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ABSTRACT: The rational design of highly active and durable electrocatalysts for overall
water splitting is a formidable challenge. In this work, a double perovskite oxide, i.e.,
NdBaMn,Og, is proposed as a bifunctional electrode material for water electrolysis.
Layered NdBaMn,Os s demonstrates significant improvement in catalyzing oxygen and
hydrogen evolution reactions (OER and HER, respectively), in contrast to other related
materials, including disordered Nd,Ba;sMnO; s as well as NdBaMn,Os; 5 and
NdBaMn,Oss,s (6 < 0.5). Importantly, NdBaMn,Oss has an OER intrinsic activity
(~24 times) and a mass activity (~2.5 times) much higher than those of the benchmark
RuO, at 1.7 V versus the reversible hydrogen electrode. In addition, NdBaMn,Os
achieves a better overall water splitting activity at large potentials (>1.75 V) and catalytic
durability in comparison to those of Pt/C—RuO,, making it a promising candidate
electrode material for water electrolyzers. The substantially enhanced performance is
attributed to the approximately half-filled e, orbit occupancy, optimized O p-band center
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location, and distorted structure. Interestingly, for the investigated perovskite oxides, OER and HER activity seem to be

correlated; i.e., the material achieving a higher OER activity is also more active in catalyzing HER.
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1. INTRODUCTION

According to the International Energy Agency, the global
energy demand is projected to increase from 18 TW in 2013 to
26 TW in 2040, because of rapid population growth and
industrial expansion." The corresponding increase in carbon
dioxide emission will reach 44 Gt/year. These environmental
concerns have triggered a focus on sustainable energy sources
to mitigate the energy crisis and environmental damage caused
by burning fossil fuels, which still account for ~80% of today’s
power production.” However, the effective utilization of the
most abundant renewables (e.g, solar and wind) is difficult
because of their intermittent nature. As a consequence,
sustainable, efficient, and economically viable energy con-
version and storage devices are urgently needed. The efficiency
of many such devices, including regenerative fuel cells,
rechargeable metal—air batteries, and water electrolyzers, is
heavily dependent on the electrolysis of H,0.”” Therefore,
developing highly active and durable electrocatalysts for the
H,0—-H,—0, cycle is the key to accelerating the practical use
of many renewable energy technologies.

The oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER) are two crucial half-reactions for
overall H,O splitting, which, because of the abundance of
water, is considered as the most promising method for the
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production of high-purity H,. However, because of the sluggish
kinetics of OER and HER, large overpotentials against the
theoretical thermodynamic potential [1.23 V vs the reversible
hydrogen electrode (RHE)] are usually required to drive H,O
electrolysis. The state-of-the-art catalysts for OER and HER are
based on precious metals, e.g., IrO, and RuO, for OER and Pt
metal and its alloys for HER. Precious metals are, however,
prohibitively costly. As a result, intense research efforts have
focused on earth-abundant metal-based materials. Those
include transition metal oxides and hydroxides for OER in
basic electrolytes‘*’S and transition metal carbides, nitrides,
sulfides, and phosphides for HER in acidic media."* For the
sake of simplifying the configuration and saving money,
bifunctional electrode materials for both OER and HER are
being pursued.'”""

