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Perovskite LaCoOs is being increasingly explored as an effective low-cost electrocatalyst for the oxygen
evolution reaction (OER). Sr doping in LaCoOs (La;_,SrxCoOs) has been found to substantially increase
its catalytic activity. In this work, we report a detailed study on the evolution of the electronic structure
of La;_,SryCoO3 with 0 < x < 1 and its correlation with electrocatalytic activity for the OER. A combination
of X-ray photoemission spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) was used to unravel
the electronic density of states (DOS) near the Fermi level (Er), which provide insights into the key elec-
tronic structure features for the enhanced OER catalytic activity. Detailed analysis on the Co L-edge XAS
suggest that LaCoO3 has a low spin state with tggeg configuration at room temperature. This implies that
the high OER catalytic activity of LaCoOs should not be rationalized by the occupancy of eg = 1 descriptor.
Substituting Sr?* for La®* in LaCoOs induces Co*" oxidation states and effectively dopes hole states into
the top of valence band. A semiconductor-to-metal transition is observed for x > 0.2, due to the hole-
induced electronic DOS at the Er and increased hybridization between Co 3d and O 2p. Such an electronic
modulation enhances the surface adsorption of the *OH intermediate and reduces the energy barrier for
interfacial charge transfer, thus improving the OER catalytic activity in La;_,SryCoOs. In addition, we
found that the La;_,Sr,CoO5 surface undergoes amorphization after certain period of OER measurement,
leading to a partial deactivation of the electrocatalyst. High Sr doping levels accelerated the amorphiza-
tion process.
© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press.
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1. Introduction

Electrochemical water splitting is widely seen as a promising
means of storing renewable energy for global sustainable energy
future [1-3]. The key to enable this approach is the development
of low-cost and efficient electrocatalysts to accelerate the water
splitting reactions [4-6]. However, this task still represents a grand
scientific challenge because the overall efficiency is mostly limited
by the sluggish and energy-demanding water oxidation, i.e., oxy-
gen evolution reaction (OER), which involves multiple-step reac-
tion mechanism with the transfer of multiple electrons and
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protons [7,8]. This has stimulated world-wide upsurge in the
search for earth-abundant transition metal oxides (TMO) as effi-
cient electrocatalysts viable for large-scale application [9,10].
Perovskite TMOs are attractive electrocatalysts for promoting
the OER because of its tunable electronic structure and high activ-
ity [11]. Perovskite has a general ABO; structure, with rare-earth
and/or alkaline large cations at the A site and transition metals
(TM) at the B site. Since the TM has significant contribution to
the electronic states near the Fermi level (Er) of the oxide, the
physicochemical properties are strongly susceptible to the type
and chemistry (e.g., oxidation state, coordination and spin state)
of the TM in perovskite structure. The chemistry of the TM in the
B site can be widely modulated by substitution at A site, e.g., La*>*
for Sr?*, leading to fascinating properties such as metal-insula
tor-transition, colossal magnetoresistance, and catalytic perfor-
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mance [11-14]. The electronic structure near the Er dictates the
binding strength with reaction intermediates and the energy bar-
rier for charge transfer across the interface, and therefore substan-
tially impact the catalytic activity [15,16]. Understanding the
relation between the electronic structure and the OER catalytic
activity is crucial for devising high-performance electrocatalytic
materials. Many studies have attempted to use various electronic
properties of TMOs as descriptors of the OER catalytic activity. Sun-
tivich et al. proposed the occupancy of the e, orbital of TM cations
as a descriptor because the eg orbitals have strong interaction with
oxygen adsorbates due to its preferable vertical orbital overlap
with O 2p. They found a volcano type correlation between the
OER catalytic activity and the e, occupancy in the TM of a series
of perovskite oxides, with optimum at an occupancy of nearly
one electron. Higher e; filling results in too weak binding of the
reaction intermediates, and a lower ey filling results in too strong
binding, leading in both cases to detriments in the OER perfor-
mance [17]. Other proposed descriptors include the TM d band
center, TM 3d — O 2p hybridization degree and the position of O
2p band center relative to the Eg [18-20].

