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Perovskite oxides with a low cost and high catalytic activity are considered as suitable candidates for the

oxygen evolution reaction (OER)/oxygen reduction reaction (ORR), but most of them favour only either
the ORR or the OER. Besides, their underlying catalytic mechanisms are subject of an ongoing debate.
Herein, LaggSrg2CoOs_s (LSC) was selected as a base perovskite oxide for doping different elements
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into its B-site to fabricate four different LaggSrg>CoggMo20z_s5 (LSCM; M =
perovskite oxides. Among the catalysts tested with and without multi-walled carbon nanotubes
(MWNTSs), LaggSrp2CoggFeo 203 s (LSCF) outperformed any other catalysts in terms of both OER and

Ni, Fe, Mn, and Cu)

ORR activity. The OER/ORR activity enhancement with LSCF is also discussed based on spectroscopic

rsc.li/materials-advances

1 Introduction

The oxygen evolution reaction (OER) and the oxygen reduction
reaction (ORR) with a sluggish kinetic rate and high over-
potential often cause a low overall efficiency and poor power
capability for metal-air batteries and regenerative fuel cells.
Precious-metal catalysts are highly active for the OER/ORR;
however, their high cost imposes a limitation on their
commercial applications. In addition, Ir- and Ru-based cata-
lysts have been known to be the most active catalysts for the
OER but suffer from poor ORR activity.'™ Conversely, Pt-based
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and microscopic analyses and lattice oxygen transportation.

catalysts are widely used for ORR but provide unsatisfactory
OER performances.”® 1In response, extensive research
efforts have been made to explore non-precious metal-based
bifunctional catalysts for the OER/ORR with high
performances.®’ Perovskite oxides (ABO;) have the potential
of being bifunctional catalysts or efficient oxygen electrodes
due to their excellent oxygen mobility, low cost and their
structures with atomic-level defects that play important roles
in the OER/ORR.®™'® One way to improve the OER/ORR of
perovskite oxides is to increase their specific surface area and
porosity of the catalysts, which have been reported to be
beneficial for exposing more accessible active sites and
facilitating the mass transfer and electron transfer during the
OER/ORR processes.' "> However, the morphology optimization
is difficult to break through the limitation of material’s intrinsic
properties. Thus, we explored another efficient approach that is
to optimize the intrinsic structures of the perovskite oxides by
elemental doping or nonstoichiometric substitution.

For the ABO; perovskite oxides, an important advantage is
their flexibility in composition; namely both the A- and B-sites
can systematically vary by using metal cations with different
valences or ionic radii."*™® Substitution of the A- and/or B-site
by other elements or doping at these sites is also relatively
straightforward and affords numerous degrees of freedom to
tailor the physicochemical properties for enhancing the catalytic
activity. Owing to the flexibility in composition, extensive
research has been carried out in a series of derived perovskite
oxides among which Lag Sr,C00; and its doped perovskite
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oxides have acted as excellent cathode materials in the solid
oxide fuel cells (SOFC) and used as efficient catalysts for metal
air batteries."®"®

However, two main problems exist in the research of
the Lag gSry,C003-based perovskite oxides. One is that most
perovskite oxides have electronic structures that favor only the
ORR or OER and their bifunctionality should be carefully
combined by tailoring the electronic environment of metal
cations and oxygen anions based on a systematic study and
design principles.'®?® Another problem is that the mechanism
of electrochemical improvement is still controversial and has
attracted the attention of researchers. The conventional adsor-
bate evolution mechanism proceeds at the transition metal
active sites, where the adsorbed oxygen intermediates should
be neither too strong nor too weak according to the Sabatier
principle.*! The balance of the adsorbed oxygen intermediates
is influenced by the covalency of the B-O bond that efficiently
tunes the affinity between the B-site and the intermediate.
It has also been demonstrated by S.-Horn et al. that the filling
of electrons in the c-antibonding states (e, orbital) of transition
metals serves as the descriptor for the ORR activity based on the
molecular orbital theory.>? The e, orbital strongly overlaps with
the O-2p, orbital determining the B-O bond strength during
the chemisorption of oxygenated species in the ORR.*?*
They also proposed a volcano-type relationship describing
the OER activity as a function of e, filling of the B-site cations
and demonstrated that the perovskite oxides can achieve an
enhanced intrinsic OER activity when the value of the e, orbital-
filling electrons is close to unity.**

However, other electronic structural factors of the transition
metal sites have also been reported to affect the ORR/OER
activity. Koper et al. showed a correlation between the bulk
oxide formation energy and the OER activity, in which they
described the physicochemical properties of perovskites from
different families and suggested the significant effect of the
B-site stoichiometry and doping variation on the ORR/OER activity,
which requires a further systematic study.> More recently, a new
proposed lattice oxygen-mediated mechanism,*° which involves
the direct participation of perovskite lattice oxygen anions for the
OER, was supported by the *®0 isotope detection of the reaction
product as well as DFT calculations. Research on this lattice oxygen
mechanism pathway is still limited and it needs more perovskite
oxides to support it.

