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1 | INTRODUCTION

Complex metal oxide has emerged as an important class of electrocatalyst for
oxygen evolution reaction (OER) because of its flexibility in the crystal phase and
relative ease in the control of defect structures. While different crystalline phases
and solid structures may be produced from the same reactant precursors, their
phase transitions and OER performances are not well understood. In this work,
we present the preparation of different phases of SrCo Fe, ; O5_s (nominal ratio)
solids using a sol-gel method and the structure-catalytic property relationship
of both crystalline and amorphous structures formed at different temperatures.
We observed as synthetic temperature increased, phase and composition tran-
sitions occurred from the amorphous phase to strontium carbonate and cobalt
oxide, to oxygen-deficient perovskite, and finally to perovskite. The OER activity
depended highly on crystal structures. The oxygen-deficient perovskite prepared
at 750°C exhibited the highest catalytic activity, while the perovskite showed the
lowest activity. X-ray photoelectron spectroscopy analysis reveals the change of
oxidation state occurred during the phase transition. This work provides a useful
guideline for the design of OER electrocatalysts through controlling the crystal
structures and defects in complex metal oxides, such as perovskite.

KEYWORDS
metal substitution, oxygen evolution reaction, oxygen vacancy, perovskite, phase transition

widespread applications of water electrolysis at the indus-
trial scale.'!® Currently, IrO, and, to a lesser extent,

Development of high-performance electrocatalysts of oxy-
gen evolution reaction (OER) is essential for various
sustainability applications, including water electrolyzer
for low-temperature green hydrogen generation. The slug-
gish kinetics of OER together with the requirement in
durability under harsh operating conditions hinder the

RuO, are used as OER catalysts in industries and they are
also served as the benchmark catalysts.>'°"' Scarcity of
these noble metals further limits their potential use at large
scale. Thus, the production of OER catalysts with high
performance but free of noble metals remains the major
challenge. Great effort has been devoted to the develop-
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ment of new electrocatalysts and the reaction mechanisms
in recent years, aiming to improve the OER kinetics.

Non-noble metal-based perovskite could potentially be
a promising class of materials for electrocatalysis because
of its high tolerance of structural defects, and tunable
conductive properties.’’? The flexibility in crystal and
electronic structures are in fact important considerations,
when perovskite is used for catalysis applications. Gener-
ally, perovskite (ABO3) exhibits either cubic or orthorhom-
bic structure. By conducting redox chemistry, defects could
be introduced in perovskite at low temperature to pro-
duce oxygen-deficient solid, which exhibited the enhanced
OER activity.*! In addition, metal doping can help change
the electronic or even crystalline structures, thus the OER
kinetics, of complex metal oxides, which include per-
ovskite, pyrochlore, and Ruddlesden-Popper phase oxides,
to name a few.?>?*2%32-36 Qrigins for the enhancement in
OER performance from these complex metal oxides are
often complicated and involved oxygen species, and multi-
ple new theories have been developed in recent years.>’
A lattice oxygen-mediated mechanism (LOM) has become
a commonly accepted one, which suggests lattice oxygen is
involved in the OER process. Compared with the adsorbate
evolution mechanism (AEM), which suggests only metal
center participates in the reaction, LOM provides an alter-
native angle in the design of OER electrocatalysts, in which
a lowered energy barrier is feasible and the OER kinetics
could be faster than those predicted by the AEM. Oxy-
gen vacancy was considered to be directly relevant to the
LOM in the observed high catalytic activity. Besides, dop-
ing of transition metal elements in complex metal oxides,
such as perovskite, could change the electronic structures
to favor the electron transfer in the OER.?7***® In addi-
tion, the change of the structural property often favors the
formation of (oxy)hydroxide layer on the surface, which
is a key feature for the high OER activity in the alkaline
system.*’>0 Although different crystal structures of com-
plex metal oxides, including lattice defects, can be obtained
by controlling the synthetic conditions, the effect of the
phase transition of perovskite on OER performance was
not well studied.