However, there are deviations from the above-mentioned
descriptors. For example, LaMnO3 with ez occupancy of one elec-
tron has low OER activity [12]. Furthermore, phase transformation
and surface reconstruction during the OER process complicate the
use of these descriptors to predict OER activity [21,22]. Multiple
descriptors are necessary to explain the OER activity, which require
a thorough understanding of the material electronic properties.
LaCoOs is an attractive material under extensive investigation,
because of its high catalytic activity for the OER [23-25]. Besides,
LaCoOs has been widely used in many related applications such
as photoelectrochemical water splitting, catalytic oxidation of
VOCs, and the oxygen reduction reaction [26-29]. The high OER
activity of LaCoOs was ascribed to the intermediate spin (IS) state
of Co*" (ie. Bgeg) [17]. Based on this, many following works
reported that the spin state of Co>* in LaCoO3 was low spin (LS)
with t3,e9 configuration and it could be tuned to intermediate spin
with 34eq via controlling crystal orientation, surface modifying or
doping for higher OER activity [30-32].

However, it is interesting to re-visit the correlation of the elec-
tronic structure of LaCoOs with its OER catalytic activity. LaCoOs is
a semiconductor with a bandgap of ~ 0.6 eV. The Co>" cation is
coordinated by six oxygen ions in a CoOg octahedron [33]. As illus-
trated in Fig. 1, the 3d® electrons in Co>* could be in different spin
states, such as the LS with a t5.e3 configuration, IS with B3ge} at
room temperature or high spin (HS) with t‘zlgeé at temperatures
above ~ 500 K [34]. The replacement of La* with Sr** in LaCoO4
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Fig 1. Representative crystal structures of LaCoO3 and Lag ,Sr gCoO3 with different
spin configuration of Co®* and Co**, respectively.
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was reported to induce Co** oxidation state for regulating the elec-
tronic properties [35,36]. Depending on the initial spin state of Co>*
cation, the introduction of Co*" would reduce the occupancy of eg
or t,g orbitals. In the case of IS with a t3,e4 configuration, Sr** dop-
ing would lead to the loss of electrons in eg orbital, which induces a
t3¢e9 configuration for Co**, and thus would decrease the OER cat-
alytic activity according to the e, electron descriptor [17]. How-
ever, it has been demonstrated that differently doped
La;_,Sr,CoO3 exhibit much higher OER activity than LaCoO;
[35,36]. Consequently, an understanding on how electronic struc-
ture changes in LaCoOs introduced by Sr doping influence the
OER requires a more though investigation.

Herein, we report a detailed study on the influence of Sr doping
on the electronic structure of La;_,Sr,CoO5 and the associated OER
catalytic activities. We synthesized polycrystalline La;_,Sr,CoO3
powders with x =0, 0.2, 0.4, 0.6, 0.8 and 1 (denoted as LSCO-x)
for investigating their electronic structure and OER catalytic activ-
ity. A combination of X-ray photoemission spectroscopy (XPS) and
X-ray absorption spectroscopy (XAS) was used to measure the
occupied and unoccupied DOS at the Eg to provide insights into
the electronic structure relevant for the OER. Detailed analysis on
Co L-edge XAS shows that the Co>* in LaCoOs is at LS state with
t5.eS configuration. Replacing La** with Sr?* in LaCoO; induces
Co*" oxidation state and the formation of a hole (empty) state with
t>¢ character at the top of VB. With the Sr level of x > 0.2, DOS is
observed at the Ef, indicating a semiconductor-to-metal transition.
By quantitative analysis of O K-edge XAS spectra, we also found a
considerable increase in Co 3d-O 2p hybridization at higher Sr dop-
ing levels. The increase in the Co 3d-O 2p hybridization and higher
Co** oxidation states enhance the surface adsorption of *OH inter-
mediate and reduce the energy barrier for interfacial charge trans-
fer, thus improving the OER activity in La;_,SryCoOs.