Based on the structure flexibility of the perovskites,
La, Sry,C00;_s (LSC) was selected as the base perovskite oxide
and different elements were doped at its B-site to obtain the
LSCM (M = Ni, Fe, Mn, and Cu) series of perovskite oxides.
The structures of the obtained perovskite oxides were analyzed
by X-ray diffraction (XRD) refinement, high-resolution
transmission electron microscopy (HRTEM) results and X-ray
absorption spectroscopy (XAS) measurements. The nanoparticle
size and the surface oxygen species of these perovskite oxides
were also compared. The OER activity measurements were
conducted in KOH media of different pH values. Based on the
results, the perovskite catalyst with the best OER activity was
selected. Similarly, the ORR activity and electrochemical surface
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area (ESCA) were also compared. Overall, the improvement of the
element doping for OER and ORR of these perovskite oxides are
discussed and the most possible mechanism for the LSCF
catalytic improvement was proposed.

2 Experimental

2.1 Preparation of perovskite oxides

The perovskite oxides, Lag gSry,C00;_s (LSC) and LSCM (M =
Ni, Fe, Mn, and Cu), were prepared according to a conventional
sol-gel method.?® Briefly, La(NOs;);-6H,0, Co(NOj3),-6H,0,
(Aladdin Industrial Corp.), Fe(NO3),-9H,0, Cu(NOj3),-6H,0
Sr(NO3),, Ni(NO;);-6H,0 and 50% Mn(NOj3), solution (Guoyao
Chemical Reagent Co., Ltd) were dissolved in deionized water
based on the stoichiometric amounts of the different elements
in different perovskite oxides. p-Glucose monohydrate and
acrylamide (Guoyao Chemical Reagent Co. Ltd) were used as
chelating agents and added to the nitrate mixed solution,
which was stirred at 80 °C for 5 h. The pH of the solution
was maintained between 8 and 10 by adding a moderate
amount of NH,OH. After stirring and drying, the obtained gels
were heated to 350 °C for 3 h, then ground into powders.
Finally, the powders were calcined in air at 750 °C for 3 h to
obtain the perovskite oxides, which were used as the ORR and
OER catalysts in this study.

2.2 Physical characterizations of perovskite oxides

The powder XRD measurements were performed using an
X'Pert PRO X-ray diffractometer with Cu K, radiation, and the
data were collected from 20 to 80° in the 260 range. The SEM
images were obtained using an SU9000 (Hitachi High-
Technologies) at the accelerating voltage of 20 kV. HRTEM,
scanning transmission electron microscopy (STEM), high-angle
annular dark-field (HAADF) TEM and energy-dispersive spectro-
scopy (EDS) elemental mapping images were obtained on a
JEM-ARM200F instrument (JEOL Ltd) at 200 kV. The X-ray
photoelectron spectroscopy (XPS) spectra were obtained by an
AXIS-ULTRA DLD (Shimadzu, Co., Japan) and XAS measurements
were carried out using the Kyushu University beamline (SAGA-LS/
BL06 in Kyushu Synchrotron Light Research Center) equipped
with a storage ring operating at the energy of 1.4 GeV. A mono-
chromator with two Si(111) crystals was used to scan the energy of
the Xray beam. The photon flux was 2 x 1010 photons
per second. The Co K-edge of the perovskite samples was
measured in the fluorescence mode by a silicon drift detector.
To examine the local structural properties around the Co atoms,
the X-ray absorption near edge structure (XANES) spectroscopy
data were extracted from the full XAS spectra. The EXANES
data were analyzed using Athena software following a standard
procedure.

2.3 Electrochemical measurements

The electrochemical activities of the catalysts were measured by
a three-electrode system, which consisted of a rotating ring-disk
electrode (RRDE), Pt wire counter electrode and Hg/HgO
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reference electrode saturated in 1 M NaOH solution. The
electrochemical characterization was conducted on a Model
760E Electrochemical Analyzer (ALS Co., Ltd) at 25 °C in 0.1 M
and 1 M KOH electrolyte solutions. All the potentials were
normalized with respect to the RHE.

The catalyst ink without carbon was prepared by dispersing
2 mg of the perovskite oxide in 105 pL of DI water, 405 pL of
isopropyl alcohol and 15 pL of Nafion (5%), then ultra-
sonication for 20 min to obtain a homogeneous ink. A 10 uL
ink solution was cast on a glassy carbon (GC) electrode, resulting
in a catalyst loading of 0.3 mg cm™ 2. The catalyst ink with carbon
was prepared by dispersing 2 mg of the perovskite oxide and
1 mg of multi-walled carbon nanotubes (MWNTSs, ¢ ~ 20 nm,
Nikkiso Co., Ltd) in 210 pL of DI water, 910 pL of isopropyl
alcohol and 30 pL of Nafion (5%), then ultrasonication for
30 min to obtain a homogeneous ink. A 20 pL ink solution
was cast on the glassy carbon (GC) electrode, resulting in a
perovskite catalyst loading of 0.3 mg cm > and carbon loading of
1.5 mg cm 2.