Among various non-precious metal-based catalysts, perov-
skite oxides are gaining an increasing amount of attention
because of their low cost, compositional flexibility, and high
intrinsic activity.'”'” The catalytic activity of perovskite oxides
can be improved intrinsically or extrinsically. In reference to the
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Figure 1. (a) XRD survey spectra of H,-treated NBM,_; for 0, 10, 15, 20, and 25 h, where asterisks mark the secondary phases. (b) XRD refinement
of NdBaMn,Og (orthorhombic, Icma). Schematic illustrations of the crystal structures of (c) cubic NBM with disordered oxygen vacancies, (d)
tetragonal NBM, where Nd—O and Ba—O layers alternate along the c-axis and the oxygen vacancies are localized in the Nd—O plane, and (e)
orthorhombic NBMj s, where MnOj square pyramids and MnOg octahedra alternate along the b-axis. (f) High-resolution TEM image and (g)
corresponding fast Fourier transform pattern of NdBaMn,O;s;. (h) Magnified X-ray diffraction patterns within the 26 range of 45—48° for
NdBaMn,O; s, and NdBaMn,O; ;. (i) XPS fitting: experimental data (black circles), simulated spectrum (red line), background (orange line), Mn**
(magenta line), Mn** (green line), and Mn** (violet line). (j) Thermogravimetric analysis of NdyBagsMnO;_, and NdBaMn,Og in air.

former approach, one can substitute elements into the
perovskite framework,'* adjust the electronic configuration,">"®

tune the strain,'” and decorate the perovskite with nano-
particles.18 The extrinsic methods resort, instead, to increasing
the number of active sites by nanostructuring,lg particle size
reduction,” and porous structure construction.”’ Because of
the approaches described above, perovskites have achieved
significant progress as catalysts for H,O oxidation.”” Notably,
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Shao-Horn and co-workers demonstrated that an optimal OER
activity could be obtained by perovskite oxides with an
approximately half-filled e, orbital, whose occupancy deter-
mines the binding strength of oxygen-related intermediates and
thus the activity."> Following this activity descriptor,
Bag sSrysCoggFey,05_5 (BSCF5582) was found to have an
intrinsic activity higher than that of the state-of-the-art OER
catalyst IrO,. However, the Shao-Horn group has reported that
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fast surface amorphization of BSCFS582 and the leaching of A-
site cations into the electrolyte result in poor cyclic stability.”
Double perovskites (LnBaM,Os, s, where Ln = lanthanides and
M = Mn or Co) have displayed OER activity and stability
substantially enhanced compared with those of simple
perovskite oxides.”*>> The enhancement can be linked to the
location of their O 2p-band center neither too far from nor too
close to the Fermi level.”*

Even though many transition metal oxides have demon-
strated promising HER activity,”*** few perovskite oxides are
studied as HER or overall water splitting catalysts.”*’
Recently, Shao and Liu et al. have reported that two simple
perovskite oxides, i.e., Prs(BagsSros)0sCoosFer,0;5_5- and
SrNb, ;Coy,Fey,0;_5"" are capable of moderate HER
electrolysis. Layered perovskites are usually characterized by
oxygen diffusion and surface exchange rates that are faster than
those of simple perovskites.”””' Even though several works
have reported low-dimensional perovskite oxides, including
double,” Ruddlesden—Popper (RP),** and even quadruple
perovskites,”** as OER catalysts, to the best of our knowledge,
layered perovskites have not been used yet in overall water
splitting electrolysis. Moreover, upon investigation of a layered
perovskite as an OER catalyst, a crucial factor previously
overlooked is the role of oxygen vacancies. For example, more
oxygen vacancies likely contribute to a higher oxygen
electrolysis rate.'”***” Additionally, the alteration of oxygen
nonstoichiometry can incur the phase changes of the material.**
The modification of the electronic configuration and band
structure accompanying oxygen vacancy concentration cannot
be ignored. All of the factors mentioned above will have a
substantial impact on the performance of perovskite oxides as
water-splitting electrocatalysts.