2. Experimental
2.1. Material synthesis

The La,_,Sr,CoO3 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) polycrystalline
powders were synthesized using a modified sol-gel method. Stoi-
chiometric amounts of La(NOs); (Alfa, 99.9%), Sr(NOs), (Alfa,
99.9%), and Co(NOs3)s-6H,0 (Alfa, 99.9%) were mixed in 20 mL
Milli-Q deionized water (18 MQ cm). Citric acid was added as
chelating agent in sequence in a 2:1 molar ratio to the total metal
cations. 1.2 mL of ethylene glycol was also added to the solution.
After evaporation of solvent, the resultant gel was heated in fur-
nace at 400 °C for 4 hours in air to form a brown precursor. The
precursor was grounded and calcined at 1000 °C for 12 hours in
1 atm O, gas.

2.2. Material characterizations

The samples were characterized by XRD (Rigaku, Japan) operat-
ing at 40 kV and 40 mA with Cu K, radiation (/. = 0.15418 nm).
Rietveld refinement was used to determine the lattice parameters
by GSAS software and EXPGUI interface. The morphology and
microstructures of the samples were investigated using scanning
electron microscopy (SEM) and JEOL 2100 transmission electron
microscopy (TEM). The samples were dispersed on carbon tape
for SEM measurement. For TEM, the samples were dispersed in a
solution of water/isopropanol with volume ratio of 3:1 by ultrason-
ication for 1 hour to form a homogeneous ink and then dropped on
Cu grid. The Brunauer-Emmett-Teller (BET) specific surface area
was obtained by the isothermal N, adsorption and desorption at
77 K (ASAP 2020, Micromeritics, USA). The contents of oxygen
vacancies in LSCO-x were measured by iodometric titrations.
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20 mg LSCO-x powders was added in 3 mL of de-oxygenated KI
solution. 1 M HCI solution was added to dissolve the perovskite
oxides. Then, the solution was titrated to a faint golden color with
Na,S,03 which was standardized by KIOs. Starch indicator was
then added to mark the endpoint. The conductivity test was con-
ducted using Keithley 2401 Source Meter at room temperature
with four-probe method. For the conductivity test, powders of
LSCO-x were pressed under 12 MPa pressure, then sintered at
1000 °C for 24 hours in 1 atm O, gas, producing pellets of LSCO-x
with density of ~ 5.4 g cm™>.

For XPS and XAS measurements, the powders were pressed into
pellets. XPS was measured using a monochromatic Al K,; X-ray
(hv = 1486.6 eV) source at normal emission (electron take-off
angle = 90° relative to the surface plane) with a SPECS PHOIBOS
150 electron energy analyzer. The binding energy was calibrated
using an Au foil. The total energy resolution was about 0.50 eV.
XAS measurements were performed at the Soft X-ray Spectroscopy
Beamline of the Australian Synchrotron. The XAS measurements at
the O K-edge and Co L-edge were performed in total electron yield
(TEY) using linearly polarized X-rays at room temperature.

2.3. Electrochemical measurements

The electrochemical measurements were performed on a three-
electrode system controlled by an electrochemical workstation
(CHI 760E) with glassy carbon rotating disk electrode configuration
(RDE, Pine Research Instrumentation). For OER tests, an Hg/HgO
(1 M KOH) electrode was used as the reference electrode, and a
graphite rod was used as the counter electrode. All tests were per-
formed in O,-saturated 1 M KOH (Adamas, 99.999%) electrolyte
(pH = 14) using a catalyst-modified glassy carbon (GC) working
electrode (0.196 cm?). To prepare the working electrodes, 10 pL
catalyst ink were prepared by dispersing 5 mg LSCO-x powder in
1 mL of 750 pL H,0 and 250 pL isopropanol and 50 pL Nafion solu-
tion (5 wt%). The ink was ultrasonicated for 30 minutes and then
drop-casted on the GC surface with a catalyst loading of
0.25 mg cmgd, Cyclic voltammetry tests were performed at a scan
rate of 0.1 V s~! and a rotation of 1600 rpm from 0.2 V to 0.8 V vs.
Hg/HgO. LSV data were collected at 10 mV s~!. The Tafel slope was
extracted from LSV data. The electrochemical impedance spec-
troscopy (EIS) measurements were performed at 1.63 V (vs. RHE)
under an alternating voltage of 5 mV from 100 kHz to 0.1 Hz. All
potential values were calibrated to reversible hydrogen electrode
(RHE) using the following equation: E(RHE) = 0.0591 x pH + Eyg
Hgo * Eappiiea. FoOr electrical double-layer capacitance measurements,
cyclic voltammetry was conducted in the potential window of 0.1 V
centered at open circuit potential with different scan rates (20 mV s~
to 100 mV s 1).