For the ORR tests, the electrochemical accessibility of
the catalyst was determined by performing cyclic voltammetry
(CV) cycling between 1.1 and 0.4 V vs. RHE at 50 mV s~ in N,-
and O,-saturated 0.1 M KOH electrolytes. Linear sweep
voltammetry (LSV) curves for the ORR data were then collected
at the scan rate of 10 mV s ' in the O,-saturated 0.1 M
KOH and 1 M KOH electrolytes at 1600 rpm controlled
by a rotation speed controller (BAS Inc.). The LSV ORR
curves were also collected at 400, 800, 1200 and 2000 rpm
in order to obtain their corresponding Koutecky-Levich
(K-L) plots.

For the OER tests, the LSV measurements were performed in
the range of 1.1 and 1.8 V vs. RHE at 10 mV s~ in N,-saturated
KOH electrolytes with different pH values at the rotation speed
of 1600 rpm. The concentrations of the KOH electrolyte were
0.01 M, 0.0316 M, 0.1 M, 0.316 M and 1 M KOH, and their
corresponding pH values were 12, 12.5, 13, 13.5 and 14,
respectively. The CV cycling tests at potentials between 1.1
and 1.8 V vs. RHE were conducted to evaluate the OER stability
of the catalysts. The double layer capacitance was determined
by the CV measurements at the scan rates of 20, 40, 60, 80 and
100 mV s~ ' in order to compare the ESCA of the different
perovskite oxide catalysts.

2.4 XRD refinement and TEM analysis

For the Rietveld refinement analysis of the XRD pattern, Y (Yps)
is the value obtained from a Rigaku Smart Lab instrument, and
Y calculated (Y.,)) is either refinement with the PDXL2 database
card number or simulated from the CrystalMaker, PDXL2 and
Crystal Diffract software. Crystal Maker (software ver.10.4) was
used to obtain the crystal structures shown in Fig. 1c and
Fig. S1b, S2b, S3b, S4b (ESIt) based on the analysis of their
crystallographic information files (CIF) from the final refinement
results from Fig. 1b and Fig. S1a, S2a, S3a, S4a (ESIT) and aligned
in the direction of planes which exhibited 100% peak intensities
of each catalyst. The d-spacing of the LSCM in the high-angle
annular dark-field (HAADF)-STEM images were calculated using
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Fig. 1 (a) XRD patterns of LSC, LSCN, LSCF, LSCM and LSCC perovskite
oxides compared to the standard PDF patterns; (b) the XRD rietveld
refinement results, (c) crystal structure, (d) high-angle annular dark-field

imaging (HAADF)-STEM image and (e) diffraction pattern of
Lap.gSro.2Cop.gFep 203 s (f) the color contrasted images in the red dotted
cube area of (d). Note: the d-spacing (di10) of crystal structure in (c) and
diffraction patterns in (e) are inter-related.

Gatan software. The hkl indices were attributed based on the
single crystal structure.”

3 Results and discussion

3.1 Characterization of materials

The XRD patterns of these synthesized samples (LSCC, LSCM,
LSCF, LSCN, and LSC) are shown in Fig. 1a, together with
standard perovskite oxides including La, ,Sro¢CoO; (cubic),
Lay §Sro,C00; (orthorhombic), and LaCoO; (hexagonal). All
main peaks of the obtained materials are assigned to perovskite
oxides, while the peaks of LSCN, LSCF, LSCM and LSCC shift
toward a lower angle compared with the peaks of LSC, which is
due to lattice relaxation and can be viewed as evidence of
successful doping. Besides, the unsmooth burr peaks indicated
some impurity phases, which is most likely metal hydroxide.
Although there are suitable standard patterns for the synthesized
samples, some are not in complete agreement with the synthe-
sized samples because some shifted peaks were observed.
Hence, we simulated new phases and refined them based on
these standard patterns using Crystal Maker, Crystal Diffract and
Rigaku PDF2.