Herein, we investigate the effects of temperature on
the preparation of various solid structures and their cor-
responding OER activities of SrCo,¢Fe,;05 perovskite.
The SrCo, g Fe( ;O electrocatalysts were synthesized start-
ing with the sol-gel method, followed by reactions at a
predetermined temperature of 250, 500, 750, and 1050°C,
respectively. The obtained solids were denoted as SCFO-
x, where x is the synthetic temperature. The analysis on
the crystal structures revealed this series of solids under-
went a phase transition as temperature increased, from
amorphous solid, to a mixture of strontium carbonate and
cobalt oxide, to an oxygen-deficient perovskite, and finally
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FIGURE 1 XRD patterns of (A) amorphous phase SCFO-250,
(B) SCFO-500 containing the mixed orthorhombic SrCO; and cubic
Co;0,, (C) SCFO-750 of oxygen deficient perovskite, and (D)
SCFO-1050 of cubic perovskite, respectively

to perovskite. Electrochemical measurements indicate that
SCFO-x prepared at different temperatures showed distinct
OER activities and the oxygen deficiencies in perovskite
could resultin high OER activities. In addition, amorphous
catalyst prepared at low temperature exhibited high OER
kinetics, resulting from the large amount of active sites.
X-ray photoelectron spectroscopy (XPS) data indicate the
electronic configuration and lattice structures changed as
temperature increased, which could lead to the observed
OER activity.

2 | RESULTS AND DISCUSSION

The sol-gel method was applied to synthesize this series
of OER electrocatalysts. Metal precursors with predeter-
mined stoichiometric ratios were mixed in water with
citric acid. Ammonium hydroxide was added to adjust
the pH of the reaction solution to be between 8 and 10.
Water in these reaction mixtures was allowed to evap-
orate to form the gel at 80°C. The SCFO-250 solid was
prepared after heating the obtained gel at 250°C for 5
h, while SCFO-500, SCFO-750, and SCFO-1050 were pre-
pared by calcinating SCFO-250 at 500, 750, and 1050°C,
respectively, for a reaction time of 12 h. Figure 1 shows the
powder X-ray diffraction (XRD) patterns of these SCFO-
x solids. There was no obvious diffraction peak identified
for SCFO-250, except a broad peak around 22° 26, which
could be assigned to carbon-containing species. This
result indicates that SCFO-250 is made of an amorphous
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mixture from citric acid and the metal element precur-
sors. The XRD of SCFO-500 shows distinct patterns that
can be assigned mainly to orthorhombic phase strontium
carbonate (SrCOs, PDF#: 01-084-1778). The broad diffrac-
tion peaks located around 59° and 65° 20 could come
from the low-crystalline phase of the cubic phase cobalt
oxide (Co30,4, PDF#: 01-078-1969) (Figure S1). Iron species
was not detected by the XRD pattern, likely due to the
low amount of the Fe precursor used in the reaction mix-
ture. The XRD pattern of SCFO-750 matches well with the
hexagonal-phase oxygen-deficient perovskite (SrCoO, s,
PDF#: 00-040-1018), indicating the oxygen vacancies, and
the & value in SrCogFe( 1035 should be close to 0.48 for
SCFO-750 (Figure S2). In comparison, the XRD charac-
terization indicates that the SCFO-1050 catalyst is cubic
perovskite (PDF#: 00-046-0335; Figure S3). The energy-
dispersive X-ray fluorescence (EDXRF) data indicate that
the atomic ratio of metal elements in the product agreed
with the feeding ratios (Table S1).

