pubs.acs.org/acscatalysis

Research Article

Enhancing Bifunctional Electrocatalytic Activities via Metal d‑Band
Center Lift Induced by Oxygen Vacancy on the Subsurface of
Perovskites
Hansol Lee,# Ohhun Gwon,# Keunsu Choi, Linjuan Zhang, Jing Zhou, Jungmin Park, Jung-Woo Yoo,
Jian-Qiang Wang,* Jun Hee Lee,* and Guntae Kim*

Downloaded via SHANGHAI INST OF APPLIED PHYSICS on March 10, 2021 at 02:23:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: ACS Catal. 2020, 10, 4664−4670

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: For eﬃcient electrochemical catalysts, several molecular-scale
descriptors have been proposed for the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER). Various descriptors of perovskite
catalysts have been proposed successfully for understanding either ORR or
OER, but previous studies are insuﬃcient to explain and thus boost up both
ORR and OER simultaneously due to obstacles such as many diﬀerent
chemical compositions, structures, and metal orbital bands. Therefore, we
investigate ORR/OER activities as a function of only oxygen vacancy
concentration in perovskite oxides of Sm0.5Sr0.5CoO3−δ (SSC) to check the
close relationship between delta (δ) and the electronic structure.
Interestingly, the improved performance of both ORR and OER is explained
by the change in the oxidation state of the transition metal caused by the increase in oxygen vacancies. Unfortunately, most previous
research studies have focused on the eﬀect of only oxygen vacancy (δ) on responsiveness. To conﬁrm this, we performed density
functional theory (DFT) analysis to ﬁnd the more dominant factor on whether the activity descriptor is either δ or oxidation states
of transition metals. The DFT analysis reveals that the ORR and OER activities of SSC are simultaneously improved by the reduced
gap between d- and p-band centers (ΔEd−p) caused by the raised d-band center (Md). X-ray absorption spectroscopy has provided
the exact electronic states of all the transition metals. Here, we report that an important factor of ORR/OER is aﬀected only by the
oxidation state of the transition metal in the perovskite oxide, not by the oxygen vacancy concentration.
KEYWORDS: perovskite oxides, bifunctional electrocatalyst, electronic structure, ﬁrst-principle calculation, oxygen vacancy

T

exceptional electrocatalysts because of their bifunctional
catalytic activities, excellent cyclic stabilities, and high
conductivities.16−19
To predict the OER activity of a transition metal oxide, the
eg occupancy has been proposed as a suitable descriptor, as in
the case of the d-band theory for the ORR activity.8,20−24
Recent studies have also proposed a more general descriptor
for the OER activity of a transition metal oxide, namely, the
diﬀerence between the metal d-band center and the oxygen pband center (ΔEd−p).25−27 Although some groups have made
great eﬀorts to explain the relationship between oxygen
vacancies (controlled by A-site dopants or doping ratios)
and catalytic activity of ORR/OER, however, most studies
have used specimens of diﬀerent compositions, including

he eﬃciency, cost, and environmental impact must be
considered in the development of energy conversion and
storage systems such as metal−air batteries, water splitting, and
solar synthetic reactors.1 In the interests of eﬃciency, the
development of a catalyst is key to improving catalytic activity
for the ORR and OER, while bifunctionality in both reactions
is also necessary for various rechargeable applications.2−7
To date, various precious metal catalysts based on platinum,
ruthenium oxide, and iridium oxide have been commonly
employed due to their high catalytic activities. However, the
application of such precious metal catalysts in large-scale
applications has been limited because of their high cost and
rarity.5,6 In this regard, the discovery and design of
nonprecious bifunctional catalysts will be of direct beneﬁt for
eﬃcient energy conversion and storage systems.8−11 Recently,
transition metal oxide materials such as cobalt-, nickel-, and
copper-based oxides have received signiﬁcant attention
because of their bifunctional possibilities, low cost, and high
catalytic activities.12−15 Among the various transition metal
oxide materials reported to date, perovskite oxides (ABO3−δ,
where A is a lanthanide or a rare earth element, B is a transition
metal, and δ is an oxygen vacancy) were reported to be
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Figure 1. (a) ORR and (b) OER activities of Sm0.5Sr0.5CoO3 − δ (δ = 0.0, 0.1, and 0.2) in O2-saturated 0.1 M KOH at a scan rate of 10 mV s−1 and
a rotation rate of 1600 rpm.

