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ABSTRACT: The generation of hydrogen in an environmentally
benign way is highly essential to meet future energy demands.
However, in the process of splitting water electrochemically, sluggish
kinetics of the oxygen evolution reaction (OER) curtails its
applicability, as it drags energy input. Herein, we synthesized Sr—
Co—Fe—O oxides to optimize their OER activity by varying the Co/Fe
ratio. Among them, Sr,Co, sFe,sO4_5 exhibited the best OER catalytic
activity in the series, with an overpotential of 318 mV at 10 mA cm™>
and Tafel slope of 44.8 mV dec™'. High-resolution neutron powder
diffraction analysis identified an intermediate structure between the
perovskite and brownmillerite, with alternating layers of disorderly
orientated oxygen-deficient tetrahedra and fully stoichiometric
octahedra. The unique stacking of tetrahedral and octahedral units
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facilitates desired interactions between the electrode surface and electrolyte. Theoretical calculations revealed that increased
covalency of Co 3d and O 2p in Sr,Co, sFe; sO4_s oxide is another primary contributor to its augmented water oxidation ability. As a
model for developing catalysts with such an intermediate structure, the synergetic effect of oxygen vacancy and hybridization
between Co 3d and O 2p assured the Sr,Co, sFe,O4_s oxide as a better catalyst for its enhanced OER activity.

KEYWORDS: catalyst, crystal structure, oxide, oxygen evolution, perovskite, water splitting

B INTRODUCTION

Development of sustainable ways for energy production is of
prime importance, as the depletion of fossil fuels due to
overwhelming industrialization and urbanization is increasing
exponentially." As an alternate, hydrogen, called as “future
fuel”, can be made via electrochemical water splitting, which is
one of the most promising methods.” The produced hydrogen
and oxygen from water are actual feeds for fuel cells.” In
addition, considering metal—air batteries with oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction (OER)
counterparts, OER shows important manifold applications.”*
In the case of OER under alkaline conditions, the intercalation
of OH™ ions and O, molecules released from the electrode
surface forms several intrinsic kinetic barriers, and each of
them adds up to the additional overpotentials.” When it is an
acid and neutral solution, breaking of H,O molecules still
requires surplus energy. To influence the OER at ease,
numerous electrocatalysts are investigated to mitigate anodic
overpotentials; among them, noble metal-based catalysts, such
as IrO, and RuO,, delivered superior performance under
corrosive acidic conditions.” However, the scarcity and cost
associated with these noble metal catalysts limit their broad-
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scale applications in generating hydrogen for continuous
industrial production.”

To replace scarce metals, 3d transition metal-based catalysts
such as Co, Ni, and Fe with their favorable electronic
configurations could deliver promising OER activities and
they are earth-abundant too.” " Several perovskites and their
derivatives appeared as promising materials for water
electrolysis,11 lithium—air batteries,"” fuel cells,"* and photo-
voltaic applications.'* In these materials, the structural oxygen
stoichiometry plays a pivotal role in diverse applications.">"®
The properties of ABO; perovskites can be tuned by
methodically selecting A and B metal cations with desired
atomic or ionic radii. Partial replacing or doping of any one of
these A, B, and O sites drastically improves their ability in a
specific application because of associated changes in their

Received: January 31, 2021
Revised:  March 8, 2021
Published: March 23, 2021

https://doi.org/10.1021/acscatal.1c00465
ACS Catal. 2021, 11, 4327-4337


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sivasankara+Rao+Ede"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Candyce+N.+Collins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+D.+Posada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gibin+George"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+D.+Ratcliff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulin+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulin+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianguo+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shubo+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiping+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.1c00465&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00465?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00465?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00465?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00465?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00465?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/11/7?ref=pdf
https://pubs.acs.org/toc/accacs/11/7?ref=pdf
https://pubs.acs.org/toc/accacs/11/7?ref=pdf
https://pubs.acs.org/toc/accacs/11/7?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.1c00465?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

respective physical, chemical, and electronic properties.'” The
perovskites with Co, Ni, and Fe on the B site are intensively
studied as electrocatalysts for OER and ORR applications."®
However, the OER activities of perovskites are still limited, and
hence, the study in the stoichiometry aspect on the B site and
related oxygen is highly recommended to boost them for real-
scale applications. Among these B-site metal cations, Co-based
perovskite catalysts gained much interest in the research
community due to their superior OER activity when Co is
coordinated with oxygen atoms octahedrally.