The structural change of the crystal phase of these
SCFO-x solids as a function of reaction temperature is illus-
trated in Figure 2. The aerogel formed at 80°C upon the
initial hydrolysis and condensation. After the heat treat-
ment at 250°C for 5 h to form oxides or hydroxides via
the decomposition of metal precursors and critic acid,
the SCFO-250 in the amorphous structure was obtained.
With further heat treatment at 500°C, a mixture made of
SrCO; and Co;0, crystal structures formed. Iron species
could exist as doped species, which were undetectable
by XRD. Oxygen-deficient perovskite was prepared when
reaction took place at 750°C. The SCFO-750 solid shows a
hexagonal structure, which was identified as an intermedi-
ate structure between cubic perovskite and orthorhombic
Brownmillerite (PDF#: 00-040-1018),*? containing oxygen
vacancies in the crystal structure (Figure 2). The cubic
perovskite structure of SCFO-1050 formed at 1050°C. In
comparison with the synthesis of SrCo,Fe;_,O; previ-
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Illustration of structure and phase transition of SCFO-x as a function of synthetic temperature, from amorphous phase to

ously reported,” this perovskite structure appeared at a
higher temperature, which suggests that the formation of
perovskite depends on the ratio of metal precursors.

Figure 3 shows the characterizations of morphology and
the elemental distributions of these catalysts using scan-
ning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDS). The SEM image shows that
SCFO-250 has the typical morphology of a dried sol-gel
production (Figure 3A). Figure 3B shows that SCFO-500
electrocatalyst is made of solid pieces with average size
smaller than 1 um. SEM images show that SCFO-750 and
SCFO0-1050 have the morphologies that are often observed
for crystalline solids (Figure 3C,D). The average particle
size of SCFO-750 is around 200 nm, while the typical size
for SCFO-1050 solid particles is 2-5 um. The SEM-EDS
study was conducted to determine the elemental com-
position of these SCFO-x catalysts (Figure 3E-H). The
elemental mapping demonstrates that all metal elements
(Sr, Co, and Fe) and oxygen were uniformly distributed in
the samples.

Transmission electron microscopy (TEM) was con-
ducted to examine the crystal structure of SCFO-x elec-
trocatalysts (Figures 4 and S4). The TEM study shows
that the SCFO-250 sample contained largely amorphous
materials with some low crystalline nanoparticles formed
at low reaction temperatures (Figure S4a). The ring pat-
terns in selected area electron diffraction (SAED) indicate
the presence of the low-crystalline structure together with
the amorphous solid (Figure S4c). The SCFO-500 sample
was polycrystalline in nature, as being demonstrated by
the lattice fringes (Figure S4c) and spotted SAED (Figure
S4d). Figure 4A,B shows the TEM images of SCFO-750 and
SCFO-1050 samples, respectively, both of which exhibit
crystalline lattices. The d-spacing was measured to be 2.75
A for the SCFO-750 sample (Figure 4A), which agrees
well with the d-spacing of (110) plane of oxygen-deficient
perovskite in the hexagonal phase (also see XRD, PDF#:
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FIGURE 3 (A-D) Scanning electron microscopy (SEM) images and (E-H) SEM-EDS mapping of (A, E) SCFO-250, (B, F) SCFO-500, (C,
G) SCFO-750, and (D, H) SCFO-1050. The scale bar in SEM-EDS mapping is 5 um

FIGURE 4 (A, B) Transmission electron microscopy (TEM) images and (C, D) SAED patterns of (A, C) SCFO-750, and (B, D) SCFO-1050
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FIGURE 5 (A) Polarization curves and (B) Tafel slopes of the series of SCFO-x electrocatalysts with amorphous (SCFO-250), defect-rich

(SCFO-750, perovskite), and crystalline (SCFO-500, SrCO;/Co;0, and SCFO-1000, perovskite) phases

00-040-1018). The SAED shows that this sample exhibits
bright spotted pattern, indicating that the SCFO-750 mate-
rial is polycrystalline (Figure 4C). The lattice spacing for
the SCFO-1050 specimen was determined to be 2.78 A,
which also corresponds to the (110) plane of the perovskite
structure (Figure 4B). The SAED pattern of SCFO-1050
exhibits only regular electronic diffraction spots, indicat-
ing that the catalyst is composed of much larger size grains
with higher crystallinity than the samples made under
other conditions.