ΔEd−p of the oxygen vacancy on the surface provides the most
signiﬁcant promotion of the OER activity.
The Sm0.5Sr0.5CoO3 (SSC30, δ = 0) perovskite oxide was
initially synthesized using the conventional Pechini method
and sintered at 950 °C for 4 h, followed by slow cooling at a
rate of 3 °C min−1. To control the number of oxygen
vacancies, SSC30 was subsequently annealed at 800 °C for 1 h
and then quenched to 25 °C (room temperature) or −196 °C
(liquid nitrogen) to give either Sm0.5Sr0.5CoO2.9 (SSC29, δ =
0.1) or Sm0.5Sr0.5CoO2.8 (SSC28, δ = 0.2), respectively. The
annealing temperature was selected to prevent any changes in
the geometries of the SSC, which may aﬀect the catalytic
performance.12,16,17 Iodometric titrations were performed to
measure the number of oxygen vacancies (δ).
The crystal space groups, particle sizes, and surface areas of
the SSC samples were then determined. More speciﬁcally, Xray diﬀraction (XRD) was performed to conﬁrm the crystal
structures and indicated that both samples were typical
perovskite structures (Figure S1). Scanning electron microscopy (SEM) images were recorded to examine the microstructures, where a relatively constant particle size of ∼2.5 μm
(Figures S2 and S3) indicated insensitivity to the number of
oxygen defects. The prepared SSC samples also exhibited
similar surface areas (i.e., 1.75, 1.81, and 1.74 m2 g−1 for δ =
0.0, 0.1, and 0.2, respectively; Figure S4). These results
indicated that the SSC samples were well controlled while
conﬁrming that the oxygen vacancies did not drastically alter
the crystal space group, particle size, or surface area.
Rotating ring-disk electrode (RRDE) measurements were
then carried out to check the ORR and OER catalytic activities
of the various SSC samples (Figure 1). The ORR onset
potential of the SSC varied from 0.63 to 0.7 V (vs RHE) at
−0.1 mA cm−2 upon decreasing the SSC oxygen content
(Figure 1a). Moreover, SSC28 exhibited a superior current
density to the samples with higher oxygen contents. In
addition, from the disc and ring currents of the SSC samples,
additional ORR catalytic information could be calculated,
including the electron transfer number (n) and the percentage
yield of peroxide species (HO2−), as shown in Figure S5. Thus,
n (as shown in Figure S5c) was calculated using eq 1

