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Abstract: Mitigating global warming necessitates transitioning from fossil fuels to alter-
native energy carriers like hydrogen. Efficient hydrogen production via electrocatalysis
requires high-performance, stable anode materials for the oxygen evolution reaction (OER)
to support the hydrogen evolution reaction (HER) at the cathode. Developing noble metal-
free electrocatalysts is therefore crucial, particularly for acidic electrolytes, to avoid reliance
on scarce and expensive metals such as Ir and Ru. This study investigates a low-cost,
solvent-free solid-state synthesis of CoSb,Og, focusing on the influence of calcination
time and temperature. Six samples were prepared and characterized using powder X-ray
diffraction (PXRD), energy-dispersive X-ray spectroscopy (EDX), Brunauer-Emmett-Teller
(BET) analysis, field-emission scanning electron microscopy (FESEM), and electrochemical
techniques. A non-pure CoSb,O¢ phase was observed across all samples. Electrochemical
testing revealed good short-term stability; however, all samples exhibited Tafel slopes
exceeding 200 mV dec™! and overpotentials greater than 1 V. The sample calcined at
600 °C for 6 h showed the best performance, with the lowest Tafel slope and overpotential,
attributed to its high CoSbyO¢ content and maximized {110} facet exposure. This work
highlights the role of calcination protocols in developing Co-based OER catalysts and offers
insights for enhancing their electrocatalytic properties.

Keywords: cobalt antimonate; oxygen evolution reaction; acidic electrolyte; hydrogen production

1. Introduction

Global warming represents one of the most significant challenges currently confronting
humanity, driving efforts to harness various sustainable energy sources to meet rising
global demand [1,2]. Among these, water splitting has emerged as a promising technology,
offering an environmentally friendly method for generating high-purity green hydrogen [3].
The production of green hydrogen is critical due to its extensive applications, including
its role as a feedstock in methanol synthesis, ammonia production via the Haber-Bosch
process, and crude oil hydrocracking, as well as its use as an energy carrier for fueling
vehicles. The anodic OER can proceed in either alkaline or acidic media. However, the
limited stability of most transition metal oxides under acidic conditions has led to a focus on
developing noble metal-free electrocatalysts optimized for alkaline OER [4]. Nonetheless,
acidic media are employed in proton exchange membrane (PEM) electrolyzers, which
are regarded as one of the most promising technologies for producing high-purity green
hydrogen. In recent years, various classes of materials have been explored for OER to
reduce noble metal content, including perovskite oxides, pyrochlore oxides, single-atom
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catalysts, and ligand-stabilized noble metals [5-10]. Additionally, research has focused
on noble metal-free materials, such as first-row transition metal oxides, transition metal
chalcogenides, borides, and antimonates [11-13]. In order to develop stable electrocatalysts
for OER in acid, it is necessary to identify those phases that are stable under the operative
conditions. The Pourbaix diagram of Sb,Os shows the stability in the acid pH window.
Sb,0Os5 has low conductivity and is known to not be active towards any electrochemical
oxidation processes [14]. The synthesis of materials with two metallic atoms can lead
to a cooperative synergistic effect which combines the stability of the first metal atom
with the activity of the second, such as Mn/Co and Sb. MnO, presents a region of the
Pourbaix diagram at pH = 0 where stability is predicted. Previous studies demonstrated
this stability for 8 h in a solution 0.5 M H»SOj4 at a current density of 0.1 mA cm 2% which
is 100 times lower than the water splitting device targets [15]. The main issue presented by
Mn is associated with dissolution in acidic electrolytes over time. For this reason, Co was
employed to reduce the dissolution rate. Mondschein et al. have reported the stability of
Co30; in 0.5M H,S0y, solution at 10 mA cm 2 for over 12 h with a moderate overpotential
of 570 mV [16]. Within the class of antimonates, cobalt antimonate (CoSb,Og) has shown
promise across applications including dye degradation, gas sensing, photocatalysis, solar
cell electrodes, and electrocatalysis [17-21].