The OER performance of SCFO-x catalysts was tested
in 1 M KOH aqueous solution using a standard three-
electrode system. Figure 5A shows the polarization curves
of these SCFO-x electrocatalysts. Among the series, the
defective perovskite SCFO-750 electrocatalyst exhibits the
highest OER activity and the lowest onset potential of
1.51 V. Interesting, the amorphous phase SCFO-250 exhib-
ited the second lowest onset potential of around 1.55 V,
closer (than the other two) to the SCFO-750 catalyst. At
the current density of 10 mA/cm?, the potential is 1.60 V
for the oxygen-deficient perovskite (SCFC-750), 1.65 V for
the amorphous phase sample (SCFO-250), and 1.66 V for
SCFO-500. The perovskite SCFO-1050 was shown to be the
least active catalyst, exhibiting an onsite potential of 1.58
V and a working potential of 1.71 V at the current density
of 10 mA/cm?. Figure 5B shows the Tafel slopes of these
SCFO-x electrocatalysts. The amorphous phase SCFO-250
exhibited the smallest Tafel slope of 60 mV/dec, which
could result in fast OER kinetics and large current den-
sity in the high-voltage range in the polarization curve
(Figure 5A). The defective perovskite SCFO-750 electro-
catalyst exhibited a Tafel slope of 84 mV/dec, while the
strontium carbonate/cobalt oxide mixed solid (SCFO-500)
had a value of 73 mV/dec. The perovskite SCFO-1050 had
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FIGURE 6 Chronopotentiometry performance of the SCFO-x

electrocatalysts under constant current density of 10 mA/cm? for a
period of 24 h, showing the oxygen-deficient perovskite had the
lowest overpotential

the largest Tafel slope of 114 mV/dec, contributing to its
poor OER activity.

Figure 6 shows the results of chronopotentiometry study
of these SCFO-x electrocatalysts conducted at a constant
current density of 10 mA/cm?. All the catalysts retained the
working potentials fairly well for the measurement period
of 24 h, indicating a good stability in alkaline media. The
working potential is 1.58 V for the SCFO-250, 1.60 V for
the SCFO-500, 1.56 V for the SCFO-750, and 1.68 V for the
SCFO-1050 electrocatalyst. This trend in OER overpoten-
tial agrees well with that determined using the polarization
curves (Figure 5A). The slight increased overpotential
of SCFO-x could be resulted from the Sr dissolution in
the electrolyte solution, resulting in the formation of the
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FIGURE 7 Nyquist plots measured at 1.60 V of the various

SCFO-x electrocatalysts

amorphous layer on the surface. The amorphous phase
consists of cobalt oxides formed after the dissolution
of Sr in the crystal structures. Cobalt or Fe-based
(oxy)hydroxide, which is a highly active species towards
OER, could also form in the alkaline electrolyte solution
on the surface of electrocatalysts.??>!

Electrochemical impedance spectroscopy (EIS) mea-
surements were conducted to gain a better understanding
of the effects of impedance on the OER activity of these
SCFO-x electrocatalysts. Figure 7 shows the Nyquist plots
of the samples measured at 1.60 V, a potential slightly
higher than that of the OER onsite potentials for all the
SCFO-x catalysts. In the EIS measurement, charge transfer
resistance (R) reflects the kinetics of the charge transfer
on the surface of the catalysts (Table S2). Among the series
of samples, SCFO-750 shows the lowest R value of 20.03
Q, indicating the lowest electrochemical resistivity at this
working potential. The large number of oxygen deficien-
cies and the high covalency of Co 3d and O 2p orbitals of
SCFO-750 could be the key reasons attributing to the fast
electron transfer on the surface of electrocatalysts.’” The
SCFO-250 also shows a relatively low R value of 89.02 Q,
while the R, is 160.6 Q for SCFO-500 and 177 Q for SCFO-
1050. The relatively low R of SCFO-250 could be resulted
from the highly conductive amorphous structures and the
small particle size (Figure S4a), which might facilitate the
electron transfer. The EIS results suggest that the catalysts
with high OER performance also possess low impedance at
the operating potentials. It seems that the impedance plays
an important role in affecting the OER kinetics.

