds,, peak showed an overlap of the electron
binding energies of both Sb and O, as shown in Fig. 7.
Therefore, the Sb3d;,, peak was used for analysis. The
binding energies were 540.05-540.25 eV and 540.80-
540.97 eV corresponding to the oxidation states of
Sb** and Sb*", respectively. Thus, the oxidation states
of the elements in the ATO crystal are Sn**, Sb®*, and
Sb>*.

Moreover, for Ir/ATO (Fig. 7), no Ir4f peaks were
detected in the binding energy region of 60-65 €V,
which may be attributed to the lower Ir doping level.
The peaks related to Ir were expected around 60.79,
61.76, and 62.43 eV corresponding to Ir® 4f;/,, Ir**
4f;/5, and I3t 4f, 5, respectively. According to the
study by Chen et al [14], the amount of Ir used
in XPS analysis ranged from 10% to 100% by mol,
allowing for XPS detection. Moreover, the study by
Christensen et al [22] indicated that after doping Ni
into Sb-SnO,, Ni was incorporated underneath the
surface of the material, making it undetectable by
surface analysis techniques. This could be another
reason why Ir peaks were not observed.

Furthermore, for the Sn3d;,, and Sn3ds;, pho-
toelectron peaks for the Ir/ATO crystals, the binding
energies were 495.52 eV and 487.10 eV, respectively.
The difference between the Sn3d;,, and Sn3ds,, peaks
was 8.4 €V, consistent with the oxidation state of
Sn** [26]. However, in the Sb3d;;, and Sb3ds,
photoelectron peaks in Fig. 7, it was found that the
Sb3ds,, peak overlaps the binding energies of both
Sb and O. Therefore, the Sb3d;,, peak was employed
for analysis. The binding energies for Ir/ATO were
540.07 eV and 540.77 €V, corresponding to the oxida-
tion states of Sb®* and Sb®", respectively, suggesting
an overall Sn**, Sb®", and Sb°* [3, 17] oxidation state
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Fig. 4 Typical SEM images along with histograms depicting particle size distribution of Ir/ATO thin film coated on Ti calcined
at 550 °C with various Ir contents of (a) 0.5%, (b) 1%, (c) 2%, and (d) 2.5% in the precursor solutions.
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Fig. 5 EDX spectra of Ir/ATO calcined at 550 °C with various Ir contents of (a) 0.5%, (b) 1%, (c) 2%, and (d) 2.5% by mol.
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Fig. 6 (a) EDX mapping images of Ir/ATO electrodes calcined at 550°C with an Ir doping concentration of 2.5% by mol,

showing the elemental distribution of (b) Sn, (c) Sb, and (d) Ir.
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Fig. 7 XPS spectra of (a) Sn and (b) Sb in Ir/ATO catalyst calcined at 550 °C with an Ir doping concentration of 2.5% by mol.

in Ir/ATO catalysts.

With respect to the peak area of the Sb3ds,
in Fig. 7, the area under the Sb®" peak in Ir/ATO
increases, indicating an increase in the amount of Sb>*
in the Ir/ATO catalyst. This increase in Sb®" could
influence the electrical resistance of the material [22],
leading to higher adsorption energy and improving
the kinetics of the OER reaction [4]. This observa-
tion agreed with Duan et al [3], who reported that
the Ols peak can be divided into two peaks: one at
530.4 eV, corresponding to lattice oxygen species (OL)
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integrated into the SnO, crystal lattice, and another at
531.4 eV, corresponding to adsorbed hydroxyl oxygen
species (Oad), representing hydroxyl/oxygen groups
that have been adsorbed. The Oad are indicative
of electrocatalytic activities. Traditionally, different
mechanisms, such as the adsorbed evolution mecha-
nism (AEM) and the lattice oxygen oxidation mecha-
nism (LOM), are employed to explain OER. The AEM
involves the production of oxygen via intermediates
such as *O, *OH, and or *OOH, which evolve into O,
molecules from active sites. However, LOM requires
the removal of lattice oxygen atoms from the catalyst
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Fig. 8 Cyclic voltammograms of ATO and Ir/ATO with
varying Ir concentrations (0.5-2.5 mol%), calcined at 550 °C,
measured at 50 mV/s (vs. Ag/AgCl).