For example, the OER activity of LaCoO, was enhanced by
introducing Fe substitution,” which influenced the covalency
of Co 3d and O 2p. In another report, different magnitudes of
LaCoO; nanoparticles were analyzed for their OER activity,
and the one with ~80 nm size displayed better OER activity
among others.'" The high catalytic activity of ~80 nm LaCoO,
particles was attributed to the intermediate spin state of cobalt.
In another work, LaySrysCoO; nanotubes were synthesized
via the electrospinning method and employed as a bi-
functional catalyst for both OER and ORR in Li—0O,, and
here, the presence of high surface areas of nanotubes and
oxygen vacancies created by Sr doping produced superior OER
kinetics.”’ Between SrCoQO;_; ' and CaCoO;_;>' both
catalysts formed cubic crystal structures with the same cobalt
species having an intermediate spin state; however, CaCoO;_;
showed better OER activity due to the presence of oxygen
vacancies. The effect of the crystal structure was pronounced in
another work. Among electrochemically synthesized ZnCo,0,
and Co;0,, the former one exhibited grander OER perform-
ance due to octahedral Co units in the crystal lattice.”
Recently, brownmillerite-structured Ca,FeCoOg was studied as
a highly efficient OER catalyst, and its catalytic activity is
attributed to the interplay between Co/Fe in orthorhombic
unit cells.”*~*® Density functional theory (DFT) calculations
suggest that enhancement of charge transfer between Co/Fe
3d and O 2p orbitals plays a significant role in improving OER
activity of Ca,FeCoOg because of random distribution of Co
and Fe atoms.” Lin et al. recently studied the calcination
temperature effect on OER activity of SrCogFeysO;_s
perovskite.”” Further insights regarding the Fe substitution of
the Co site to tune the electronic properties for improving the
OER performance are not reported yet.

Herein, we for the first time elaborate the formulation of a
series of Sr—Co—Fe—O oxides by varying the Co/Fe ratio to
understand the effect of Fe substitution on OER activity, and
Sr,Co, sFeyO¢_s oxide was found to be an efficient OER
catalyst. High-resolution neutron powder diffraction (NPD)
analysis identified an intermediate structure between perov-
skite and brownmillerite, with oxygen-deficient tetrahedral
units sandwiched between octahedral units. While the OER of
this intermediate structure was not reported previously, the
unique stacking of tetrahedral and octahedral units facilitates
desired interactions between the electrode surface and
electrolyte. Theoretical calculations revealed that the increased
covalency of Co 3d and O 2p in Sr,Co;sFe;;O4_5 oxide is
another main contributor to its augmented water oxidation
ability. The synergetic effect of oxygen vacancy and hybrid-
ization between Co 3d and O 2p assured the Sr,Co, sFe;Og4_s
oxide as a better catalyst for the enriched OER activity.

B MATERIALS AND METHODS

Materials and Synthesis. Strontium nitrate, cobalt(II)
nitrate hexahydrate, iron(III) nitrate nonahydrate, KOH
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pellets for electrolyte, and citric acid (CA) were purchased
from Sigma-Aldrich; ethylenediaminetetraacetic acid (EDTA)
and ammonia solution (28—30 vol %) were purchased from
VWR International. All chemicals were used without any
further purification. The series of Sr,Co,_.Fe,O¢_s oxides were
prepared by sol—gel Pechini process using EDTA and CA as
chelating agents and by adjusting pH 8—10.”" Initially, 0.02 M
strontium nitrate, the molar ratio of nitrate salts of Co and Fe
varies according to the ratio of oxides, and the nitrate salts
were dissolved in 75 mL of distilled water and stirred for 30
min on a hotplate at 80 °C. After 30 min, EDTA and CA were
added, and then, the pH of the solution was adjusted between
8 and 10 using ammonia solution and allowed to stir for
another 30 min. The water was slowly evaporated to form a
gel, and this gel was carbonized at 250 °C for S h. After
carbonization, black powders were collected and annealed at
1050 °C at a ramping rate of S °C min™" for 12 h (Figure S1).