Double layer capacitance (Cg) of the SCFO-x electro-
catalysts were measured to gauge the electrochemically
active surface area (ECSA) in order to gain understandings
of the intrinsic surface activity. Figure 8 shows the cyclic

voltammogram (CV) scans of the four SCFO-x samples
in a region without Faradic current. Different scan rates
were tested and their corresponding linear fitting is sum-
marized in Figure 8E. The SCFO-750 catalyst shows the
highest Cy; of 1.25 mF/cm?, likely resulting from its small
average particle size, as shown in Figure 3C. The SCFO-
250 sample exhibits a Cy; of 0.78 mF/cm?, which could be
attributed to the amorphous structures and the small crys-
talline domain. On the other hand, the Cy; value is small
for both SCFO-500 and SCFO-1050 samples, and was deter-
mined to be 0.33 mF/cm? for SCFO-500 and 0.24 mF/cm?
for SCFO-1050. The large particle size and reduced conduc-
tivity could be the main reasons. Figure 8F summarizes the
OER activity normalized by the corresponding Cq; value.
The results indicate that the oxygen-deficient perovskite
SCFO-750 still exhibits the highest intrinsic surface activ-
ity at low potential. On the other hand, the activity trend
for the other three samples changed. While SCFO-1050
still exhibited lowest intrinsic activity among the series,
SCFO-500 shows higher intrinsic activity than SCFO-250.
Because of the lower Tafel slope of SCFO-500 than SCFO-
750, SCFO-500 even shows higher intrinsic activity than
SCFO-750 at higher potentials.

The effects of main structural factors on the OER perfor-
mance of these SCFO-x prepared at different temperatures
could be analyzed based on the above characterizations
and electrochemical measurements. Oxygen-deficient per-
ovskite SCFO-750 exhibits the highest OER activity, as
shown in the polarization curve in Figure 5A. The small
particle size, low impedance at operating potentials, and
the large Cy likely attributed to the high activity. Besides,
the oxygen vacancies of SCFO-750 facilitate the LOM
kinetics during the reaction, often resulting in a low-
ered energy barrier than that determined solely by the
conventional AEM.>?’ It was reported that this oxygen-
deficient structure is an intermediate between perovskite
and brownmillerite and helps increase the covalency
between Co 3d and O 2p orbitals, which is beneficial to
the OER performance.*” Thus, oxygen deficiency in per-
ovskite favors high intrinsic activity. It is intriguing that
the SCFO-250 exhibits the lowest Tafel slope among these
samples, which could result in a high OER activity at high
working potential ranges. We hypothize that the fast OER
kinetics could be attributed to the amorphous structure
of this catalyst formed at a low temperature. The organic
species in this mixture could provide a large number of
sites for the formation of metal (oxy)hydroxide, one major
active species for catalyzing the OER in alkaline media.
This amorphous structure tends to possess high surface
area as well because of a low degree of condensation reac-
tion and therefore, a large Cy; value, which also facilitates
fast OER kinetics. The formation of metal (oxy)hydroxides
on the surface could also be the main reason for high
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and 50 mV/s, respectively, for (A) SCFO-250, (B) SCFO-500, (C) SCFO-750, and (D) SCFO-1050; (E) linear fitting curves of the capacitive
current as a function of scan rate; and (F) intrinsic activity of these SCFO-x electrocatalysts normalized by Cg

intrinsic activity for the SCFO-500 sample. However, the
large impedance of metal oxide and carbonate leads to a
small number of active sites on the surface, resulting in the
lowered specific activity. Perovskite SCFO-1050 shows the
lowest activity in the series, resulted from the poor kinetics
as confirmed by the large Tafel slope and high impedance
and small ECSA.