to form oxygen vacancies, and this can lead to struc-
tural collapse and reduced catalyst durability. Over-
all, the reaction proceeds via intermediates through
active sites, defects, and oxygen vacancies, altering
the electron density at the interface. Understanding
the behavior of these Oad species is crucial for opti-
mizing the electrocatalytic performance of the catalyst
in various applications [22,27,28]. Duan et al [3]
found that the atomic ratio between Oad and OL was
69.5%, indicating that the electrical activity depends
on the value of the Oad. An alternative emerging
mechanism called the Oxide Path Mechanism (OPM)
is a direct coupling of two adsorbed oxygen atoms or
radicals (O—0), leading to the formation of the O,
molecule [29]. In this study, as the Ir peaks were
not observed, the aforementioned increase of the area
under the Sb®" peak in Ir/ATO may indicate an alter-
ation in electronic structure. This may be enhanced by
the addition of Ir and consequently affect the energy
barrier of the O—O bond formation, thereby improving
the OER.

Cyclic voltammetry analysis

Fig. 8 shows the CV of ATO and Ir/ATO catalysts with
various Ir contents ranging between 0.5% and 2.5%
by mol, synthesized at a calcination temperature of
550°C. As can be seen from the voltammogram, a
markedly different profile is observed for ATO com-
pared to Ir/ATO with various Ir doping contents. The
CV related to ATO revealed a pseudo-capacitive cur-
rent response over the investigated voltage window
[18,30]. At 1.5V, the current density attributed to
the OER is around 0.21 mA/cm?. Unlike ATO, Ir/ATO
voltammograms exhibits a reduction peak at approx-
imately 0.47 V (vs. Ag/AgCl), with a current density

of 2.03 mA/cm? for all investigated doping concen-
trations. This suggests a change in the properties of
Ir/ATO compared to ATO.

Additionally, the onset of surface oxidation at a
potential of approximately 0.8 V matches the reported
value of 0.93 V for oxidation reactions of iridium
metal in various oxide phases in acidic conditions [10].
The graph also indicates redox reactions involving the
transitions between Ir**/Ir*' and Ir*'/Ir>" at 0.68
and 1.2 V, respectively, demonstrating oxidation reac-
tions of iridium or iridium oxide in acidic conditions,
depending on the doping concentration. It can be
seen that the onset potential for the oxygen evolution
reaction (EOER) is approximately 1.45 V and 1.44 V
for ATO and Ir/ATO, respectively. However, the onset
potential does not vary considerably with Ir content,
corresponding to previous studies [4,10]. Neverthe-
less, comparing ATO and Ir/ATO, the current density
is approximately 35 times higher upon addition of
Ir to ATO, emphasizing its superior catalytic activity.
The enhanced performance of catalytic activity (i.e.,
current density) may be due to the introduction of Ir
ions. Iridium loading may potentially involve elec-
tron transfer between the ATO support and Ir ions,
altering the electronic configuration. ATO is an n-type
semiconductor capable of producing extra electrons via
oxygen vacancies [31,32]. Introducing Ir may lower
the energy barrier, favor charge transfer, and thus boost
its electrical conductivity as well as OER, which can be
achieved by synthesizing iridium doped ATO through
a thermal process [10].

CONCLUSION

The Ir/ATO electrodes were synthesized using the dip-
coating method, with Ir doping concentrations ranging
from 0.5% to 2.5%, and calcined at a temperature of
450°C to 550 °C. Ir/ATO anode electrodes have a single
tetragonal crystal structure. There is a slight change
in the lattice size, as the ionic radii of Sb and Ir can
replace that of Sn*". The XPS investigation revealed
that Sn exists in the Sn** oxidation state, while Sb
is present in both Sb®" and Sb°" oxidation states in
Ir/ATO. Both Sb®* and Sb>" are key factors contribut-
ing to the electrical conductivity of Ir/ATO. Doping Ir
into ATO changes its physicochemical properties, with
a reduction peak at a potential of approximately 0.47 V
(vs. Ag/AgCl) and a current density of 2.03 mA/cm?
across all doping concentrations. The nanoparticle
sizes of Ir/ATO enhance the OER. The onset potential
for oxygen evolution reactions is around 1.4 V, with a
current density 35 times higher for Ir/ATO compared
to ATO.
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