Characterizations. The X-ray diffraction (XRD) patterns
were recorded using a Rigaku MiniFlex 600 X-ray diffrac-
tometer with Cu Ka radiation. Transmission electron
microscopy (TEM) elemental analysis was conducted using a
FEI Talos F200X TEM/STEM instrument at 200 kV, and
high-resolution (HRTEM) imaging was conducted using an
Argonne chromatic aberration-corrected TEM (ACAT) FEI
Titan 80-300 ST at 200 kV, with a CEOS C_/C, corrector to
correct both spherical and chromatic aberrations. HRTEM
image and electron diffraction (ED) simulations were done
using the Tempas program. X-ray photoelectron spectroscopy
(XPS) was conducted using the Thermo Scientific ESCALAB
250Xi and Kratos AXIS-ULTRA DLD-600W. NPD was
conducted using BT-1 and BT-4 diffractometers at the NIST
Center for Neutron Research (NCNR). BT-1 was run using a
Cu(311) monochromator at 4 = 1.5400 A, and data were
collected in the 26 range of 3—168° with a step size of 0.05°.
The BT-4 was run at 14.7 meV with the following collimations
in stream order 60'—40'—80'—100’. Pyrolytic graphite filters
were placed before and after the sample. The BET (Brunauer,
Emmett, and Teller) surface area measurements were carried
out using the Quantachrome SI. The oxygen contents were
determined using cerimetric titration.”” Initially, the concen-
tration of CeSO, was calculated by standardizing using the
known concentration of Mohr’s salt. A total of ~50 mg of
FeCl,-4H,O and ~25 mg of samples were dissolved in
nitrogen gas-purged 3 M (mol/L) HCI solution and then
titrated against CeSO, by adding one drop of ferroin as an
indicator, the end point being visually detected from the color
change from orange to green.

Electrochemical Measurements. Electrodes were fab-
ricated by coating samples with an approximate loading of 1
mg on carbon cloth using N-methyl pyrrolidine with 10%
polyvinylidene fluoride as a binder in 0.5 cm?® area. The surface
of carbon cloth was cleaned thoroughly with 30 vol % of
ethanol by ultrasonication before they were used as substrates
for the electrode. Linear sweep voltammogram (LSV) curves
were obtained at a scan rate of 2 mV s™" after conducting five
cyclic voltammograms (CVs) at a scan rate of 100 mV s™".
Tafel plots were obtained from LSVs, and electrochemical
impedance spectroscopy (EIS) was conducted in the range of
10 kHz to 1 Hz, with an amplitude of S mV at an applied
potential of 0.72 V versus Hg/HgO reference electrode. All
EIS data were fitted using a Randles circuit using the CHI
760E electrochemical workstation (CH Instrument, USA).
KOH electrolyte was prepared, and all electrochemical
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Figure 1. (a) NPD pattern of Sr,Co, ;FeysO4_s oxide; (b) structural model of the intermediate tetragonal phase containing a sequence of
alternating octahedral (oh) and tetrahedral (th) layers, where only two randomly orientated tetrahedra are shown for clarity; (c) TEM image
showing 90°-twinning domains (insert is an ED pattern); (d) HRTEM image along [100] (insert is an FT pattern and a simulated image); (e)
simulated image (thickness ¢ = 7.7 nm and defocus Af = —100 nm) with overlayed atomic projection; and (f) simulated ED pattern (thickness ¢ =
7.7 nm).

Table 1. NPD Refinement from Sr,Co, ;Fe;O4_s at Room Temperature

Wyckoff site x y z U,, (x100, A%) site occupation

Sr 2g 0.5 0.5 0.2591(3) 0.93(4) 1.0

Co/Fe 1 la 0 0 0 0.4(1) 0.774(9)/0.226(9)

Co/Fe 2 4k —0.023(1) 0.023(1) 0.5 0.6(1) 0.181(2)/0.069(2)

o1 2f 0.5 0 0 2.0(2) 1.0

02 2g 0 0 0.2422(4) 1.9(2) 1.0

03 4m 0 0.543(2) 0.5 1.7(2) 0.348(4)
measurements were conducted using plastic vessels to avoid supercell near the experimental input value from cerimetry
leaching of glass. The same carbon cloth with large dimensions calculations.