XPS was conducted to examine the change of elec-
tronic structures of these catalysts that formed in the
temperature-dependent phase transition process. Figure
S5 shows the survey scans of these SCFO-x samples. The
peak centered around 285 eV was from carbon. Its intensity
was the strongest for SCFO-250, decreased for SCFO-500,
and even further in SCFO-750 and SCFO-1050, indicating
a high level of carbon species in SCFO-250 and SCFO-500.
The high carbon population in SCFO-250 is related to the
low peak intensity from the metal species, at around 135 eV
for Sr, 715 eV for Fe, and 780 eV for Co.

Figure 9A and Table S3 show the XPS spectrum of Co
2p region, which was fitted into two peaks of Co 2p,,
and Co 2p3/,, and one satellite peak of Co 2p;/,. The Co
2ps/, satellite peak for the SCFO-250 sample was located
at around 785 eV, which could be assigned to a low oxi-
dation state close to Co(II). Since Co(II) salt was used as
the precursor, this observation indicates that the valence
of this metal ion remains unchanged in SCFO-250. This Co
2ps); satellite peak shifted to higher binding energy values
of around 789 eV for the remaining three samples (SCFO-

500, 750, and 1050) as temperature increased, suggesting
the oxidation state of cobalt ions increased after the reac-
tion at high temperatures.’” Similarly, XPS spectroscopy
of the Fe 2p region was also fitted into three peaks of Fe
2p1/2, Fe 2p3,, and Fe 2p3 ), satellite. The location of Fe 2p;,
satellite could be used to determine the oxidation state of
iron ions (Figure 9b, Table S4). In general, Fe 2p;/, satel-
lite peak is located around 715 eV for Fe(II), and around
719 eV for Fe(III). The Fe 2p;/, satellite peak was detected
around 717.0 eV for the SCFO-250 sample because Fe(III)
precursor was used in the synthesis. This peak shifted to
a lower binding energy of 714.6 eV for SCFO-500, which
might result from the reduction of iron ions during the cal-
cination. This peak shifted to higher binding energy when
the synthetic temperature increased to 1050°C, indicating
the change in oxidation of iron species during this process.
In addition, the position of Fe 2p; , satellite peak for SCFO-
1050 became 716.5 eV, which could be from a mixture of
Fe(II) and Fe(III) oxidation states.

Figure 9C and Table S5 show that the XPS spectrum of
O 1s region was fitted into three peaks: oxide, hydroxyl
group, and adsorbed water. The oxide peak could not be
observed for SCFO-250, because this sample is made of
mainly organics, metal oxide did not form at this low tem-
perature. The XPS oxide peaks could be readily detectable
for samples formed at high temperatures. As temperature
increased, the oxide and adsorbed water peaks gradu-
ally diminished. SCFO-250 exhibits high ratio of hydroxyl
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FIGURE 9 X-ray photoelectron spectroscopy (XPS) patterns of (A) Co 2p, (B) Fe 2p, (C) O 1s, and (D) Sr 3d regions of this series of

SCFO-x samples

groups on the surface, which could contribute to the high
intrinsic activity per active site as indicated by the low Tafel
slope in Figure 5B. Since the SCFO-1050 catalyst exhibited
the lowest OER activity, this result suggests that the sur-
face hydroxyl groups should not be the determining factor
on the catalytic performance. Figure 9D and Table S6 show
the XPS signals from the Sr 3d region, which consist of Sr
3ds,, and Sr 3ds/, peaks. These peaks gradually shifted to
low binding energy as temperature increased, indicating
that Sr may be reduced during the synthesis.