metals of diﬀerent d-band orbitals, as reference materials.
Therefore, it is not suﬃcient to calculate and explain the
systematic and direct relationship between oxygen vacancies
and ORR/OER activity.18,26,27 Thus, we herein investigate the
correlation between electronic band structures and ORR/OER
catalytic activities by focusing the metal d-band center of the
perovskites, maintaining their chemical formulas, surface areas,
crystalline structures, etc. Among the various transition metals
in the B-sites of perovskite oxides, the early transition metals
(Cr, V, and Mn) exhibit higher metal d-band center (Md)
values compared to the oxygen p-band center (Op) values,
while the late transition metals (Co, Ni, and Cu) have lower
Md values.28 Therefore, their electronic structure requires the
lifted Md (of the late transition metal) to improve both the
ORR/OER activities simultaneously in the case of late
transition metals. The Md moves toward the Fermi level
(Ef), leading to a higher ORR activity, and likewise, ΔEd−p
decreases, enhancing the OER activity.26,27,29,30 Consequently,
both the ORR and OER activities are simultaneously enhanced
as ΔEd−p decreases by increasing Md.
In this research, the Sm0.5Sr0.5CoO3−δ (SSC; δ = 0.0, 0.1,
and 0.2) perovskite oxide was selected, and its oxygen
vacancies are carefully controlled without any change in the
physicochemical properties, such as chemical formula, surface
area, crystalline structure, etc.31 Besides, the 1:1 ratio of Sm
and Sr at the A-site ensures suﬃcient electronic conductivity
and facilitates artiﬁcial control of the oxygen vacancies.
Structural and electrochemical analysis showed that more
oxygen vacancies resulted in higher ORR/OER performance.
The increase in oxygen vacancies can explain favorable ORR/
OER activities causing the electronic structure change of the
late transition metal (Co) in SSC. However, previous studies
have focused only on the eﬀect of δ on catalytic reactivity
without considering the electronic structure eﬀects of
transition metals. Therefore, X-ray absorption spectroscopy
(XAS) and density functional theory (DFT) analyses with the
factors of both δ and oxidation states of Co metal ions were
performed to reveal the more accurate reaction pathway. XAS
demonstrated that the cobalt coordination number of cobalt
ions decreased with increasing oxygen deﬁciency in SSC.
Namely, the increase in oxygen deﬁciency causes the oxidation
state of cobalt ions to change from tetravalent to transverse as
the oxygen deﬁciency increases. Also, DFT conﬁrms that the
ORR and OER activities are respectively enhanced by lifting
Md and reducing the gap between Md and Op values induced
from the formation of oxygen vacancies. In these results, the

n=4×

Id
Id + Ir /N

(1)

where Id, Ir, and N are the disc current, ring current, and
experimental collection eﬃciency, respectively. The experimentally determined collection eﬃciency (N) was 0.41. The
electron transfer numbers of SSC30, SSC29, and SSC28 were
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Figure 2. (a) Schematic rigid band diagrams of the late transition metal oxide. (b) Variation in the Md energy levels and the energy level diﬀerences
between Md and Op (ΔEd−p) with the number of oxygen defects in the SSC. All band centers are relative to the Fermi level. (c) ORR and OER
experimental overpotentials of the SSC at −0.5 and 1.0 mA cm−2, respectively.

The energy gaps between Md and Op of the SSC samples
were calculated to be −0.73, −0.49, and −0.21 eV for SSC30,
SSC29, and SSC28, respectively, which are smaller gaps than
that of cobaltite Udd (∼3.5 eV).36 According to DFT
calculations, the presence of oxygen vacancies reduces the
energy gap between Md and Op by bringing Md close to the
Fermi level (Ef), as shown in Figure 2c. It is expected that the
ORR and OER activities of SSC are simultaneously improved
by the reduced ΔEd−p and the raised Md energy level. The
onset potentials of the ORR and OER were also measured
experimentally at −0.5 and 1.0 mA cm−2, respectively, to
compare the intrinsic activities of the SSC samples, and both
activities were found to improve as the number of oxygen
vacancies increased concurrently (Figure 2b). A comparison of
the calculated (Figure 2c) and experimental data (Figure 2b)
shows a similar increasing trend for the ORR (nonlinear) and
OER (linear) activities following the oxygen vacancies,
indicating the strong couplings of the ORR to Md and of the
OER to ΔEd−p, both of which were controlled by the oxygen
vacancies.
The shift in Md was also investigated through DFT
calculations to understand the ORR improvement in more
detail. Indeed, the DFT results were in agreement with the Xray photoelectron spectroscopy (XPS) measurements for the
distribution of Co4+, Co3+, and Co2+ ions with the oxygen
vacancies (Figure 3a,b), and measurement of the cobalt
bonding states in the SSC samples by XPS showed that the
main peaks are located at binding energies of 780.1 eV (Co
2p3/2) and 796.6 eV (Co 2p1/2) (Figure S6). Through
Gaussian ﬁtting, the distribution of Co3+ and Co4+/2+ in the
SSC samples could be distinguished. The change in the
oxidation state of Co can aﬀect the magnetic moment of the
samples.