In this work, we report a novel layered perovskite oxide, i.e.,
NdBaMn,Ogs, as a bifunctional catalyst for overall water
electrolysis. NdBaMn,Oss was prepared by reductively
annealing in H, its disordered counterpart, i.e.,
Ndy sBagsMnO;_s5 (NBM;_s, where 5 < 0.25). H, treatment
is a method commonly used to prepare layered perovskite
oxides.”® Several previous works have shown that synthesis of
Mn-based layered perovskite (LnBaMn,Og,;) requires a
strongly reducing atmosphere and that air synthesis usually
results in a disordered phase.’*~*’ By controlling the annealing
time, we obtained several distinct layered neodymium barium
manganese oxides (NBMs) with different oxygen vacancy
amounts, including NdBaMn,Os s_s (NBM; s_s where § < 0.5),
NdBaMn,O;; (NBM;;), and NdBaMn,Oss,s (NBM;s,s
where § < 0.5). For NBM oxides, their structures have been
recently examined by in situ neutron diffraction.”’ In addition,
some of these materials have been studied as electrodes for
solid oxide fuel cells.”” However, to the best of our knowledge,
they have not yet been investigated for room-temperature water
electrolysis. Those oxides are characterized by diverse crystal
phases, electronic configurations, band structures, and lattice
distortions and have, therefore, distinct OER and HER
activities. NdBaMn,Oj s exhibits the best overall water splitting
performance. This high activity could be attributed to its
approximately half-filled e, orbit occupancy, optimized O p-
band center neither too close nor too far from the Fermi level,
and a distorted structure. In addition, we found that the OER
and HER activities of the investigated perovskite oxides are
correlated; i.e., the material with a higher OER activity is also
more active in catalyzing HER.
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2. RESULTS

2.1. Structural Characterization. Layered NBM oxides
were prepared through a reductive annealing method in H,.
Figure la gives the X-ray diffraction (XRD) patterns of the H,-
treated NBM;_; with variable annealing times. We conducted
Rietveld refinements to clarify their phase structures. The
results are displayed in Figure 1b, Figure S1, and Tables S1—S4.
The NBM; ; prepared by the conventional sol—gel method
(without H, treatment, i.e., 0 h) is a mixture of 92 atom %
cubic phase (Pm3m, ICSD-155548) and 8 atom % hexagonal
phase (P63/mmc, ICSD-23874) (see Figure Sla and Table S1).
When the compound was annealed in pure H, for 20 h, an
orthorhombic (Icma, ICSD-152235) phase was obtained for
NBM; 5 with the following lattice parameters: a = 7.918 A, b =
7.778 A, and ¢ = 15.871 A (see Figure 1b,e and Table S2). This
determined phase for NBM; is consistent with the previous
result obtained by in situ neutron diffraction.”' During
reduction, the partial removal of crystalline oxygen and
increased oxygen vacancies (2Mn}y, + O — '/,0, + V& +
2Mny,) force the A-site cations to be ordered: the layers of
Nd—O and Ba—O alternate along the c-axis, as shown
schematically in panels d and e of Figure 1. The ordering of
Nd** and Ba’* leads to oxygen vacancies being preferentially
localized in the Nd—O plane.*’ Several studies have
demonstrated that the ordering of oxygen vacancies occurs
for layered LnBaM,Os . *"*** At this level of oxygen
nonstoichiometry, MOjs square pyramids and MOy octahedra
alternate along the b-axis, as illustrated in Figure le. This
atomic arrangement is further confirmed by our density
functional theory (DFT) calculations. We have considered
four kinds of atomic arrangements for NBM; s (see Figure S2),
and the structure in Figure le has the lowest ground state
energy.

Figure 1f shows a representative high-resolution transmission
electron microscopy (TEM) image of orthorhombic NBMj,
from which a high crystallinity and clear lattice fringes are
observed. The fast Fourier transform (FFT) analysis in Figure
1g detects lattice spacings of 3.8 and 3.9 A, corresponding to
the (020) and (200) lattice planes, respectively, further
confirming the orthorhombic structure of NBM;;. For
NBM;;,s and NBM;;_s their lattice phases are determined
to be tetragonal (P4/mmm, ICSD-150705) (see Figure Slb,c
and Tables S3 and S4). This finding is consistent with the
previous report that increasing or decreasing 6 perturbs the
vacancy ordering of LnBaM,Oss and results in a tetragonal
phase with higher lattice symmetry."” The lower lattice
symmetry of the orthorhombic phase for NBM;; in
comparison to that of the tetragonal phase can be reflected
by the split doublet peaks at around 26 = 46°,*" as shown in
Figure 1h.