In order to analyze the structure on an atomic level, we also
studied the perovskite oxides using the HAADF images of the
TEM. The Rietveld refinement and TEM atomic pattern analysis
results of all the perovskite oxides are shown in Fig. 1 (LSCF)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal parameters of the synthesized catalysts
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Catalysts PDXL2 card number Space group Cell parameter S value
Lag gSr ,C00; 01-075-8569 R3¢ a=h=54467 A, c=13.1781 A, o = = 90°, y = 120° 0.86
Lay ST, »Nip »C0g 503 Simulated® Ccme24 a=b=5457 A, c=7.704 A, 0= f =y =90° 1.19
Lag oSto 1Feo.5C00.50; 01-078-6202 P23 a=b=c=3853A0=F=y=90° 1.00
Lay 75T 2sMNg 9,C00 0503 01-070-8677 R3c a=b=55356A,c=13.449 A, o = § = 90°, y = 120° 1.15
Laj ,Srg gCug 4C0¢ 603 01-071-6496 Pm3m a=b=c=3.8944 A, 0 = p=7=90° 1.36

“ See Cartesian co-ordinates in Table S2 (ESI).

and Fig. S1-S4 (ESIt) (LSC, LSCN, LSCM and LSCC), and the
obtained results are listed in Table 1, in which ‘Y observed
(Yobs)' and ‘Y calculated (Y.,) are the observed XRD raw data
and the simulated results obtained by using Crystal Maker and
Crystal Diffract software, respectively. The weighted profile
R-factor (Rwp) is the factor of agreement between the observed
and calculated peak intensities. The value of Ry, of less than
7% means the refinement accuracy is sufficient.

The XRD refinement results of LSCF are shown in Fig. 1b, in
which the Y, completely agrees with the Y, that corresponds
to Lay.oSry.1C0g 5Feg 505. The difference between Y,,s and Y e
of 1 can be confirmed by the blue curve in Fig. 1b and the value
of S listed in Table 1. The lower value of S means the higher
accuracy of the simulated results. The slight shift in the blue
curve and low value of S (S = 1) indicate the high accuracy of the
LSCF refinement results. Similarly, the XRD refinement results
of LSC, LSCN, LSCM and LSCC are shown in Fig. S1a-S4a (ESIt)
and the corresponding simulated perovskites are Lag St -
Co03, Lag gSr9.,C00.,Nig 503, Lag72Srg25C00.0Mng 4,05 and
Laz »Sr(.8C0¢ sCUg 403, respectively. For LSC, LSCN and LSCM,
the blue curves shifted slightly and the values of S were around
1, which indicated that the refinement results of LSC, LSCN
and LSCM were in good agreement with the reference data. For
LSCC shown in Fig. S4a (ESIY), the peak of carbon and another
oxide, Co, 5,0,, are observed in addition to the perovskite main
peaks. In order to understand the lattice position of each atom
in the perovskite, the crystal structures from the CIF of the
refined XRD data of LSCF are displayed in Fig. 1c. The HAADF
images from TEM of LSCF (Fig. 1d) showed its clear atomic
lattice arrangement and its selected area electron diffraction
pattern is shown in Fig. 1e.

To distinguish the difference between each plane of the
HAADF image of LSCF and the crystal structure obtained from
the XRD refinement, we constructed a color contrast image
using the single crystal software and calculated the d-spacing of
LSCF from the major intensity planes. The color contrast image
of LSCF is shown in Fig. 1f and the calculated d-spacing of its

Table 2 The d-spacing and cell volumes of the catalysts

110 lattice plane is 2.724 A, which is in good agreement with the
XRD refinement results. In the same way, the corresponding
results of LSC, LSCN, LSCM and LSCC are respectively shown in
Fig. S1b-d, S2b-d, S3b-d and S4b-d (ESI}), which indicates that
the d-spacing of all the perovskite oxides from the major
intensity planes completely agrees with the crystal structure
obtained from the XRD refinement. For LSCC, the impurity
phase of the Co, 5,0, (card no. 01-078-5623) and carbon impurity
are traced in Fig. S4 (ESIt). In addition, the cell volumes are
tabulated in Table 2. It is notable that the cell volumes of LSCF
and LSCC are 57.187 A® and 57.192 A respectively, which are
much lower than those of LSC, LSCN and LSCM. The small cell
volume is beneficial for oxygen transportation and better
kinetics for the ORR/OER.

The SEM images of the obtained perovskite oxides are
shown in Fig. S5 (ESIf). Compared to LSC (Fig. S5a, ESIY), the
grains of LSCN, LSCF, LSCM and LSCC (Fig. S5b-e, ESIt) are
refined by elemental doping. A more specific microstructure
has been observed by TEM measurements and the results are
shown in Fig. 2 and Fig. S6-S9 (ESIT). As shown in Fig. 2a, the
particle diameter range of LSCF was ~40-70 nm. In the
HRTEM image shown in Fig. 2b, the adjacent fringes of LSCF
are 2.72 A, which matches the results of the diffraction patterns
of 2.71 A (Fig. 1f) and the XRD refinement results. The STEM
image and EDS mapping results are shown in Fig. 2c-g, in
which the homogeneous distribution of the different elements
(La, Sr, Co and Fe) in the LSCF is observed. Similarly, as shown
in Fig. S6a, S7a, S8a and S9a (ESIt), the particle diameter ranges
of LSC, LSCN, LSCM and LSCC are found to be ~80-100,
20-40, 40-70 and 20-60 nm, respectively. The obtained lattice
spaces match well the diffraction patterns and XRD refinement
results. The EDS mapping results demonstrated that the
distribution of the different elements in these perovskite oxides
were homogeneous.