was used as a counter electrode. All data were 100% IR (I
stands for current and R stands for resistance)-corrected and B RESULTS AND DISCUSSION
shifted to the reversible hydrogen electrode (RHE) scale by Structural Analysis. In the Sr,Co,_,Fe O4_; oxide series,
calibrating the Hg/HgO reference electrode using the formula when x = 0, the XRD pattern reveals a hexagonal perovskite
E,que = Evtig/ngo + Eong/mgo + 0.059 pH for OER in 1 M and SrCo0;_s as the major phase, which is indexed with JCPDS
3 M (mol/L) KOH. Experiments were conducted on the CHI file no. 48-0875, with a space group of P6;/mmc (no. 194) and
760E instrument. lattice parameters of a = 5.4941 A and ¢ = 42444 A, and a
Computational Study. The QUANTUM-ESPRESSO tetragonal structure as a minor impurity phase, which is
package was used for first-principles calculations through the indexed with JCPDS file no. 44-1064, with a space group of
DFT method.”® The atomic DOSs for hexagonal SrCoO;_; P4/m (no. 83) and lattice parameters of a = 5.846 A and ¢ =
and tetragonal Sr,Co, ;sFe(,504_s and Sr,Co, sFesO4_s were 7.290 A (Figure S2). When x = 0.25, 0.5, and 0.7, three

calculated using the 2 X 2 X 1 supercell. For SrCo,sFe;s0;_s oxides with Fe substitution on the Co site (Sr,Co; ;sFe(,506_s
cubic perovskite, a 2 X 2 X 2 supercell was used. Integration Sr,Co; sFeysOg_s and Sr,Co, ,sFey,s06_s) exhibit a tetragonal
over the Brillouin zone was carried out using the Monkhorst— structure with a space group of P4/mmm (no. 123),”" as
Pack scheme with a 2 X 2 X 2 mesh of k-points for all phases. portrayed in Figure S3a, and a representative pattern from
The oxygen vacancy was created by deleting one O atom in the Sr,Co; sFeysO4_s is shown in Figure S3c. This tetragonal phase
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Figure 2. (a) LSV plots; (b) Tafel slopes; and (c) Nyquist plots of SrCoO;_s St,Co, 7sFe,504-s Sr;Coy sFegsOg_s and SrCoysFeysO;_s oxides.

is further refined using NPD below. However, when x = 1-2,
the SrCoqsFegsO3_5 SrCops7sFeqssO03-5 SrCoqssFeq7505-5
SrCoy 15sFepg7505_s5 and SrFeO;_; oxides exhibit a simple
cubic perovskite structure, with a space group of Pm3m,”” as
shown in Figure S3b, and a representative pattern from
SrCoy ,5Fepg750;3_5 is shown in Figure S3d. A small super-
lattice peak appears near 11.5° in the XRD pattern of the
tetragonal phase, while it is absent in the patterns of the cubic
phase (insets in Figure S3c,d).

The NPD pattern from Sr,Co, Fe(O¢_s oxide collected at
room temperature is shown in Figure la, and its refined
structural parameters are listed in Table 1, with satisfactory
weighted profile residal R,, = 0.0620, profile residual R, =
0.0485, and goodness of fit y* = 1.50. Rietveld refinement
reveals that Sr,Co, sFe,Og_5 oxide is tetragonal (space group
P4/mmm) with lattice parameters of a = 3.8605(1) A and ¢ =
7.7271(5) A, which is an intermediate structure between cubic
perovskite and othorhombic brownmillerite. This intermediate
tetragonal phase contains a sequence of alternating octahedral
(oh) and tetrahedral (th) layers (...oh—th—oh—th...), as shown
in Figure 1b. The oh layer is composed of corner-shared
octahedra (Co/Fe)Og, which is a characteristic of the cubic
perovskite structure, and the th layer contains Co/Fe ions
surrounded by two apical O*~ and two equatorial O*~, which
are statistically distributed over four O> sites. The oxygen
occupancy is refined, and its stoichiometric composition is
expressed as Sr,Co, sFeqsOs 39,. The refined parameters of the
NPD pattern are in accordance with cerimetry (Table S1). All
Fe-substituted oxides exhibit oxygen deficiency (Table SI).