This critical study investigates the effects of calcination time and temperature on the
solid-state synthesis of cobalt antimonate (CoSb,Og), a method chosen for its advantages of
high yield, lower environmental impact, and greater industrial feasibility [22]. Alternative
synthetic methods have also been reported, such as electrodeposition [17], the Pechini
method [23], colloidal synthesis [24], and gel-combustion synthesis [25]. However, to
our knowledge, no prior studies have investigated the solid-state reaction (SSR) synthetic
approach for CoSb,Og in electrochemical applications. The SSR has the principal advantage
of not using solvents, which is the first cause of pollution in wet chemical synthesis.
Avoiding their use is one of Green Chemistry’s milestones. Other significant advantages of
the SSR method include the simplicity of the process and material handling, the low cost of
raw materials, cheap equipment, and high yield. Additionally, this study demonstrates the
favorable short-term OER stability of CoSb,Og-based electrodes in acidic media.

2. Results and Discussion
2.1. PXRD

Initial powder X-ray diffraction (PXRD) measurements were conducted on the samples,
with PXRD patterns for samples calcined for 6 h and 12 h shown in Figure 1a,b, respectively.
PXRD data were further analyzed by calculating the ratio between the peaks at 27° and
35°, corresponding to the (110) and (103) facets of CoSb,Og [24,26,27], and its crystallites
size (see Figure 2). These analyses aimed to identify any preferential growth of crystalline
facets and to correlate catalyst activity with morphological characteristics. Notably, distinct
outcomes were observed for the 6-h samples. For facet (110) (see Figure 3a and Table S1), the
crystallite size decreases as the temperature decreases, while for facet (103) (see Figure 3b
and Table S1), the crystallite size shows the opposite trend, increasing as the temperature
decreases. Figure 2b presents the data for samples calcined for 12 h, where the trends
of facets (110) and (103) contrast with those seen in the 6 h samples. Specifically, in the
12-h samples, the crystallite size of the facet (110) (see Figure 3a and Table S2) decreases
with increasing temperature, whereas the crystallite size of facet (103) increases with
decreasing temperature. This same trend is observed in the peak ratio for the 6-h samples
as well (see Figure 2a).
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Figure 1. PXRD pattern of CoSb,Og catalysts calcined 550 °C, 600 °C, and 650 °C for (a) 6 h; (b) 12 h.
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Figure 2. PXRD data, peak intensities related to CoSb,Og facets 110 and 103 and ratio 110:103 for
samples calcined for (a) 6 h; (b) 12 h. The red dots indicate the ratio facets 110:103.
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Figure 3. PXRD data, crystallite size comparison between (a) facets 110 and (b) facets 103 of 6 and
12 h samples. Source data are reported in Table S1 and S2.

The phase diagram reported at 873 K in Figure 4 demonstrates the stability of three

primary phases identified in each sample: CoSb,04, Co304 and, SbyO3, all of which are

inherently stable. A fourth phase, SbgOs3, is not represented in the diagram, as it requires
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an additional energy of 0.025 eV/atom. Despite this requirement, SbsO13 can be reasonably
considered comparably stable to the other phases.

T Sh

Co T T T T T T"cosb] cosb)

Figure 4. Phase diagram of Co-Sb-O materials synthetized at 600 °C in air. In red are highlighted the
phases of interest. Adapted from [25].

Furthermore, since the calcination step was conducted under static air conditions,
it was not possible to control the oxygen content during this stage of the process. The
(Co+Sb) /O ratio, calculated against the theoretical value of 0.50, confirmed the highest yield
of CoSbyOy calcined at 600 °C for 6 h, which respects this ratio. The closer the (Co+Sb)/O
ratio is to 0.50, the higher the content of CoSb,0Og, as displayed in Figure 5. The stability of
the multiple phases in the samples and the oxygen content could be considered responsible
for the obtained catalysts.
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Figure 5. Dependence of CoSb,Og content against (Co+Sb)/O ratio. Source data are reported in Table S3.