Through iodometric titration, 6 in disordered NBM,_; is
determined to be 0.12, giving an average oxidation state of Mn
ion of 3.26. As a consequence of reductive annealing in H,, the
oxygen vacancy amount per formula unit in the layered
perovskite oxides increases as a function of time to 0.35, 0.54,
and 0.8 for NBM s, 5, NBM s, and NBM; ¢_s, respectively. The
negative shift of the Mn 2p X-ray photoelectron spectroscopy
(XPS) spectrum in Figure 1i also confirms that oxygen
vacancies are added. In addition, the valence state of Mn on
the surface obtained by XPS fitting generally agrees well with
the bulk values determined by chemical titrations, e.g., the
deconvolution of the Mn 2p core-level spectrum for NBMg
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Figure 2. Catalytic performance evaluation. (a) OER LSV polarization curves and (b) corresponding Tafel plots. (c) Intrinsic and mass OER
activities at 1.7 V vs the RHE. (d) HER LSV polarization curves and (e) corresponding Tafel plots. (f) Photo of a homemade water electrolyzer
using NBM;—NBM; as the electrode material. The generation of H, and O, bubbles at 10.0 mA cm™ is clearly visible on Ni foam. (g)
Polarization curves for overall water splitting catalysis. (h) Chronopotentiometry curves of NBM; ;—NBMj s, Pt/C—RuO,, and Ni foam—Ni foam at
a constant current density of 10 mA cm™2 All experiments were conducted in a 1 M KOH electrolyte.

suggests the presence of 22.6 atom % Mn?*, 46.7 atom % Mn**,
and 30.7 atom % Mn*". The estimated oxidation state of Mn is
3.08, a value very close to the value of 2.96 obtained from
titration.

In Figure 1j, thermogravimetric analysis (TGA) conducted in
air detects a mass increase starting from ~200 °C for the
investigated oxygen-deficient perovskite (this is in good
agreement with a previous report”™), and the mass increase
can be attributed to the oxidation of Mn ions as well as the
incorporation of lattice oxygen. In fact, many works have
demonstrated that oxygen-deficient perovskite oxides are
subjected to oxidation in an oxygen-rich environment.*”*>*
In addition, it is worth noting that the magnitude of the weight
gain is in a good agreement with their oxygen non-
stoichiometry; e.g., an ~1.8 wt % mass increase is observed
in the testing temperature range for NBMj, corresponding to
an uptake of ~0.5 oxygen per formula unit (NdBaMn,Os).

The morphology of the as-prepared materials can be assessed
via scanning electron microscopy (SEM) (see Figure S3). The
energy dispersive X-ray (EDX) mapping in Figure S4 reveals a
homogeneous distribution of Nd, Ba, Mn, and O, with an
atomic ratio qualitatively matching the target stoichiometry.
From Figure SS, the Brunauer—Emmett—Teller (BET) specific
surface areas among the investigated perovskites are similar and
much smaller than that of the carbon support (Vulcan XC-72,
Sger = 2364 m* g7!).
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2.2. Catalytic Activity. Each sample was loaded on a
rotating disk electrode to evaluate its catalytic performance
(mass loading of ~0.4 mg cm™). We corrected all the
potentials to be against the RHE (see Figure S6) using the
equation E(RHE) = E(Ag/AgCl + 1.02 V).