3. Results and discussion
3.1. Crystal structure and morphology

The LSCO-x powders were synthesized via a sol-gel method.
Fig. 2(a) shows the powder XRD patterns. The patterns show that
LCO and LSCO-0.2 crystallize in a rhombohedral perovskite struc-
ture featured by the double-peak structure at ~ 33° 20 (Fig. 2(b)).
With higher Sr doping level in LSCO-0.4, 0.6 and 0.8, the double-
peak feature turns into one peak, suggesting phase transformation
from the rhombohedral to a cubic lattice [37,38]. Additionally, it
was difficult to synthesize perovskite SrCoOs, a brownmillerite
structure SrCo0; 5 is commonly formed (Fig. S1) [39,40]. Therefore,
in the present work, we do not include the study for LSCO-1. The
crystal structures of LSCO-x are further verified by Rietveld refine-
ment analysis of the XRD patterns (Fig. S2). Fig. 2(c) summarizes
the evolution of lattice parameters derived from XRD refinement.
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Fig 2. (a) Powder XRD patterns of LSCO-x (LCO, x = 0.2, 0.4, 0.6, 0.8); (b) zoom-in
XRD patterns at the 20 region of 32°-34°; (c) evolution of lattice parameters and
Co — O bond length determined from Rietveld refined XRD as a function of x.

LCO exhibits a rhombohedral structure with lattice parameters
a=b=5.441 A and c = 13.102 A. With Sr doping, the lattice param-
eters of @, b and c shrink from LSCO-0.2 to LSCO-0.4, accompanying
with the transition from rhombohedral to cubic phase. Meanwhile,
the Co — O bond length decreases from 1.933 A for LCO to 1.913 A
for LSCO-0.8. The reduction of lattice parameters and Co — O bond
length from the refined XRD patterns is ascribed to the higher oxi-
dation states of Co*" induced by Sr?*. The substitution of Sr** for
La3* introduces Co** together with the creation of oxygen vacan-
cies for charge compensation. The contents of oxygen vacancies
in LSCO-x series were determined by iodometric titration. As
shown in Table S1, the oxygen contents for x < 0.4 are nearly sto-
ichiometric (2.99). With higher Sr content, oxygen vacancies start
to form, i.e., the oxygen content is 2.93 for LSCO-0.6 and 2.90 for
LSCO-0.8. As can be seen, the amount of oxygen vacancies created
in LSCO-x is relatively small.

Analysis of the nitrogen adsorption-desorption isotherms with
BET method shows that the LSCO-x series have similar surface
areas in the range of 2.0 to 2.5 m? g~ (Fig. S3). SEM was also per-
formed to study the powder morphologies and size (Fig. S4). All
LSCO-x powders possess similar morphology, specific surface area
and distribution of particle size. Based on the little variation of sur-
face area and morphology within the LSCO-x series, we exclude the
influence of these parameter on the OER activities discussed below
[41-43].