3.55, 3.45, and 3.83, respectively. As the oxygen vacancy
number increased from 0 to 0.2, the electron transfer number
also increased close to the ideal ORR (four-electron transfer).
The yield of peroxide species (HO2−) during the ORR
process was calculated as follows
HO2−(%) = 200 ×

Ir / N
Id + Ir /N

(2)

More speciﬁcally, the calculated HO2− yields for the SSC
samples decreased from approximately 25 to 9% upon
increasing the number of oxygen vacancies. Besides, the
OER onset potential of the SSC decreased from 1.62 to 1.54 V
(vs RHE) at 1 mA cm−2 with a decrease in the SSC oxygen
content (Figure 1b), and the current density of SSC28
increased compared to the other samples. Overall, wellcontrolled oxygen vacancies were found to improve the OER
and ORR performances simultaneously.
DFT calculations were then performed to account for the
improvements in the ORR and OER activities. As shown in
previous studies, the key parameters for describing the band
structures of correlated electronic materials are the Hubbard
intra-d-orbital electron−electron Coulomb interaction (Udd)
and the gap of band energy (ΔEd−p = Md − Op, where Md and
Op are the d-band and p-band centers, respectively).32,33
Previously, OER is reported to be associated with charge
transfer energy,34,35 which can be proportional to ΔEd−p here.
We further show that, in terms of the electronic structure and
coordination properties, Md and Op are highly correlated with
ORR and OER activities. Thus, to achieve simultaneously
eﬃcient ORR and OER activities, it is necessary to bring the
Md energy level close to the Fermi level and decrease the gap
between Md and Op, respectively.
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Figure 3. (a) Experimental ratio of Co ions according to the number of oxygen vacancies measured by XPS (Figure S6). (b) Theoretical ratio of
Co ions according to the number of oxygen defects. (c, d) Normalized Co K-edge in situ XANES spectra of SSC and Co-based oxides and (e) the
corresponding Fourier transform of Co K-edge EXAFS oscillations k2χ(k). (f) From left to right, intermediate spin states (IS) of Co4+, IS of Co3+, a
crossover of Co2+ between intermediate- and low-spin states (IS/LS), and LS of Co3+. Positive values indicate majority spin states, while negative
values indicate minority spin states. The black dashed line represents the eg orbital, and the solid black line represents the t2g orbital of the Co 3d
orbital. The solid blue line indicates the calculated d-band center (Md) position. The dashed horizontal line appears at the Fermi level, with
occupied states at negative energies and unoccupied states at positive energies.

atoms sharing the same average interatomic distance and
distribution. In Figure 3e, the ﬁrst and second peaks
correspond to the Co−O and Co−Sm/Sr coordination shell,
respectively. For the Co−O shell, the reduced peak intensity of
SSC28 indicates a clear decrease in the coordination number.
Small changes in the SSC29 and SSC30 samples observed in
the ﬁrst shell and signiﬁcant diﬀerences in the second shell are
similar to the trends in DFT and RRDE (Figure 2b,c).
Here, we measured the magnetization of the studied SSC30,
SSC29, and SSC28 samples by using a superconducting
quantum interference device (SQUID) magnetometer (Quantum Design), as shown in Figure S7. Results exhibit
signiﬁcantly reduced magnetization for the SSC28 sample,
while the magnetizations of SSC30 and SSC29 samples were
nearly identical, which is consistent with catalytic activities, as

Also, the valence state of cobalt ions can be investigated by
examining the position of the absorption edge of Co K-edge Xray absorption near-edge structure (XANES) spectra, as shown
in Figure 3c,d. Compared with the reference CoO (divalent,
Co2+), LaCoO3 (trivalent, Co3+), and BaCoO3 (tetravalent,
Co4+), SSC samples display the mixed 3+/4+ valences. Also,
the valence state of Co gradually reduced with the increase in
oxygen vacancy. Here, Co K-edge XAS is a bulk-sensitive tool,
while XPS is a surface-sensitive method. Therefore, in these
XANES data, the electronic state of all transition metals inside
the SSC samples is changed as well as on the surface. The local
structure was investigated by analyzing the Fourier transform
(FT) of a k3-weighted extended X-ray absorption ﬁne structure
(EXAFS). The peak position is related to the interatomic
distance, and the peak intensity is correlated to the number of
4667
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Figure 4. (a) The illustration shows the position of oxygen vacancies (VO) for the various vacancy conﬁgurations. The yellow-orange, green, and
blue circles represent the positions of oxygen vacancies in the ﬁrst, second, and third layers, respectively. (b) Overpotential and ΔEd−p values of the
OER depending on the oxygen vacancy position for the ﬁrst, second, and third layers. (c, d) Calculated free energy proﬁles of the ORR and OER
on the (100) surface of SSC in alkaline media, where the asterisk symbols in reaction coordinates represent the adsorption state.