3 | CONCLUSIONS

In summary, we synthesized a series of SCFO-x electro-
catalysts for OER and investigated the phase transition
and structure—property relationship during the structural
evolution from the amorphous phase, to a mixture of stron-
tium carbonate and cobalt oxide, to defective perovskite,
and eventual perovskite as temperature increased. Among
the electrocatalysts with similar elemental composition,
the oxygen-deficient perovskite (SCFO-750) exhibited the
highest catalytic activity, associated with low impedance
and high level of oxygen vacancies, which are benefi-
cial to the OER kinetics. The crystal phase transition
was analyzed using XPS to examine the change of elec-
tronic structures of these serious samples. This study

provides a simple strategy of regulating the catalytic
performance of complex metal oxides for OER electrocatal-
ysis based on the effect of synthetic temperature on the
crystal structure. Enhancement of activity through con-
trolling the oxygen-defect chemistry and amorphous phase
appears to be especially intriguing in the design of OER
electrocatalysts.

4 | MATERIALS AND METHODS

4.1 | Materials

Iron (III) nitrate nanohydrate (Fe(NOs3);, 98%), stron-
tium (II) nitrate (Sr(NOj3),, 99.0%), potassium hydroxide
(KOH, 99.99%), and Nafion® 117 solution (~5%) were
purchased from Sigma-Aldrich. Cobalt (II) nitrate hex-
ahydrate (Co(NOj),-6H,0, 98.0%) was purchased from
Alfa Aesar. Citric acid monohydrate (CHgO7-H,0, 99%)
and sodium hydroxide (NaOH, 99.4%) were obtained from
Fisher Chemical. Ammonium hydroxide (NH,OH, 28.0%-
30.0% as NH3) and tetrahydrofuran (THF) were obtained
from Macron Fine Chemicals. Vulcan carbon XC-72 was
supplied from Cabot Corporation. Hydrogen (H,, 99.999%)
and oxygen (O,, 99.999%) were purchased from Airgas,
Inc. All the chemicals and gases were used without further
purification.
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4.2 | Synthesis

The SCFO-x solid powders were synthesized using a sol-
gel method. In a typical experiment, 1 mmol (211.63 mg)
of Sr(NO;3), was mixed with 0.9 mmol (261.93 mg) of
Co(NO3),-6H,0 and 0.1 mmol (21.49 mg) of Fe(NOs); in
10 ml of water in a 50-ml beaker, followed by heating at
80°C under stirring for 30 min using an oil bath on top
of a hotplate (VWR, Cat. No. 97042-714). The beaker was
covered during this step. Citric acid (4 mmol, 768.48 mg)
was then added to the solution and continued heating at
this temperature for 30 min. After all precursors were dis-
solved and mixed well, ammonium hydroxide was added
to adjust the pH value of the solution to 8-10. After this
reaction step, the beaker was heated to 80°C using an oil
bath on a hot plate for 5 h, followed by placing the beaker
in a vacuum oven (VWR Symphony, E191047) at 120°C for
6 h to remove water. The dry solid was grinded with a pes-
tle and mortar. The obtained fine powders were transferred
into an alumina boat (Sigma-Aldrich, 5 ml) and heated in
a tube furnace (Thermo Fisher Scientific™, Lindberg/Blue
M™ Mini-Mite™) at 250°C for 5 h with a ramping rate
of 5°C/min to obtain the SCFO-250 sample. After being
grinded further for 5 min, the SCFO-250 sample was heated
to 500, 750, and 1050°C to obtain the SCFO-500, SCFO-750,
and SCF0-1050 solids, respectively. The ramping rate was
5°C/min and the heating time was 12 h in the tube furnace
for this last step.