3.2. Evolution of electronic structure

XPS and XAS were performed to investigate the evolution of
electronic structure of LSCO-x as function of x. LaCoOs is a p-type
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semiconductor with a bandgap of 0.6 eV. Sr introduces hole states
in LSCO-x. Fig. 3(a, c) shows the La 4d, Sr 3d and O 1 s XPS core level
spectra. The binding energies (BEs) of La 4d, Sr 3d and O 1 s concur-
rently shift towards lower values upon increasing Sr’* contents
[44]. Because all photoemission spectra are referenced to the Er
as zero, the shift of BEs to lower values indicates shift of the Eg
towards the VB, which is characteristic of doping of p-type carriers
in semiconductors [45,46]. On the other hand, the Co 2p core-levels
shift towards higher BEs with increasing Sr level, as shown in Fig. 4
(a). All spectra in the Co 2p region show a similar spin-orbit split-
ting of ~15.2 eV between the 2p;); and 2p,;, components. The Co
2ps), peak position for LCO is located at a BE of 780 eV, in agree-
ment with the Co®* oxidation state, whereas the Co 2ps, peak posi-
tion is located at 780.4 eV for LSCO-0.8, suggestive of the higher
Co** oxidation states.

The Co L-edge XAS was also measured to examine the change in
Co oxidation states, as it probes the excitation of Co 2p core elec-
trons into unoccupied Co 3d orbital [47]. As shown in Fig. 4(b),
the Co L-edge splits into L; and L, due to spin-orbit splitting. For
LCO, the Co L; and L, locate at ~ 778 and ~ 792 eV, respectively.
The lineshape of the multiplets in Co L-edge XAS conveys informa-
tion on spin configuration of Co, as it reflects the Coulomb and
exchange interactions between the photon-excited Co 2p hole
and unpaired Co 3d electrons [48]. Here, the lineshape of the Co
L-edge spectrum of LCO is very similar to the experimental and cal-
culated Co L-edge spectra of LCO with LS configuration and that of
LiCoO, with Co LS configuration, suggesting the synthesized LCO
has a LS with t3,e3 configuration at room temperature [49,50].
With Sr doping, the characteristic peaks of Co*" at ~ 777 eV
and ~ 794 eV arise [51,52]. An energy shift of up to ~ 0.3 eV was
also observed in the Co L-edge spectra upon doping LCO with Sr.
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The shifts of L,3 edges to higher photon energy further confirms
the induced Co** via Sr doping [53].

A comprehensive understanding of the occupied and unoccu-
pied states near the Er of electrocatalysts, including the hybridiza-
tion of TM 3d with O 2p is of paramount importance for elucidating
the relation of electronic structure with catalytic activity. We used
VB XPS and O K-edge XAS to further examine the occupied and
unoccupied DOS near the Er for LSCO-x. Fig. 5(a) shows the mea-
sured VB photoemission spectra. For LCO, peak A near ~ 1 eV is
attributed to the ¢, electron in LS Co®*, and peaks B and C in the
region of 3 ~ 6 eV are attributed to the dominant O 2p states hybri-
dized with Co 3d [44]. We can see that the spectral intensity of
peak A becomes weaker with increasing Sr content, suggesting
the hole states are created in the t,, orbital. Besides, it can be
observed in Fig. 5(a, b) that the occupied state in the VB is shifted
towards the Ep. Certain DOS across the Er is also observed
for x > 0.2 as displayed in Fig. 5(b), indicating a semiconductor-
to metal transition in the LSCO-x induced by the increasing hole
state at the top of the VB upon Sr doping. As shown in Fig. 5(d),
the electrical conductivities of the LSCO-x pellets are significantly
increased from 1x10> S cm™! for LCO to 40 S cm™! for LSCO-0.8.

The O K-edge XAS probes the excitation of the O 1 s electron to
unoccupied states of O 2p states hybridized with Co 3d above the
Er. O K-edge XAS spectra for LSCO-x are shown in Fig. 5. For LCO,
there is a single peak located at ~ 528.5 eV (marked as peak “D”).
Peak D can be ascribed to the unoccupied state associated with
the empty e, orbital (see Fig. 1) [54]. As La®* is replaced by Sr?*,
a new hole state (marked as “E”) appears and its spectral intensity
systematically increases with the Sr doping level. Meanwhile, there
is negligible change in the spectral intensity of peak “D”. The newly
created hole state should be associated with the emptied t,, orbi-
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Fig 3. (a)La4d, (b) Sr3d and (c) O 1 s core level XPS spectra; (d) the binding energy shift of La 4d, O 1 s and the averaged shift relative to LCO as a function of Sr doping level x.
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of the midpoint of the edge of VB as marked in Fig. 5(b), and the estimated degree