performance improvement in the RRDE measurement (blue
lines in Figure 3a,b). These remarkable quantitative and
qualitative consistencies between the theoretical and experimental results support the conclusion that the Md shift is
related to the oxidation state and spin state of Co.
Late transition metal oxide materials tend to exhibit high
OER activities due to the slightly negative ΔEd−p, but the ORR
activity remains insuﬃcient due to the large gap between the
Fermi energy and Md. From this band structure point of view,
bringing Md close to both the Fermi level and Op should result
in the enhancement of both ORR and OER activities.17,18
Therefore, late transition metal oxide materials should be
suitable for improving the bifunctionality due to the lower
value of Md compared to Op (Figure 2a), and the generation of
oxygen vacancies lifts Md close to both the Fermi level and Op,
simultaneously.28
As catalytic reactions take place on the surface of the catalyst
based on the principle of ORR and OER of metal−air
batteries, we then investigated the eﬀects on the catalytic
activities of oxygen vacancies on the subsurface. For these
calculations, we used a slab perovskite with nine layers and
introduced oxygen vacancies in the ﬁrst (V1-SSC), second
(V2-SSC), and third (V3-SSC) layers, as shown in Figure 4a.
The position of the oxygen vacancy also aﬀects the value of
ΔEd−p, showing that V1-SSC and V2-SSC have smaller ΔEd−p
than bulk V3-SSC (Figure 4b). Those results indicate that
oxygen vacancies on the subsurface can contribute more than
those of the entire bulk to aﬀect ORR and OER activities.
We then calculated the free energies for the ORR and OER
pathways at pH 13, T = 298 K, and zero applied potential (vs
RHE) to obtain overpotentials (calculation details for reaction
pathways and overpotentials are given in the Supporting
Information). In the ORR pathway, the overpotentials (η) of
V1-SSC, V2-SSC, and V3-SSC were 1.33, 0.86, and 0.93,
respectively (Figure 4c). The closer the oxygen vacancies are
to the surface, the greater the promotion of the catalytic