We first studied the OER activity of the materials by linear
sweep voltammetry (LSV) (see Figure 2a). Compared with that
of disordered NBM;_; the onset potentials of all the layered
perovskite oxides are shifted significantly to more negative
potential regions, and the current densities at the same
overpotentials are increased, suggesting an improved OER
activity. It is worth noting that NBM;; has the best
performance among all the investigated perovskite oxides, and
its current density at large overpotentials (e.g, 7 = 0.43 V) even
exceeds that of commercial RuQ,. In particular, the Tafel slope
of NBM; (75 mV decade™) is smaller than that of RuO, (78
mV decade™) (see Figure 2b), leading to an enhanced OER
rate under slightly increased overpotentials. We also compared
the mass (normalized by the oxide mass loading) and intrinsic
(normalized by the BET surface area) OER activities,"”** as
shown in Figure S7. Figure 2c compares the intrinsic and mass
activity of all materials at 1.7 V versus the RHE. All studied
perovskites have intrinsic activities higher than that of RuO,
[Sger = 50.8 m?/g (see Figure S8)], demonstrating that NBM
has a promising OER activity. Specifically, the activity of
NBM; (2.06 mA/cm? of oxide) is ~24 times higher than that
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of the benchmark catalyst RuO, (0.084 mA/cm?” of oxide). In
addition, its mass activity (107 mA/mg of oxide) is ~2.5 times
larger than that of RuO, (42.7 mA/mg of oxide). We should
note that the activity of the commercial catalysts obtained in
this work is consistent with several recent literature reports (see
Table SS).

Figure 2d shows the HER polarization curves, which clearly
show that the order of the HER activity for the investigated
perovskite oxides is the same as that of their OER activities; i.e.,
NBMj ; is still the most active material, followed in sequence by
NBM;_s5, NBM; g, s, and NBM;_;. The substantially enhanced
HER activity of NBM; is further confirmed by its much
smaller Tafel slope (87 mV decade™) in comparison to that of
the other perovskites (>130 mV decade™) (see Figure 2e). In
addition, the overpotential needed by NBM;; (0.29 V) to
deliver a current density of 10 mA cm ™ is only 0.20 V larger
than that of commercial Pt/C (0.09 V). It is important to note
that the activity of NBMj is comparable to that of recently
discovered state-of-the-art HER catalysts (see Table S6). We
also investigated the catalytic durability of NBM; 5. From panels
a and b of Figure S9, it can be seen there is no obvious change
in the OER and HER polarization curves after cyclic
voltammogram (CV) scans for 2000 cycles, suggesting an
excellent stability. In addition, NBM; is also examined by
chronopotentiometry. From panels ¢ and d of Figure S9, the
voltage NBMj 5 needs to achieve a current density of 10 mA
cm™? during HER and OER does not change significantly,
confirming once again its good stability.

To evaluate the overall water splitting performance, we
assembled a water electrolyzer working in a 1 M KOH
electrolyte. We loaded the prepared samples on nickel foams
that act as the support for both the anode and the cathode*~>*
(see Figure 2f). The contribution of nickel foam to the overall
water splitting activity is small***° (see Figure 2g), and the
activity is consistent with previously reported literature data
(see Table S7). The bubbles of H, and O, continuously
generated during the electrolysis (10.0 mA cm™) are clearly
visible. The evolution of generated H, and O, is also measured
(see Figure S10). From the results, the amounts of generated
gases are very close to the theoretical values, giving a faradaic
efficiency of ~100%. From Figure 2g, even though the onset
potential of NBM; ;—NBM is still more positive than that of
the benchmark combination (Pt/C—Ru0,), the current density
of NBM—NBM; exceeds that of Pt/C—RuO, when the
applied voltage is >1.75 V. We should note that the obtained
overall activity of NBMg ;—NBMj ¢ is comparable to and even
better than those of many state-of-the-art water splitting
catalysts (see Table S7). In addition, we observe that NBM
exhibits a much better catalytic durability during the
chronopotentiometry test than Pt/C—RuO, does. The overall
voltage necessary for NBM;s;—NBMj to achieve a 10 mA cm
=2 current density displays activation,”” which is then followed
by a stable plateau at ~1.65 V. In contrast, after consecutive 50
h tests, Pt/C—RuO, suffers from obvious activity degradation,58
with the corresponding voltage increasing by ~0.03 V. In
addition, from the TEM photo and corresponding FFT
patterns in Figure S11, the structure of NBM;; is well
maintained after the long chronopotentiometry tests, further
confirming its excellent catalytic durability.