tals. This further proves that the oxidation of Co®" with t54€2 is con-
verted into Co*" with 34€3 via Sr doping, which is in accordance
with Co L-edge XAS and VB XPS results. We also quantitatively
determined the Co 3d-O 2p hybridization using O K-edge XAS
based on the method developed by Suntivich et al. [55]. Details
of the method are described in Fig. S5 and Table S2. Fig. 5(e) shows
the degree of hybridization as a function of Sr content, showing the
hybridization of Co 3d-O 2p becomes stronger with higher Sr dop-
ing level.

Fig. 6 shows the schematic illustration of the electronic struc-
ture near the Er for LCO and LSCO-0.8 derived from VB XPS and
O K-edge XAS. LCO is a semiconductor with bandgap of 0.6 eV. It
has a LS state with occupied tgg forming the top of VB and unoccu-
pied 2 forming the bottom of CB. When Sr?* replaces La®*, a hole
state is created with t,¢ character. The Er moves into the VB, lead-
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(c) O K-edge XAS; (d) the change of electrical conductivity as a function of x; (e) the shift
of Co 3d-0O 2p hybridization as a function of x, deduced from O K-edge XAS.

ing to occupied DOS across the Er and thus metallic state in LSCO-
0.8. In addition, the hybridization of Co 3d-O 2p is also substan-
tially increased, because of an increased overlap between O 2p
and Co 3d resulting from the higher valence Co*".

3.3. Electrocatalytic OER performance

The OER activities of LSCO were characterized in 1 M KOH using
a rotating disk electrode. The current densities were normalized to
the BET surface area. Fig. 7(a) shows the normalized linear sweep
voltammetry (LSV) curves after three cycles of CV measurement
for all samples. In Fig. 7(b), Tafel slopes derived from LSV curves
show substantial decrease from 131 mV dec™! for LCO to 85 mV
dec™! for LSCO-0.8. Fig. 7(c) shows the electrochemical impedance
spectroscopy (EIS) conducted at 1.63 V (vs. RHE). The inset shows
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Fig 6. Schematic illustration of the electronic structure of LCO (semiconducting)
and LSCO-0.8 (metallic), derived from VB XPS and O K-edge XAS.

the fitted equivalent electrical circuit. The fitted charge transfer
resistance decreases from 2700 Q for LCO to 220 Q for LSCO-0.8,
as summarized in Table S3. The reduction in charge transfer resis-
tance at the interface indicates the enhanced charge transfer
kinetics.

To investigate the stability of LSCO-x during OER process, 30
cycles of CV for LCO and LSCO-0.8 were measured and the current
variation followed as a function of number of cycles, as shown in
Fig. 8(a) and S6. The current density at 1.63 V vs. RHE for both
LCO and LSCO-0.8 shows negligible change in the first 5 cycles,
and gradually decreases between the 5th and 15th CV measure-
ments. High resolution TEM was used to examine the surfaces of
pristine LCO and LSCO-0.8 and samples after 5 and 30 cycles of
CV measurements, as shown in Fig. 8(b and c). The results show
that both LCO and LSCO-0.8 retain the pristine crystalline surface
for the first 5 CV cycles, which correlates well with the negligible
activity decay at the beginning of the stability study. After 30
cycles of CV, their surface reconstructs with the occurrence of an
amorphous layer. It can be seen that the extent of surface recon-
struction for LSCO-0.8 is larger than that for LCO after 30 CV cycles.
The surface instability of LSCO-0.8 is ascribed to the strong
hybridization of O 2p with Co 3d, where the lattice oxygen may
be activated to participate in the OER [19,20]. Since the LSV curves
and EIS shown in Fig. 7 were acquired after three cycles of CV mea-
surements, the OER activities still reflect the properties of crys-
talline LSCO-x.