2.2. EDX

PXRD data combined to semiquantitative Energy Dispersive X-ray (EDX) analyses
allowed for a comparative assessment of each sample’s composition, including the phase
percentages (see Figure 6) and atomic percentages of the catalyst components (see Figure 7).
In several samples, the expected theoretical ratios for Sb/Co and O/Sb, set at 2:1 and 3:1,
respectively, for CoSb,O¢ formation, were not fully attained. CoSb,Og was identified in
the X-ray diffraction patterns of all samples (see Figure 6), with the highest concentration
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observed in the sample calcined at 600 °C for 6 h. Notably, when comparing samples
synthesized for 6 and 12 h, the CoSb,Og¢ content consistently increases at 600 °C. However,
a decrease in the CoSb,O4 concentration is observed at higher temperatures, likely due to
the preferential formation of refractory phases such as Co3O4, which forms between 600 and
700 °C. According to phase quantification, using the HighScore Plus software (version 3.0.5)
PXRD tool [28], this sample exhibits the lowest content of other Sb and Co oxides. These
findings underscore the challenge of obtaining a pure CoSb;Og phase without other oxide
phases, consistent with previous studies [18,23,25]. Generally, extended calcination times
and elevated temperatures do not enhance CoSb,;O4 formation. Additionally, SbsO;3

content remains constant across all conditions, showing no significant dependence on time
or temperature.
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Figure 6. Composition of the crystalline phases of CoSb,Og samples synthetized at different calcina-
tion time and temperatures as calculated from the PXRD data. The wt. % of each sample is reported.
Source data are reported in Table S4.
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Figure 7. EDX analyses, (a) atomic % O; (b) atomic % Sb; (c) atomic % Co for 6 and 12 h samples.
Source data are reported in Table S5.
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As shown in Figure 7, samples synthesized over 6 and 12 h exhibit distinct trends in
atomic percentage composition. Specifically, oxygen content decreases at higher tempera-
tures, while for samples calcined at 600 °C, both Co and Sb contents are observed to be at
their lowest levels.

2.3. BET

BET (Brunauer-Emmet-Teller) measurements were carried out to determine the poros-
ity of the samples. Figures S1 and S3 and Table S6 show the data related to the CoSb,Og¢
samples calcined for 6 h. These values are at least two times higher than the ones reported
in the literature [29]. In general, the CoSb;O4 samples have a low value of specific surface
area (SSA), total pore volume, and average pore width. Based on the average pore size, all
the prepared samples can be classified as mesoporous materials because their pore size is
between 2 and 50 nm.

A similar trend was obtained with the materials calcined for 12 h (see Figures S2 and S3,
and Table S6), but in these cases, the SSA was at least three times higher than the one re-
ported by Gunasooriya et al. [29]. Also, these materials” average pore width is between 2
and 50 nm, being also classified as mesoporous materials. Although the SSAs increased
two-fold and three-fold compared to the literature, in both cases, the total pore volume
and the average pore width follow the same trend, suggesting a comparable distribution.
However, it must be noted that the differences in terms of BET surface areas are within
2 m2/ g, which is within the instrument’s precision limit.

2.4. FESEM

The FESEM (Field Emission Scanning Electron Microscopy) images reported in Figures
54 and S5 support the data collected by PXRD and BET analyses of the CoSb,Og catalysts.
All the samples have low SSA values (see Figure S3) and are considered mesoporous
materials. Moreover, as proven by the PXRD patterns, different phases are present in each
sample, and this feature is well represented by the different morphologies evidenced in
the FESEM images that can be attributed to the heterogeneous composition of the different
samples. In general, the FESEM images of the synthesized CoSb,Og catalysts were very
difficult to collect because of the surface charging effect due to the poor conductivity of the
samples, which caused the brightest horizontal lines observed in the images. This feature
could be attributed to the presence of Sb oxides rather than CoSb,O.