4330

Figure S4a presents the NPD pattern of SrCoysFeysO;_5
oxide at room temperature, and it is fitted with a simple cubic
structure with the Pm3m space group. The corresponding
refined structural parameters are shown in Table S2, with
satisfactory fitting factors. The oxygen occupancy is refined,
and its stoichiometry is Sr(CogsoFeq50)O,77- In this structure,
the oxygen vacancies randomly distribute at any oxygen
positions, so that the overall cubic perovskite structure is
unchanged.

TEM observation shows that the synthesized samples are
composed of nanoparticles, with an average size of ~80 nm.
The nanoparticles are sintered to form particles in ~pm’s
during annealing at 1050 °C in the last step of the synthesis.
This annealing ensured that single phases were obtained. As
shown in Figure 1c, along the [100] orientation, 90°-twinning
domains in 20—30 nm are observed, as evidenced from double-
spacing lattice fringes. The domain without the double-spacing
fringes is [001]-oriented, which is also at 90° with the [100]
orientation. These twins may add further oxygen defect sites
compared with cubic perovskites without twins. An ED pattern
is inserted, showing 90° twins. A magnified HRTEM image is
shown in Figure 1d, where atomic layers are revealed. A
Fourier transform (FT) pattern is inserted, with the same
geometry of the ED pattern. With image simulation, the
cationic layers could be identified, as shown in Figure le (a
simulated image is also inserted in Figure 1d for comparison).
The simulated ED pattern in Figure 1f is consistent with the
observed ED pattern. Furthermore, STEM EDS mapping of
Sr,Co,; sFeysOg_s reveals the uniform distribution of Sr, Co,
Fe, and O elements all over the nanoparticles (Figure S5). The
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EDS spectrum, as shown in Figure S5f, confirms the presence
of Co and Fe in 3:1 ratio.

OER Study. The LSV plots of Sr—Co—Fe—O oxides are
displayed in Figure S6a, and some representative results are
shown in Figure 2a, indicating that Sr,Co,; sFe, sO4_s oxide has
the lowest overpotential of 318 mV at 10 mA cm™ and the
second best is SrCo,sFe,sO;_s, showing an overpotential of
343 mV for electrochemical water oxidation.

Sr,Co, sFeysO¢_s also demonstrated superior OER kinetics
with the Tafel slope value of 44.8 mV dec™" (Figures S6b and
2b). All Fe-substituted oxides exhibit low overpotentials and
enhanced OER kinetics, compared with undoped SrCoO;_s
oxide. The Nyquist plots, fitted with Randle’s equivalent
circuit, are presented in Figures S6c and 2c. Sr,Co; sFe;sO¢_s
and SrCoysFeysO;_s show low charge transfer (R.) values,
compared with SrCojsFe;sO0;_s and Sr,Co,-sFey,504_s
which is also reflected in Tafel slope values. However,
surprisingly, oxides with higher Fe contents, such as
SrCoy375Fen 65035 and SrCoy 155Feq 47505 5 exhibit slightly
lower R, values (Figure S6c and Table S3) than
Sr,Co, sFeysO¢_s, but they failed to compete due to lower
cobalt content in their compositions. We compared our
catalyst’s OER performance with that of other oxides reported
in the literature (Table S4). Our catalyst possesses comparable
or even superior properties to those in some of the previous
reports.

We conducted BET analysis to understand the synergetic
effect of the surface area and oxygen vacancies (Figure S7 and
Table SS). We estimated specific activity (Table S5) of all
samples by normalizing the current with the BET surface area
(Jger). After normalization, Sr,Co, FeqsOg_s shows the
specific activity of 0.00327 mA cm™> BET at 1.55 V, and the
activity is much higher than that of other Sr—Co—Fe—O
oxides (Table SS). Furthermore, we estimated the electro-
chemical surface area (ECSA) by calculating electrochemical
double-layer capacitance (EDLC) from CVs in the range of
0.1-0.2 V at different scan rates. It was found that
S1,Co; sFeysO4_5 showed the highest EDLC value among all
oxides (Figures S8 and S9). The enhanced catalytic activity of
Sr,Co, sFeysO4_s is attributed to its unusual structural
arrangement with the presence of oxygen vacancies, which
facilitate the maximum interaction between the catalyst and
electrolyte.*