The XPS measurements were conducted in order to investigate
the surface element chemical states of the synthesized perovskite
oxides. As shown in Fig. S10a (ESIt), the full XPS spectra of the

Planes of high

d-Spacing from XRD
refinement (A)

d-Spacing from TEM

(HAADF pattern) (A) Cell volumes (A%)

Catalysts intensity peak

Lag Sr9.2C00; 110 3.83
Layg gStg.2Nig ,C00.503 112 2.70
Layg.oSro.1Feo.5C00.503 110 2.72
Lay.725r0.28MNg.92C00.0803 104 2.76
Laj »5r0.8Cu0.4C00 603 110 2.75

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.83 338.571
2.70 227.230
2.72 57.187
2.76 358.230
2.75 57.192
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Fig. 2 (a) TEM image, (b) HRTEM image, (c) STEM image and (d—g) EDS
Elemental mappings (lanthanum-La, strontium-Sr, cobalt-Co, iron-Fe) of
the Lag gSro2Cop gFep 203_s perovskite oxide.

synthesized perovskite oxides resemble each other. The XPS
narrow scans of La, Sr, Co are shown in Fig. S10b-d (ESIT),
respectively. For La (Fig. S10b, ESIt) in LSCN, LSCF, LSCM and
LSCC, the binding energy (BE) peaks of 3d;/, (850.3 V and 854.9 V)
and 3ds, (833.6 V and 837.4 V) appear at similar peak positions to
those of LSC.*>** The Sr 3d XPS spectra of the five perovskite
oxides showed a complex peak shape with two distinct 3d;/, and
3ds), doublets as shown in Fig. S10c (ESIt). Some parts of these
two pairs overlapped with each other, which was common for
Sr-containing complex oxides.** The XPS spectrum of Co 2p
(Fig. S10d, ESIT) showed two main peaks at ~780 eV (2ps/,) and
795.3 eV (2py), suggesting that the Co®* state is predominant.®

The XPS narrow scans of Ni in LSCN, Fe in LSCF, Mn in
LSCM and Cu in LSCC are shown in Fig. 3a, b, ¢ and d,
respectively. The Ni 2p XPS spectra (Fig. 3a) provide complexed,
multiple-split peaks due to the overlapping of the Ni 2p3/, and
La 3d3/, peaks. The two main peaks of the Ni 2p;/, and Ni 2p,,
appeared at ~855.3 V and ~872 V, respectively. We also
observed two satellite (sat.) peaks suggesting the existence of
Ni(OH), on the surface of LSCN.*>**® For the Fe 2p (Fig. 3b), the
peak positions that appeared at ~711 eV and ~724 eV are
assigned to the Fe 2p;/, and Fe 2p,,,, respectively. In addition,
the two observed sat. peaks also indicated the existence of
Fe(OH), on the surface of LSCF.*” For LSCM, the Mn 2p;,, and
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Mn 2p,, peaks are located at ~643 eV and ~ 654 eV (Fig. 3c).*®
The two main peaks of Cu 2p;3, and Cu 2p,), are also shown
in Fig. 3d, together with two sat. peaks that suggested the
existence of Cu(OH), on the surface of LSCC.*® The previous
XRD results also indicated the existence of metal hydroxides,
which can either directly contribute to catalytic performances
or facilitate OH absorption and subsequently improve the
activities. Fig. 3e shows the O 1s XPS spectra of the specified
perovskite oxides, which can be deconvoluted into four char-
acteristic peaks including lattice oxygen species (0>, denoted
as O") at 528.4-528.7 eV, chemisorbed oxygen species (07/0, ",
denoted as O") at 529.3-529.7 eV, hydroxyl groups or carbonate
species (OH /CO;*~, denoted as O™) at 531.2-531.45 eV,
and absorbed water species (H,0, denoted as O") at 533.3-
533.5 eV."**> Table 3 lists the relative contents of these
different kinds of oxygen species, which were calculated from
the relative area of their deconvoluted peaks. Among these four
oxygen species, O" (07/0,7) is highly oxidative and closely
related to the surface oxygen species, which are key for oxygen
transportation, and can provide active sites for the ORR/OER
processes.’””**** In addition, a recently proposed mechanism
for the perovskite oxides was associated with the redox
chemistry of lattice oxygen anions,>?° indicating that O'
(lattice oxygen) is also vital for the OER. Comparing the five
perovskite oxides, LSCF was found to show the highest amount
of O' and O", which are both beneficial for ORR/OER.