4.3 | Characterizations

Powder XRD analyses were conducted using a Rigaku
Miniflex 600 diffractometer with Cu Ka X-ray source (1
=1.54056 A). The scan range was between 10° and 80° 26
and the scan rate was 0.04° 26 per second. High-resolution
transmission electron microscopy (HR-TEM) studies were
performed on a JEOL 2100 Cryo TEM with a LaBg emitter.
The acceleration voltage for TEM measurements was 200
kV. A uniform dispersion of catalysts in ethanol was pre-
pared by sonication, and one drop of this dispersion was
deposited on carbon-coated TEM grids to prepare the TEM
specimens. SEM images were obtained using a Hitachi
S4800 microscope. The acceleration voltage of SEM was
10 kV. The powder samples were placed on the sample
holder using conductive carbon tape. EDXRF results were
collected using a Shimadzu EDX-700 spectrometer with
Rh X-ray source by directly loading the powder samples in
a polypropylene sample cup using a transparent ultralene
film at the bottom of the sample cup. X-ray photoelectron
spectroscopy (XPS) analysis was conducted on a Kratos
Axis ULTRA system with an Al Ko X-ray source. CasaXPS
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software was used for the data processing of the XPS
results.

4.4 | Electrochemical measurements

All the electrochemical measurements were conducted
in a three-electrode system using a CHI 760E potentio-
stat (CH Instruments, Inc.) with a platinum wire as the
counter electrode and a reversible hydrogen electrode
(RHE, Hydroflex) as the reference electrode. Working elec-
trode is a rotating disk electrode (RDE) with catalysts
loaded on the glassy carbon disc (0.196 cm?). One molar
aqueous solution of KOH was used as the electrolyte. The
RHE was calibrated in the electrolyte solution saturated
with H, gas. The electrolyte was purged with O, for over
30 min to reach saturation before any of the electrochemi-
cal measurements. The ink was prepared by mixing 2 mg of
catalysts, 2 mg of carbon black (XC-72), and 3 ul of Nafion
solution (pH = 7, neutralized using 0.1 M NaOH) in 2 ml
of tetrahydrofuran (THF), followed by sonication in an ice
bath for 30 min to uniformly disperse the ink. The working
electrode with a thin film of the catalyst was prepared by
depositing 5 ul of the obtained ink onto the working area of
the RDE, followed by dropping 5 ul of Nafion THF solution
(mixture of 3 ul of neutralized Nafion solution and 2 ml of
THF) twice onto the RDE.

The OER activity was evaluated by conducting CV mea-
surements in the potential range between 1.1 and 1.8 V for 5
cycles atascan rate of 10 mV/s with the RDE rotating speed
of 1600 rmp. The third cycle of the CV scans was used for
the evaluation of the OER activity to avoid the mass trans-
fer limitation in the initial cycles. The average current of
the anodic and cathodic scans was used to obtain the polar-
ization curve to minimize the effect of the double-layer
capacitance.

EIS measurements were performed at the poten-
tial of 1.60 V with a frequency range from 1x10* to
0.1 Hz. ZView software was used for the fitting of
Nyquist plots. The equivalent electrical circuit is consisted
of three components: solution resistance (Ry,), charge
transfer resistance (R), and double-layer capacitance
(Cap)-

The ECSA analysis was carried out by measuring
double-layer capacitance (Cy;) from the CV measurement.
The CV scans were conducted at scan rates of 10, 20, 30, 40,
and 50 mV/s, respectively, within a non-Faradic potential
window between 1.05and 1.15 V. The middle point between
anodic and cathodic current densities was calculated at
the potential of 1.10 V, and the obtained values were plot-
ted against the scan rates. The slope of the linear fitting
represented the Cy; values.
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The stability of the OER catalysts was measured by per-
forming chronopotentiometry tests at the current density
of 10 mA/cm? using an electrode prepared with carbon
paper. The electrode was made by depositing 750 ul of ink
onto a piece of carbon paper (Fuel Cell Store, Sigracet 22
BB) with a working area of 1x1 cm?.
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