2.5. Electrochemical Performance

The protocol used to test the catalytic activity of the samples is reported in Section 3.5.
Comparing the performances of the materials synthesized for 6 h, see Figure 8, the highest
current density was achieved with the catalyst calcined at 600 °C. Both other materials,
calcined at 550 °C and 650 °C, showed similar current densities of around 15 mA ¢cm 2.
Considering the applied potentials, experimentally obtained from the CP analysis and
reported versus the standard hydrogen electrode (SHE), the lowest potential value was
shown by the CoSb,Og at 550 °C for 6 h. Nevertheless, it should be noted that the potential
values between the three samples are very close to each other. Noteworthy, the material
with the most stable potential is the CoSb,Og at 600 °C for 6 h (see Figure 9a). Regarding
overpotentials and Tafel slopes (see Figure 10 and Table S7), among the 6 h samples, the
lowest values come from the CoSb,Oy at 600 °C, with an overpotential of 1098 mV and a
Tafel slope of 209 mV dec™!. Among the samples synthesized for 12 h, the activity trend
shows an increase in the current density in the following order: CoSb,;Og at 600 °C, CoSb,Og
at 550 °C, and CoSb,0O4 at 650 °C. Also for the 12 h samples, there are tiny differences

between the potential values recorded with the CP (less than 100 mV, see Figure 9b).
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Figure 10. RDE analyses; Tafel plot comparison of all different samples of CoSb,Og synthetized under
different temperature conditions for (a) 6 h and (b) 12 h.

All the CoSb,;Og samples exhibit good stability throughout the electrochemical tests.
The electrocatalyst synthesized at 600 °C for 6 h demonstrates the best performance among
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the series, as shown by its relatively lower overpotential and Tafel slope (see Figure 11).
This behavior can be attributed to the higher proportion of CoSb,Og in this sample, as
supported by the EDX analysis.
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Figure 11. Comparison between calcination conditions with (a) Tafel slopes and (b) overpotentials.

A comparison with state-of-the-art electrocatalysts is provided in Table S8. While the
overpotential of our CoSb,Og material is higher than many state-of-the-art electrocatalysts,
its performance provides valuable insight into the potential of CoSb,Og as an electrocata-
lyst. Unlike many of the materials in the table, our catalyst is synthesized through a simple,
scalable process and does not rely on costly elements or complex architectures. This posi-
tions CoSb,Og¢ as a promising material for future optimization, especially in applications
prioritizing cost efficiency and synthesis scalability over peak performance.

In Figure 12a, the ratio of facets 110:103 of the CoSb,O4 phase is reported as a function
of overpotential, while in Figure 12b, the relation between SSA and the overpotential is
shown. It is interesting to note that the overpotential is minimized in correspondence
to the ratio of 110:103 facets equal to 1.0, which indicates a higher activity of the (101)
facet of CoSbyOg4. Furthermore, the overpotential decreases when the SSA increases,
probably due the increment of the number of active sites exposed. However, the most
important parameter is the high content of CoSb,Og, which determines the break of the
linear relationship between overpotential and SSA, as displayed by the red dot in Figure 12b,
representing the sample at 600 °C for 6 h that contains the higher amount of such a phase.
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Figure 12. (a) Influence of ratio facets 110:103 towards overpotential and (b) SSA in relation to
overpotential. The best prepared catalyst is highlighted in red.
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3. Materials and Methods
3.1. Materials

The reagents and solvents employed, i.e., CoCl,-6H,O (>97%, Sigma Aldrich, Milan,
Italy), CsH4K2012Sby-HpO (>99%, Sigma Aldrich, Milan, Italy), and acetone (>99.5%,
Sigma Aldrich, Milan, Italy), were commercially available and used as supplied without
any further purification. Milli-Q reagent water (18.2 MQ) cm, 25 °C, Millipore, Darmstadt,
Germany) was used for all experiments.