To clarify the effect of element substitutions on the oxidation
state of Co in La, gSry,C00O;_s, we carried out XAS measurements
of LSC, LSCN, LSCF, LSCM and LSCC. Fig. 4 shows the Co K edge
XANES spectra of the perovskite samples. The bottom-right inset
displaying details of while line indicates its slight shift toward
lower energies upon doping of the different elements. The white
line of the Co K-edge was reported to shift toward a higher energy,
indicating a higher oxidation state of the Co.*” Thus, the XANES
results demonstrated that the average oxidation state of the Co
slightly changed by element doping into the B site of the
perovskite.

3.2 OER activities of perovskite oxides

The OER activity of the perovskite oxides was measured by
linear sweep voltammetry (LSV) in KOH media with different
pH values. We first carried out the OER activity measurements
of the perovskite oxides including LSC, LSCN, LSCF, LSCM and
LSCC not containing the MWNTs together with GC. The
obtained LSV OER curves of the various perovskite oxides
measured in 0.1 M and 1 M KOH media and their corres-
ponding Tafel plots are shown in Fig. S11 and S12 (ESIY), which
show that element doping is beneficial for the OER, and among
the five catalysts, LSCF showed the best OER activity in the
0.1 M and 1 M KOH media.

MWNTs provide a superior electrochemical stability com-
pared to other conductive carbons,*®™*® because the oxidation
potential of the sp> carbon is much higher than those of the sp?
carbons and possess a very high electrical conductivity.*® Thus,
we selected this material as a carbon support material.>>*' The
IR-compensated LSV curves of the different perovskite oxides

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for these perovskite oxides.

Table 3 The relative contents of oxygen species in LSC, LSCN, LSCF,
LSCM and LSCC perovskite oxides

Relative content

of oxygen species (%)  LSC LSCN  LSCF LSCM  LSCC
o' 29.33  29.82  33.59  30.38 26.91
o" 4.23 5.94 9.24 5.10 4.76
o™ 59.10  53.64  47.04  40.12 54.23
oV 7.34  10.58 10.13  24.40 14.10
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Fig. 4 Co K-edge XANES spectra of LSC, LSCN, LSCF, LSCM and LSCC
perovskite oxides at room temperature; the inset shows the main peak region.
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with MWNTs are shown in Fig. 5, in which Fig. 5¢ (0.1 M KOH)
and e (1 M KOH) show that the current density and OER activity
of the perovskite oxides combined with the MWNTs increased
compared to those of the pure perovskite oxides shown in
Fig. S11a and S12a (ESIY). It should be noted that a slight pH
dependence in Fig. 5a (pH = 12) and Fig. 5b (pH = 12.5) was
observed; that is, the OER activity of these samples slightly
improved, while this pH dependence is not very evident.
However, as shown in Fig. 5¢, when pH = 13, the OER activity
shows a strong pH dependence: namely, we recognized much
improved OER activity in the LSCF-MWNT compared to other
four perovskite catalysts. Increasing the pH to 13.5 (Fig. 5d) and
14 (Fig. 5e) resulted in further improved OER activities of the
provided catalysts. The pH sensibility of the perovskite catalysts
was more intuitive when all the LSV curves in the different pH
media were merged into one figure as shown in Fig. S13 (ESIT).
Based on the corresponding current densities at the potential
of 1.6 V vs. RHE in the different pH media, we plotted the
curves in Fig. 5f, which obviously show that for all perovskite
catalysts, the current density and OER activity increased with
an increase in the pH, especially LSCF-MWNT showed the most
evident pH dependent-OER improvement. These results
suggested that the OER activity of the perovskite oxides is
influenced by the OH concentration of the electrolyte, which
is associated with the circuit conductivity and the surface OH
species of the perovskite catalysts. Table S1 (ESIT) lists the OER
activities of the obtained perovskite catalysts with the MWNTSs
and the reported state-of-art perovskite oxides with different
carbon materials. At the current density of 10 mA cm™>, the
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(b) 12.5, (c) 13, (d) 13.5 and (e) 14; (f) pH-dependant OER activity of different perovskite oxides at the working potential of 1.6 V vs. RHE.