3. DISCUSSION

From the results presented above, NBM; s has proven to be an
exciting bifunctional OER and HER catalyst, substantially
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surpassing the disordered NBM;_; as well as layered NBMj, 5
and NBM;;_s. Understanding what factors contribute to the
enhancement could benefit the rational design of highly active
water-splitting electrocatalysts. At present, the widely recog-
nized OER mechanism on perovskite oxides in an alkaline
electrolzrte is called the adsorbate evolution mechanism

(AEM)*”® (see Figure 3a). It begins with the adsorption of
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Figure 3. (a) Classic four-step adsorbate evolution mechanism for
perovskite oxides. (b) Volmer—Tafel and Volmer—Heyrovsky
processes for HER in an alkaline electrolyte. (c) Dependence of the
capacitive current on the different potential scan rate. (d) EIS Nyquist
plots for NBM;; (black), NBMs;_s (red), NBM;;,s (green), and
NBM,_; (violet). The spectra are recorded in the OER potential
region of 1.7 V vs the RHE and the HER potential region of —0.3 V vs
the RHE.”

OH™ onto the active site of perovskite, followed by the four
elementary reaction steps involving the adsorption or
desorption of a series of intermediates, including O*, OH¥*,
and OOH* (the asterisk denotes the surface active site), where
the formation of the OOH™ intermediate is usually regarded as
the rate-limiting step.”> On the other hand, in a basic
electrolyte, HER can happen through two different pathways,
namely, the Volmer—Tafel and Volmer—Heyrovsky pro-
cesses,”"> as shown in Figure 3b. Both processes comprise
H,0 molecule adsorption, H,O reduction generating H and
OH™, adsorption and desorption of OH™, and formation of H
intermediates for hydrogen evolution. During the Volmer
reaction, the generated OH™ from H,0 reduction could
preferentially attach to the transition metal site because of the
electrostatic affinity, while the nearby O site could provide a
site for H adsorption.”®” Recent work has demonstrated that
the adsorption of OH™ rather than H,O is a more important
step in alkaline HER electrolysis.”****°* In addition, the rate-
limiting step of HER can be assessed from the slope of the
Tafel plot. Slopes of ~120, 40, and 30 mV decade™ correspond
to the Volmer, Heyrovsky, and Tafel reaction limitations,
respectively.”*"> From Figure 2e, the Tafel slope values for all
the investigated catalysts are close to 120 mV decade™’,
suggesting that HER catalysis may be controlled by the Volmer
process.

We acquired the electrochemical active surface area (ECSA)
of the investigated materials via CV. From Figure S12, NBMj
is characterized by a capacitive current that is much larger than
those of NBM;_s5 NBM 5,5 and NBM; s_s. As shown in Figure
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3¢, the measured double-layer capacitance (the ECSA at the
same loading mass) of NBMj is approximately 1.3—2.4 times
higher than that of the other perovskites, suggesting a
significantly increased active area. On the other hand, the
electrochemical impedance spectra (EIS) are recorded to
evaluate the charge transfer resistance during HER and OER.
It can be seen from Figure 3d that NBM 5 has a charge transfer
resistance that is much smaller than and correspondingly charge
transfer kinetics significantly faster than those of the other
materials. In the following sections, we consider e, filling, O p-
band location, and structural distortions to explore the
enhancements described above.