—
QO
~
—

O
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3.4. Correlation of OER activities with electronic structure

Insights into the electronic structure of LSCO reveal that Sr sub-
stitution in LaCoO; induces Co** oxidation state and a hole state
with predominant t,g character. With the Sr level x > 0.2, the
LSCO features a metallic electronic state, which provides the mate-
rials with high electrical conductivity. Quantitative analysis on O
K-edge XAS spectra also indicates a considerable increase in the
Co 3d-0 2p hybridization at higher Sr doping level. The electronic
density of states at the Er determines the binding strength between
catalysts and the reaction intermediates. The metallic state for
samples with the x > 0.2 introduces occupied and unoccupied
states at the E (see Fig. 6), giving rise to facile reduction and oxi-
dation of the Co cations for catalyzing the OER reaction. The con-
ventional adsorbate evolution OER mechanism in alkaline
electrolyte includes four elementary steps with different adsorbed
intermediates in sequence of *OH, *O, *OOH and *O, [56]. Accord-
ing to the OER mechanistic study using DFT calculations by Lee
et al., the adsorption of *OH is the rate-determining-step (RDS)
for OER activity on LCO, because of the weak interaction between
*OH and electronic states associated with Co®* [57]. It has been
reported that high valent TM cations have a strong tendency to
interact with *OH [58-61]. Therefore, the stronger interaction of
Co*" with oxygen intermediates such as *OH would be vital for
OER. Fig. 9(a) shows the O 1 s core level photoemission spectra,
which can be fitted into three components originating from lattice
oxygen (Ojattice) at ~ 528.5 eV, hydroxides (OH) at ~ 531 eV and car-
bonates (C — O) at ~533.5 eV [62-64]. It can be seen that the sur-
face OH content substantially increases with x (Table S4), which
can be associated with an enhanced adsorption of *OH. Fig. 9(b)
plots the OER activities as a function of the surface OH content
for different Sr doping level. It can be clearly depicted that the
OER activities correlate well with the surface OH content.

To further confirm the stronger adsorption of OH™ during the
electrochemical process, comparative CV measurements within
the non-Faradaic potential region were conducted in 1 M KOH
and 1 M K,S04 (Figs. S7, S8 and Tables S5 and S6) [65]. The charg-
ing current of the non-Faradaic CV (icharge) is equal to the product
of the scan rate (v) and the double-layer capacitance (Cg), as given
by the equation below [66,67]:

icharge = Vcdl

Fig. 9(c) shows the results of the Cq for LSCO-x. The Cq in KOH
and K,SO, increases with Sr doping, indicating that the modified
electronic structure in LSCO-x improves the surface adsorption
for oxygen species, in accordance with increasing Cy values
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Fig 7. (a) OER LSV polarization curves with iR-correction, and (b) the corresponding Tafel slopes of LSCO-x series; (c) Nyquist plot at 1.63 V (vs. RHE), inset shows the

equivalent circuit diagram.
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derived from EIS measurement (Table S3). Besides, the larger Cgy
values in KOH indicates that LSCO-x have stronger interaction with
hydroxides. The interplay between surface Co and *OH is illus-
trated in Fig. 9(d). For LCO, the fully occupied Co®* 3d t5; has signif-
icant electronic repulsion to O 2p. Sr doping in LCO gives rise to
hole states with t,, character. The hole states at Co**3d t§g weaken
the electronic repulsion to O 2p, thus enhancing the orbital overlap
and the hybridization of Co 3d-O 2p, so that the Co**—OH has
stronger binding strength than Co®>*—OH. Rossmeisl and Nerskov
et. al studied the OER mechanism via DFT calculations and the
results showed that the RDS of OER was adsorption of *OH when
the binding strength was too weak, whereas for the strong binding
with intermediates, the RDS would be the formation of *OOH spe-
cies [7]. In LSCO system, the hole state in Co*" 3d results in
enhanced hybridization between Co 3d and O 2p, which leads to
strong attraction of Co*" 3d orbitals for the O 2p electron. As a
result, the interaction between O 2p and protons becomes weaker
in Co**—OH, which promotes the deprotonation of *OH to form *O
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[68]. In this aspect, the surface *O can bind OH™ ions to form *O0H,
thus the strong binding of Co** with *OH may change the RDS for
OER according to the study by Rossmeisl and Nerskov et. al.