potentials of LSC-MWNT, LSCN-MWNT, LSCF-MWNT, LSCM-
MWNT and LSCC-MWNT in 0.1 M and 1 M KOH media were
1.66, 1.65, 1.59, 1.67, 1.66 V and 1.60, 1.58, 1.56, 1.59, and
1.58 V, respectively. It was determined that the LSCF-MWNT
showed the highest OER activity among the synthesized
catalysts although their performances were not very different.
The ECSA can be determined by the electrochemical double-
layer capacitance (Cq) method, which requires the specific
capacitance, a value from an ideal flat surface of the catalyst.
In this research, the catalysts are a series of perovskite oxides
with similar surface morphology, so we can use the values of
Cq; to evaluate the level of ECSA. Cg; can be measured from the
double layer charging curves using cyclic voltammetry (CV) at
different scan rates in the non-faradaic region. The CV curves of
the obtained perovskite oxides in 1 M KOH at different scan
rates from 20 to 100 mV s~ in the potential range of 1.1-1.35 V
vs. RHE were shown in Fig. S14a-e (ESIt) and 1.00-1.15 V vs.
RHE were shown in Fig. S15a-e (ESIT), respectively. The corres-
ponding plots of the current density as the function of the scan

£
o
<
£
= 2 ———LSC-MWNT
2
B —— LSCN-MWNT
a 3]
] —_— |
g LSCF-MWNT
'5' 4 —— LSCM-MWNT
= LSCC-MWNT
3 5.
o
T T T T
0.2 0.4 0.6 08 1.0

E/Vvs. RHE

rate were shown in Fig. S14f (at 1.20 V) (ESI}) and Fig. S15f
(ESIY) (at 1.08 V), indicating a linear relationship between the
current density and the scan rate. The value of the slope is Cy;.
At 1.20 V, the obtained slope values (Cq4;) of LSC, LSCN, LSCF,
LSCM and LSCC were 2.88, 9.60, 5.23, 4.58 and 13.74 mF cm 2,
respectively. At 1.08 V, the Cy; values of LSC, LSCN, LSCF, LSCM
and LSCC were 1.80, 6.48, 3.11, 2.93 and 9.15 mF cm?,
respectively. Although the Cy, values at different potential were
not the same, the ECSA level trends among the obtained
perovskite oxides was the same: LSCC > LSCN > LSCF >
LSCM > LSC. It is seen that LSCC shows the highest Cq; value
but inferior OER activity while LSCF shows the third highest Cy;
value but the best OER activity, which indicates that ECSA is not
a major factor for determining the OER activity.

3.3 ORR activities of perovskite oxides

The ORR activities of the obtained perovskite catalysts that are
combined with the MWNTSs were carried out in 0.1 M and 1 M
KOH media at 1600 rpm. Fig. 6 compares the LSV curves for the

14
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——LSC-MWNT

——LSCN-MWNT
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—— LSCC-MWNT

24
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Fig. 6 ORR linear sweep voltammetry curves of different perovskite oxide catalysts combined with MWNTSs in (a) 0.1 M and (b) 1 M KOH electrolytes at

1600 rpm.
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ORR in the O, saturated 0.1 M and 1 M KOH solutions of the
pristine MWNTs and the perovskite catalysts combined with
the MWNTSs. It has been found that the half-wave potential (E;,)
of the MWNTSs was about 0.61 V, while it changed to 0.63, 0.64,
0.66, 0.67 and 0.63 V for LSC-MWNT, LSCN-MWNT, LSCF-
MWNT, LSCM-MWNT and LSCC-MWNT in the 0.1 M KOH,
respectively (Fig. 6a). Similarly, the E;;, of LSC-MWNT, LSCN-
MWNT, LSCF-MWNT, LSCM-MWNT and LSCC-MWNT in 1 M
KOH medium was much improved to 0.69, 0.71, 0.71, 0.74 and
0.71 V as shown in Fig. 6b. These results indicated that element
doping at the B-site in the LSC is efficient for the ORR improve-
ment, and Mn doping shows the highest efficiency, which is
consistent with the reported results.**>* In addition, LSCF also
showed an ORR activity improvement.

The ORR activities of the perovskite oxides without the
MWNTs were also measured in 0.1 M KOH. Fig. S16 (ESIY)
shows the LSV curves of the obtained perovskite oxides for the
ORR and their corresponding Tafel plots. It was determined
that LSCN, LSCF and LSCM showed similar ORR activities.
In order to further investigate the ORR pathway, we measured
the LSV curves of LSCF at rotation speeds ranging from 400 rpm
to 2000 rpm, and the obtained Koutecky-Levich (K-L) curves are
shown in Fig. S17a (ESIT). The current was plotted as a function
of the w™*? (w is the angular velocity of the RDE) at 0.20, 0.25,
0.30, 0.35 and 0.4 V vs. RHE (Fig. S17b, ESIt). The average slope,
1 K', was 19.68 and the electron-transfer-number (1) was
calculated as 3.76 based on the method described in the ESL.{
Noticeably, the electron-transfer-numbers of the LSCF catalyst
during the ORR were approximately 4, implying that most of the
0, was directly and completely reduced to OH~.2%%°

3.4 OER and ORR improvement mechanism of LSCF

The ORR activity of the obtained perovskite catalysts that are
combined with MWNTSs were carried out in 0.1 M and 1 M KOH
at 1600 rpm. According to the above OER and ORR comparison
results, LSCM showed the best ORR activity while its OER
performance was not high. LSCF was thus selected as the
bifunctional catalyst for the mechanism study because it
showed the best OER activity and considerable ORR activity.