To get more insights into the electrochemical activity, we
conducted XPS analysis. Figure 3 shows Co 2p and Fe 2p high-
resolution spectra of all oxides for comparison. Figure 3a
presents the Co 2p high-resolution spectra, and the magnified
range of 783—777 eV depicting the Co 2p;, region is shown
on the right side of Figure 3a.** With the increase in Fe
content, Co 2p;,, chemical line intensity decreases monotoni-
cally (Figure 3a). Fe 2p;/, chemical line intensity increases
(Figure 3b), suggesting that Fe is doped on the Co site.””
Furthermore, it is found that cobalt chemical lines contain
Co*" and Co®" species. Figure S10 displays deconvoluted high-
resolution spectra of Co 2ps,.>> Similarly, Fe 2p;,, chemical
lines also show a similar binding energy value (~710 eV) for all
oxides, indicating that Fe is predominantly present in the 3+
oxidation state. As the x value increases, a smaller shift in Fe
2ps,, chemical lines is observed toward higher binding energy,
suggesting that Fe*" coexists with the Fe®" species, which is
also observed from deconvoluted Fe 2p;,, chemical lines in
high-resolution spectra (Figure S11).3¢
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Figure 3. Comparative analysis of oxidation states in Sr—Co—Fe—O
oxides. (a) Co 2p high-resolution XPS spectra, with enlargement on
the right side showing the Co 2p;/, chemical line. (b) Fe 2p high-
resolution XPS spectra, with enlargement on the right side showing
the Fe 2p;/, chemical line.

We observed a change in the ratio of Co**/Co*" and Fe*t/
Fe*" with respect to the change in the Co/Fe ratio, as shown in
Figures S10 and S11. The reason for changes could be due to
char3g7e disproportion between cobalt and iron centers in the B-
site.”’ ™ Among all the oxides, Sr,Co; sFe,sOs_s shows a high
relative intensity for Co*" (Figure S10b) and Fe*" (Figure.
S11d) species. The presence of a high number of Co*" over
Co’" improves the OER activity by enhancing the O 2p
character in the covalent mixing of the hybrid orbitals Co 3d
and O 2p.*' On the other hand, the presence of a greater
number of Fe*" ions could augment the water oxidation ability
of the catalyst.*

The oxygen vacancies in Sr,Co,Fe;sO¢_s are further
confirmed by deconvoluting the Sr 3d and O 1s high-
resolution spectra (Figure 4). The Sr 3d chemical line is
deconvoluted with lattice and surface doublets with an area
ratio of 1:1.5, and each is composed of 3d;,, and 3d;,, (Figure
4a). The doublet with higher binding energies indicates the
surface Sr species (SrO or Sr(OH),), which are formed due to
surface termination of oxides.' ™" Another doublet with a
lower binding energy represents the lattice Sr. Figure 4b
presents the O 1s spectrum, which is fitted with three peaks:
one at a higher binding energy and two at lower binding
energies (<531 eV). The peak at the hi%her binding energy
consists of surface and adsorbed oxygen.”*** The two peaks
presented at lower binding energies denote the lattice
O)()rgen.46’47 When the oxide surface is enriched with Sr by
forming SrO or Sr(OH),, oxygen defects are formed, Sr + O
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< SrO + Vi + Ve, which is consistent with the oxygen

content estimation from cerimetry and NPD results."® Here,
Vg stands for oxygen vacancy and Vg stands for strontium

vacancy. The presence of oxygen defects enhances the
molecular porosity of the oxide and improves the adsorption
ability of OER intermediates such as *O, *OH, and *OOH. In
addition, we also deconvoluted the Sr 3d and O 1s high-
resolution spectra to reveal the presence of oxygen vacancies
(Figure S12). The deconvoluted results suggest that all oxides
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exhibit the oxygen defects. The increase in lattice oxygen with
the x value further confirms the presence of the Fe*" species
(Figure 512).36