The charge transfer barrier associated with the position of the
CB can be used to rationalize the overall trend of OER activity of
the first-row transition metal (Mn, Fe, Co, Ni) perovskite. Fig. 10
shows the schematic of energy band position for LaMnOs, LaFeOs,
LCO (LaCoO3) and LaNiOs, and the O,/OH™ redox energy level
[16,61,69]. The energy difference between the CB and O,/OH™
redox energy level is defined as the energy barrier for charge trans-
fer associated with OER. For LaCoOs; and LaNiOs, their band posi-
tions of CB are relatively low and close to the Er thus the
energetic barrier for charge transfer from the 0O,/OH™ redox level
to unoccupied CB is smaller. Since optimized charger transfer
energy promotes the OER kinetics, LaCoO5; and LaNiO3; shows supe-
rior OER activity than LaMnOs3 and LaFeOs [70]. These results indi-
cate that optimizing the charge transfer energy from oxygen
intermediates to metal 3d hole in CB is the key to enhance OER



Z. Shen, M. Qu, J. Shi et al.

(a)
O1s OH
— -0 \ h,olattice
= - 08
S P .,
> M 0.6
I3 gﬂ . 04
= M
il 1 CO
536 534 532 530 528 526 524
Binding eneygy (eV)
(c) 70
100 | &~ C,, in 1M KOH
m -p-c, inMKso, 180
2 80 < =
E /Q/ 150 o
O 60 <& %)
X / 140
s <
S 40 o~ 9/9/940 =
£ Q’ 'B/ <
5 20+ 1 5
%) {>/ 20 5
10

00 02 04 06 08
Sr doping level (x)

Journal of Energy Chemistry 65 (2022) 637-645

(b) _
.- @ 1.63V vs. RHE
£ 16
[&]
£
= 12}
2
¥
C
3 o8t
5
S 04 R=0.97
O 1 1 1 1
48 52 56 60 64
Surface OH content (%)
(d)

repulsion attraction
ﬂ-‘ »5:_1
e e'@ e

o

*OH2p Co* 3d t,°

Co% 3d t,0

Fig 9. (a) XPS O 1 s spectra of LSCO-x. The spectra are fitted with three components including lattice oxygen (“Ojatice”, light blue) at ~ 529 eV, surface adsorbed OH (“OH”, red)
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Fig 10. Schematics of energy band positions for first-row transition metal
perovskite oxide (LaMnOs, LaFeOs, LaCoOs; and LaNiOs respectively) [12,57,65],
the energy difference between the CB and O,/OH™ redox energy level is defined as
the energy barrier for charge transfer associated with OER.

activities. The present study confirms that the hole state for pro-
moting both surface oxygen intermediate adsorption and charge
transfer is necessary for explaining the OER activities of perovskite
oxide.

4. Conclusions

In this work, we investigated the electronic structure evolution
of LSCO-x and its correlation with OER performance. Sr doping in
LCO induces a transition from rhombohedral to cubic structure
and shortens the Co — O bond length. Spectroscopic results show
that LCO has low spin Co** with a t3,e2 configuration. Replacing
La®* with Sr** introduces Co** and doped hole states of empty ty,
character at the top of the valence band. The hole states lead to
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enhanced Co 3d-O 2p hybridization and a semiconductor-to-
metal transition for x > 0.2. Furthermore, XPS and electrochemi-
cal capacitance measurement results reveal that stronger Co 3d-O
2p hybridization improves the adsorption of oxygen intermediates
on LSCO-x surface. As a result, metallic LSCO-0.8 was identified as
the most active electrocatalyst. Our study highlights that hole
states in the electronic structure of high valence TMO is the key
for promoting OER performance.
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