given in Figure 1. Furthermore, the valence state distributions
and the Md energy levels of the cobalt ions in the theoretical
SSC unit cells (3.000, 2.875, and 2.750 represent the number
of oxygen atoms in the unit cells) were calculated.37
The calculated average Md values of SSC3.000, SSC2.875,
and SSC2.750 were −2.53, −2.38, and −1.98 eV, respectively
(Figure 3a). In the absence of oxygen vacancies (SSC3.000), IS
Co4+ (S = 3/2) and IS Co3+ (S = 1) are equally mixed. In the
SSC with one vacancy out of 24 oxygens (SSC2.875), Co ions
doped with electrons generated by the vacancy changed from
IS Co3+ (S = 1) to IS/LS Co2+ (IS: S = 3/2, LS: S = 1/2). As a
result, the average Md of SSC2.875 (−2.38 eV) increased
slightly from the Md of SSC3.000 (−2.53 eV). In the SSC with
two oxygen vacancies (SSC2.750), additional electrons
changed IS Co4+ (S = 3/2) and IS Co3+ (S = 1) to LS Co3+
(S = 0) and IS/LS Co2+ (IS: S = 3/2, LS: S = 1/2). The
average Md of SSC2.750 (−1.98 eV) increased signiﬁcantly
compared to those of SSC2.875 (−2.38 eV) and SSC3.000
(−2.53 eV) as the Md value increased due to the reduction of
Co with its spin crossover from IS to LS.
To understand the Md enhancement caused by the presence
of oxygen vacancies, we examined the density of states (DOS)
for the Co ions of diﬀerent oxidation states (Figure 3f). The
energy level of Co3+ is higher than that of Co4+ because Co3+
has a lower eﬀective nuclear charge due to the presence of an
additional electron. Among the Co3+ ions, LS Co3+ has a
signiﬁcantly higher Md (−1.01 eV) than IS Co3+ (−2.15 eV) as
the local volume expansion of the oxygen vacancy sites
compresses the adjacent octahedra where the strengthened
crystal ﬁeld results in the spin crossover from IS Co3+ to LS
Co3+. According to the theoretical and experimental results,
Co4+ ions are gradually replaced by the less oxidized Co ions
upon increasing the number of oxygen vacancies. At the same
time, Md increases nonlinearly from −2.53 to −1.98 eV as the
number of vacancies increases. This increase in Md is
consistent with the experimental nonlinear trend of the ORR
4668
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reaction is. The ﬁrst reaction step, which corresponds to the
formation of OOH on the surface, acts as the rate-determining
step (RDS) in ORR (Figure 4c). The presence of oxygen
vacancies on the subsurface contributes to stabilizing of the
formation of OOH* on the Co atom, where the asterisk
symbol represents the adsorption state. Next, we investigate
two possible OER pathways: (1) adsorbate evolution
mechanism (AEM) and (2) lattice oxygen participation
mechanism (LOM). In the AEM pathway, the RDS of all
conﬁgurations is the second reaction step, the formation of O*
by detaching H from OH*, and the corresponding overpotentials are 0.32 eV (V1-SSC), 0.69 eV (V2-SSC), and 0.78
eV (V3-SSC) (Figure 4d). The oxygen vacancy on the
subsurface induces lowering of the overpotentials and
promotes OER activity through the AEM pathway. In the
LOM pathway, the RDS of all conﬁgurations is the ﬁrst
reaction step, adsorption of OH on the Co atom, and the
corresponding overpotentials are 0.60 eV (V1-SSC), 0.98 eV
(V2-SSC), and 0.84 eV (V3-SSC) (Figure S8). Comparing the
overpotentials of V1-SSC, which shows a minimum value
among all conﬁgurations, between the AEM pathway (0.32 eV)
and the LOM pathway (0.60 eV), the AEM pathway will
dominate the LOM pathway when oxygen vacancies are
introduced in the catalyst. As shown in Figure 4b, the
overpotentials and ΔEd−p values of the surface are highly
correlated. Based on these results, we found that the oxygen
vacancy in the ﬁrst layer provides the most signiﬁcant
promotion of the OER activity.
In summary, we investigated the relationship between the
bifunctional catalytic activity and the electronic structure of
modiﬁed perovskite oxides by introducing oxygen vacancies
without the change in the surface area, physical properties, and
chemical composition. The cobalt-based perovskite was
selected as the late transition metal oxide catalyst having
bifunctional activity for the ORR and OER. The bifunctional
improvement was supported by the well-matched results of
both theoretical DFT calculations and experimental electrochemical measurements. As the concentration of oxygen
vacancies increases, the ORR and OER activities of the SSC
were enhanced, which was conﬁrmed by experimental RRDE
measurements. XAS has provided accurate electronic states of
the transition metals and demonstrated that the oxidation state
was changed from tetravalent to trivalent as the amount of
oxygen vacancies increased. Also, DFT calculations showed
that the relative band positions of cobalt (Md) in the SSC
samples were shifted by the systematic control of oxygen
vacancies, resulting in SSC28 being a better bifunctional
catalyst. In conclusion, the corresponding electronic structure
changes in the Co state upon the variation of oxygen vacancies
play a key role in determining ORR and OER properties. In
this regard, we suggest that late transition metal oxides, in
which the Md level is located below the Op level, can be utilized
as eﬃcient bifunctional catalysts by the introduction of oxygen
vacancies, and we expect that this approach can accelerate the
discovery and design of highly eﬃcient bifunctional catalysts.
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