3.2. Synthesis of CoSb,Og

Potassium antimony tartrate (1.6761 g) and CoCl, 6H,O (0.3258 g) were weighed prior
to grinding. To achieve a homogeneous mixture and reduce particle size, the powder was
further treated with ball milling for 15 min. The resulting powder was then calcined in a
porcelain crucible at temperatures ranging from 550 to 650 °C for 6 or 12 h under static
air conditions, with a heating rate of 5 °C min~!. Following calcination, the product was
centrifuged in deionized water to separate and remove any byproducts. The final product
was dried at room temperature.

3.3. Electrode Preparation for Activity and Stability Evaluation on GC-RDE

The working electrodes were prepared by employing the drop-casting technique to
deposit the catalyst onto the surface of a glassy carbon rotating disk electrode (GC-RDE).
Fresh ink was formulated to disperse the CoSb,Og powder, typically comprising 2.0 mg
of catalyst, 6 uL of Nafion (5 wt. % solution), and 300 uL of isopropyl alcohol (IPA). This
mixture was sonicated for 30 min to ensure thorough dispersion.

3.4. Characterization Techniques

Powder X-ray diffraction (PXRD) measurements were conducted using an Empyrean
Panalytical instrument (Baton Rouge, LA, USA) in a reflection-transmission spinner con-
figuration to confirm the phase identity of the synthesized CoSb,O4 samples. The exper-
imental parameters were as follows: Cu anode material, 20 range of 10-80°, scan step
size of 0.013° (20), tube current of 40 mA, generator voltage of 40 kV, and measurement
temperature of 25 °C. The morphology of CoSb,Og was analyzed using a ZEISS Supra
40 Field Emission Scanning Electron Microscope (FESEM). Elemental composition was
quantified through Energy Dispersive X-ray Spectroscopy (EDS) using an in-house Oxford
EDS microanalysis system with a Si (Li) detector cooled by liquid nitrogen. The specific
surface area was determined by the Brunauer-Emmett-Teller (BET) method, and the total
pore volume was calculated based on N, adsorption/desorption isotherms measured at
77 K using a Micromeritics (Norcross, GA, USA) TriStar 3020 volumetric analyzer.

3.5. Electrochemical Measurements

Electrocatalytic tests of the synthesized catalysts were performed in a rotating disk
electrode (RDE) system to minimize mass transfer limitations and accurately assess the
intrinsic kinetics of each catalyst. As illustrated in Figure 13, the experiments were carried
out in a single-chamber cell in a three-electrode configuration. A glassy carbon electrode
coated with the catalyst served as the working electrode (WE), an Ag/AgCl (3 M KCl)
electrode as the reference electrode (RE), and a platinum wire as the counter electrode
(CE). A Biologic VSP-300 multichannel potentiostat (POT) was used to control and measure
the electrochemical parameters. The electrolyte consisted of 0.5 M HySO4 (pH =~ 0.3) to
evaluate the performance and stability of the oxygen evolution reaction (OER) catalysts
under highly acidic conditions.
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Figure 13. Setup and protocol used for the electrochemical analyses conducted on RDE system.