The OER process can proceed through two different
pathways, that is, lattice oxygen mechanism (LOM) or
adsorbate evolution mechanism (AEM).* In the LOM
pathway, the lattice oxygen should be able to escape via
interacting with adsorbed oxygen (*O) by leaving deficiencies
in the lattice, acting as a new active site. In the AEM pathway,
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after stability test.

the reactant (OH™) generates OER intermediates such as
*OH, *O, and *OOH at the anode surface by donating
electrons and evolves oxygen gas. Nevertheless, in both
pathways during the electrochemical process, intralattice
charge transfer occurs, which could result in local charge
redistribution.’” Energetically, the covalency of oxygen orbitals
and cation orbitals depends on their relative positions.
Electrons transfer from cations to oxygen during electro-
chemical reaction if the oxygen energy level is below the
energy level of cations, which restricts the escape of incoming
oxygen from the lattice and leads to the exclusion of lattice
oxygen. However, if the oxygen orbitals are above those of the
cation d-center, a reduction in charge of oxygen occurs via
electron transfer from oxygen to nearby cations. The reduced
oxygen quickly escapes from the lattice because of a high
degree of freedom. Hence, both energy levels of oxygen and
cations should be evaluated to estimate the OER mechanism
and covalency.”'

DFT Calculation. Disproportionation of the B-site in
perovskite oxides" or Fe into the lattice of perovskite oxides”’
significantly improves the covalency of oxygen and cations.
Yagi et al. reported the improved OER activity of Fe*"-based
quadruple perovskite CaCu;Fe,O,, because of the formation
of a covalent bonding network due to incorporation of Cu*"
and Fe*.* Wang et al. synthesized SrCogFe,s0;_s cubic
perovskite at different calcinating temperatures (600, 800,
1000, and 1200 °C) and evaluated their OER performance.”’
The perovskite prepared at 800 °C showed excellent OER
activity, and DFT studies reveal that improved covalency of O
2p and Co 3d is a key for high catalytic activity. However, a
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change in the crystal structure of Sr-based perovskites by
varying the Co/Fe ratio at the B-site was not reported.

Here, we carried out the DFT calculations for SrCoQO;_g,
Sr,Co, 75Fep 5065 Sr,Co;sFeqsOs_5 and SrCogsFepsO5_s
oxides to correlate the covalent mixing of Co 3d and O 2p
orbitals with their OER activity. The total density of states
(TDOS) is shown in Figure S13, and projected density of
states (PDOS) is shown in Figures Sa—c and S14. High orbital
mixing is observed in the TDOS of Sr,Co, sFe(O4_s oxide at
the Fermi level (Ep) cross-over compared with that of other
three compounds (Figure S13). The PDOS of Co 3d and
ligand O 2p of SrCoO;_; oxide is depicted in Figure Sa, which
shows a negative overlap at E, whereas the PDOS of Fe-doped
Sr,Co, 75Fe 25065 SryCoysFegsOg_s and SrCogsFeqsOs_s
oxides displays Co(e) O(p)-enhanced intermixing at Eg
cross-over (Figures Sbc and S14). Sr,Co, Fe,sO4_5 shows
superior intermixing compared to Sr,Co;,sFe;,sO06_s and
SrCogsFeysO3_5 The increased intermixing signifies the
stronger covalency of Co 3d and O 2p orbitals. This covalency
directly scales with the blndlng energy of oxygen,'” oxygen
vacancy formation energy,””>” and the energy barrier
associated with electron transfer in OER.>* Therefore, the
superior covalency is one of the reasons for enhanced OER
activity of Sr,Co, sFe(sOg_s along with having the intermediate
tetragonal structure. Figure 5d depicts the role of oxygen
vacancy in the catalytic activity. Initially, the oxygen-deficient
sites facilitate facile kinetics for OH™ to interact with the
(CoFe)Og subunit, which makes the OER kinetics much
faster.”*>°® The synergetic effect of oxygen vacancy and
covalency (Figure Sc) makes the Sr,Co, sFe,O4_s perovskite a
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Figure 7. (a) Sr 3d chemical lines and (b) Co 2p chemical lines of Sr,Co, ;Fe,;O¢_s before and after stability test.

better candidate for electrochemical water splitting,”" which
serves as a model for developing other catalysts with such a
unique intermediate structure.