Although the B-O bond strength, which is associated with
the e, orbital, was reported to play an important role in the OER
for many perovskite oxides, the XANES results indicated that
the Co-O bonds of the LSC almost remained the same value
even after different element doping. The occurrence of the
lattice oxygen transportation mechanism for the OER in LSCF
is associated with the pH-dependent OER kinetics on the RHE
scale, which can be deduced from eqn (1):*

i=0-cop-e AORT (1)
where i is the OER current, 0 is the surface coverage of the
adsorbed intermediates, cop is the concentration of hydroxide
ions, AG is the reaction free energy, R is the universal gas
constant and 7 is the temperature during the measurement.
Increasing the pH can either alter the energy of the adsorbed
intermediates or increase the surface coverage or the OH™
concentration, thus leading to the increased OER activity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A proposed OER and ORR mechanism of LSCF perovskite oxide.

Further evidence supporting the participation of lattice oxygen
transportation for the OER was the highest amount of O' (lattice
oxygen) of the LSCF among the obtained perovskite oxides accord-
ing to the XPS results. As schematically illustrated in Fig. 7, one
possible lattice oxygen transportation pathway involves five evolu-
tion procedures I-V, which corresponds to eqn (2)~(6):>"°

W* +OH™ < W*OH, + ¢~ @)
W*OH}; + OH™ <& W % Oy + HO + ¢~ 3)
W*0,q + OH™ < W*OOH,4 + e~ (4)
W*OOH,q + OH < W*0O + H,0 + e~ (5)
W*00 — W* + 0, (6)

where W* is the active sites in the LSCF perovskite oxide. The
generation of a vacant oxygen site upon the evolution of a lattice
oxygen-containing oxygen molecule is associated with the decou-
pling of a certain proton-electron transfer step giving rise to the
previously observed pH-dependent OER kinetics. The lattice oxygen
evolved at the surface can be quickly replenished by oxygen ions
diffusing from the LSCF lattice. Based on the refinement results of
the obtained perovskite oxides, the cell volumes (Table 2) of LSCF
and LSCC are much lower than those of LSC, LSCN and LSCM. The
smaller cell volumes of the LSCF and LSCC will be beneficial for the
oxygen transportation through the perovskite lattice, while the OER
activity of LSCC is weakened by the impurity phases, which are
shown in Fig. 1a and Fig. S4 (ESIT).

Similarly, Fig. 7 also reveals the catalytic mechanism of the LSCF
for the ORR. The calculated electron-transfer-numbers of the LSCF
catalyst during the ORR was 3.76, indicating that the ORR process
of LSCF was very close to the direct 4-electron transfer processes.
Therefore, the proposed ORR pathway involves two evolution
procedures I and II, which corresponds to eqn (7) and (8):>>°”

W* + 0, < W*00 7)
W*0O0 + 2H,O + 4e~ < W* + 40H™ (8)

For the 4-direct electron transfer processes, a significant
amount of the intermediate oxygen species does not convert
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to the peroxide (OOH,q4) but directly to OH™. Such reaction
pathways are preferred in terms of achieving the highest energy
efficiency.

4 Conclusions

Four different Lag gSry,C0¢sMy,05_ s (M = Ni, Fe, Mn, Cu)
perovskite oxides were synthesized using Lag gSry,Co0; as a
base perovskite oxide whose B-site was doped with different
elements. LSCF was the most efficient bifunctional catalyst
showing the best OER activity and a considerably high ORR
activity. The XRD Rietveld refinement and TEM atomic pattern
analysis evidenced that the smaller cell volume of LSCF
supplies more perovskite lattice cells for the lattice oxygen
transportation during the OER/ORR processes. The XPS spectra
also support the evidence that the higher relative concentration
of O (lattice oxygen) in LSCF is beneficial for the OER/ORR
processes. Furthermore, the pH-dependent OER performance
of LSCF demonstrated the occurrence of a certain proton-
electron transfer step, which is associated with oxygen
vacancies upon the evolution of a lattice oxygen-containing
oxygen molecule. This indicates the participation of the lattice
oxygen of LSCF in the OER. The ORR process of LSCF was almost
a direct 4-electron transfer process based on the calculated
electron-transfer-numbers of the LSCF. The proposed OER/
ORR mechanism for the LSCF is the extension of the lattice
oxygen-mediated mechanism for perovskite oxides. These findings
only not deepen our understanding of the OER mechanism of
perovskite oxide catalysts, but also have important significance for
the design of a new perovskite catalyst with a low cost and high
bifunctional efficiency.
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