The protocol for testing OER catalytic activity and stability consisted of five steps
divided into two separate deposition stages (see Figure 13). After each catalyst deposition,
initial measurements of the Open Circuit Potential (OCP) and system resistance (ZIR) were
taken. The first testing sequence began with an initial Linear Sweep Voltammetry (LSVj),
followed by five cyclic voltammetry (CV) cycles and a final LSV measurement (LSV;)
to assess any potential changes in catalytic activity compared to LSV(. Subsequently,
chronopotentiometry (CP) was conducted at seven different current densities to obtain
potential data at each step, with ZIR measurements being performed at each potential
to calculate overpotential and determine the Tafel slope, providing insights into catalytic
activity and kinetics. Following this, a second catalyst deposition was applied, and the same
sequence of tests was repeated from OCP to LSV;. A final CP test, conducted for 30 min
at a current density of 10 mA cm~2, was carried out to evaluate the catalyst stability. The
catalyst loading was varied (from 0.16 mg cm 2 to 0.50 mg cm 2 and 0.75 mg cm~2), as was
the rotating speed of the RDE system (from 1600 rpm to 2000 rpm), to optimize conditions
for maximizing catalytic activity and minimizing mass transport limitations. Based on
these results, subsequent tests were standardized to a catalyst loading of 0.75 mg cm 2 and
a rotation speed of 1600 rpm. The electrochemical data presented in the work refer to the
SHE potential, calculated with Egyg = Eag/agcr +0.209 V.

4. Conclusions

In this work, we reported the critical aspects for the synthesis of CoSb,Og as OER
catalysts via solid-state reactions at six different combinations of calcination time and
temperature. Regarding replicability, the detailed physico-chemical characterization car-
ried out via BET, FESEM, PXRD, and EDX demonstrated the difficulty to obtain a 100%
pure CoSbyOg phase through the employed protocols. However, the developed catalysts
demonstrated a high stability when employed as anodes for OER in acidic media, i.e.,
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0.5 M H,S04. According to their electrochemical analyses, the sample calcined at 600 °C
for 6 h showed the best catalytic activity, i.e., the lowest overpotential, although it had the
lowest specific surface area. Such performance was attributed to the maximized content of
110 facets (vs. 103) and the high content of CoSb,Og¢ (87 at.%).

This work provides a critical detailed investigation of different solid-state synthesis
protocols to obtain CoSb,Og, the characterization of the obtained samples, and guidelines
to improve the overall OER performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal15010068/s1, Figure S1: BET analyses, adsorption and
desorption curves for CoSb,O¢ synthetized at 550 °C, 600 °C, and 650 °C for 6 h; Table S1: Peaks
intensity ratios, crystallite sizes, and estimation via Scherrer equation of crystallite sizes of CoSb,Og
samples calcined for 6 h; Figure S2: BET analyses, adsorption and desorption curves for CoSb,Og
synthetized at 550 °C, 600 °C, and 650 °C for 12 h; Table S2: Peaks intensity ratios, crystallite sizes,
and estimation via Scherrer equation of the crystallite sizes of CoSbyOg samples calcined for 12 h;
Figure S3: BET analyses of CoSb,O4 samples calcined at 550 °C, 600 °C, and 650 °C for 6 and 12 h,
reporting: (a) SSA; (b) average pore width; (c) average pore volume; Table S3: CoSb,Og content in
wt. % compared to the (Co+Sb)/O ratio; Figure S4: FESEM analyses and morphological study of
CoSb,0g¢. All the samples shown were calcined for 6 h at: (a) 550 °C, (b) 600 °C, (c) 650 °C. The
magnitude selected is of 50 kx; Figure S5: FESEM analyses and morphological study of CoSb,Og.
All the samples shown were calcined for 12 h at: (a) 550 °C, (b) 600 °C, (c) 650 °C. The magnitude
selected is of 50 kx. Table S4: PXRD analyses of CoSb,Og4 samples. Phases composition in wt. % are
reported; Table S5: EDX analyses, atomic % composition of CoSb,O4 samples synthetized at different
temperatures and calcination times; Table S6: BET analyses of CoSb,Og samples calcinated at 550 °C,
600 °C, and 650 °C for 6 and 12 h. The data shown below are related to the SSA, total pore volume,
and average pore width; Table S7: RDE analyses, overpotentials at 10 mA cm 2 calculated with
the data collected by the CPs under current steps; Table S8: Summary of state-of-the-art catalysts
comparison with CoSb,Og. See references [30-35].
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