Recently, Majee et al. synthesized a perovskite with the
stoichiometric formula Lag499Sr)30;C0g-0:F€0205035_s by an-
nealing at 750, 975, and 1200 °C having a cubic crystal
structure. They observed that the LSCF oxide prepared at 975
°C temperature shows superior activity in electrochemical
water oxidation. Theoretical studies suggest that there is a
decrease in Ep with an increase in annealing temperature and
LSCF-975 °C has an optimized desirable Eg, for the adsorption
and desorption of OER intermediates.”” Nakayama et al.
observed enhanced OER activity in the brownmillerite
structure of Ca,FeCoOQg specifically prepared at 1100 °C
than in the same sample prepared at lower temperatures
because of enrichment of cobalt in tetrahedral sites, which is
predicted theoretically.’® Chen et al. studied the change in
OER activity by creating cationic vacancies in perovskite
hydroxide SnCogoFey;(OH)s (SnCoFe) nanocubes. They
found that SnCoFe nanocubes treated for 10 min showed
enhanced OER activity compared to others. Theoretical
analysis suggests the formation of Sn vacancies that improve
the desorption ability of the O* intermediates.”” In our case,
the presence of oxygen vacancies in the intermediate tetragonal
structure results in tetrahedral pyramidal structure that
optimizes the Ep, which in turn helps in facilitating facile
adsorption and desorption of OER intermediates during the
OER process.

Long-Term Stability. Furthermore, the stability of
Sr,Co; sFe(sO4_s5 oxide is examined at 1.550 V versus RHE
for 10 h (Figure 6a). It shows good stability over time and
slight deterioration of activity with a 16 mV increase in
overpotential (Figure 6b). The Tafel slopes and Nyquist plots
before and after the stability test are in accordance with the
LSV curves (Figure 6c,d). The decreased activity of
Sr,Co, sFe(sO4_s5 oxide could be attributed to the formation
of low-conductive amorphous Co;0, from octahedral Co units
on the surface because of leaching of Sr under extreme OER
conditions.*’

The Sr leaching was confirmed using the XPS analysis
(Figures 7 and Figure. S15) along with STEM EDS mapping
(Figure S16). The XPS chemical line of Sr 3d after the stability
test displays a considerable decrease in its intensity, unlike Co
2p, Fe 2p, and O 1s chemical lines (Figures 7b and S15). The
XPS spectrum of Co 2p shows a slight shift in its binding
energy (~0.5 eV) toward higher binding energy, which could
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be attributed to structural transformation on the catalyst
surface during the OER stability test. This facile way of
fabricating the OER catalyst with optimum oxygen vacancies
paves an attractive way to explore other oxides for superior
OER catalytic activity.

In addition, we have compared the activity of our catalyst
with that of commercial IrO, (Figure S17). It was found that
our catalyst Sr,Co, Fe;sO4_s showed comparatively better
OER activity with an overpotential of 318 mV, while
commercial IrO, showed 331 mV @ 10 mA cm™>; our catalyst
had enhanced stability with a loss of ~15% activity, while
commercial IrO, had a loss of ~30% activity in 10 h.

From the abovementioned observations, it is possible to
synthesize compounds with such an intermediate structure in
other systems with lattice oxygen defects for interacting with
OER intermediates, achieving high-rate OER and high-scale
stability in an alkaline environment for further studies in
various applications.

B CONCLUSIONS

A series of Sr—Co—Fe—O oxides have been synthesized and
evaluated for OER. We have identified Sr,Co, Fe;O4_s with
an intermediate structure between cubic perovskite and
brownmillerite with layered oxygen deficiency, as a promising
catalyst for enhanced OER activities, with the lowest
overpotential of 318 mV at 10 mA cm™> and with a Tafel
slope value of 44.8 mV dec™'. The superior activity of
Sr,Co; sFeysO4_s is attributed to its layered oxygen-deficient
structure and increased covalency of Co 3d and O 2p. This
unique structure with layered oxygen deficiency and increased
covalency provides a model for designing advanced OER
catalysts with improved hydrogen production performance for
less energy input.
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