3.1. e, Filling. We first examine the e, orbital occupancy of
the transition metal ions. Compared with the z-bonding t,,
orbital, the o-bonding e, orbital has a stronger overlap with the
surface anion adsorbate. As a result, the filling of the e, orbital
can substantially affect the binding of oxygen-related inter-
mediates on the B-site cations and ultimately impact the
electrocatalytic activity."” The valence states of the investigated
NBM oxides are obtained by iodometric titrations, and the
presence of both octahedral (O,) and square pyramidal
symmetry (C,,) is considered, as illustrated in Figure 4a.

(a) (b) NBM. 7~ OER (mﬁ)
do pdy . 16 SN 218{ 2 NBM,,
-+ uIT ,/ & @
e = >
T T EariemE NBM,os| =47 NBM. s
xy 2yz, tx 8 )i s 5540 "~ NBM, ,
< g N 5.5-8
= , s .
—d, ., wi1s{ [INBM, o05mAcmZ, | 8'° NBM, ¢
o § 05 05 04 03 02
—d_ 0.6 0.9 1.2 150 ™° HER potentia s F e
- _.x_)dyzgzx s, electron HER potential (V vs.RHE)

Figure 4. (a) Schematic representation of the octahedral and square
pyramidal forms for Mn cations, with different electron distributions in
the corresponding crystal-field split d-orbit. (b) Dependence of OER
activity on the occupancy of the e, orbit. (c) Relationship between
OER and HER activity, both of which are defined as the potential to
deliver a current density of 0.5 mA/ cm? of oxide. The error bar is the
standard deviation calculated from three separate experiments. The
dashed volcano line is displayed only for reference.
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Figure S. (a) Schematic illustration of the O 2p-band center of the
perovskite oxide. (b) Dependence of OER activity on the O 2p-band
center vs the Fermi level. The required potential at i = 0.5 mA/cm? of
oxide is used to define OER activity. The O 2p-band center relative to
Ey is obtained by DFT calculations, and the error bar stands for the
standard divergence calculated from three different experimental tests.
The dashed volcano line works only for reference.

cation d band potentially lead to a strong correlation error. As a
result, only the position of the O p band is calculated to derive
a more accurate picture of the electronic configuration for the
investigated oxides.”* From Figure b, the O p band of NBMj
(—2.06 eV) with the highest activity is not too far from or close
to the Fermi level, in contrast to those of NBMs .5 (—2.40 eV)
and NBM;;_s (—1.70 eV). This configuration is beneficial for
the hybridization and covalency of the O p band and transition
metal d band, as well as the promotion of the charge transfer
between the active redox center and adsorbed intermediates.”*
This could be another factor contributing to the decreased
charge transfer resistance.

3.3. Structural Distortion. Figure 6 shows the lattice
structures of different NBM perovskites. Upon closer

The dependence of OER activity (defined as the potential to
deliver a current density of 0.5 mA/cm® of oxide)** on the
occupancy of the e, orbit is displayed in Figure 4b. In the series
of materials studied, the experiment suggests a volcano-shaped
relationship between the 3d e, orbit occupancy and OER
activity. Figure 4c further suggests that the investigated
perovskite oxides have correlated OER and HER activities.
This correlation is also supported by another activity indicator
(HER and OER potential at 10 mA/cm?® of disk) (see Figure
S13). In fact, the charge transfer between the surface cation and
adsorbed reaction intermediates is critical to both OER and
HER electrolysis.”*>** In particular, from the results described
above, the Volmer process involving the adsorption of H,O and
OH™ appears to be the rate-limiting step of HER. An optimized
e, filling is suggested to promote such charge transfer between
the surface cation and adsorbed reaction intermediates."’
NBMs, the most active one, has an optimal e, orbital filling
close to unity (1.04). This is likely correlated to the smallest
charge transfer resistance in Figure 3d.

3.2. O p-Band Structure. Besides e, filling, the relative
positions of the oxygen p band and transition metal d band
relative to the Fermi level are another important activity
descriptor (shown schematically in Figure Sa). In contrast to
the oxygen p band, DFT calculations of the transition metal
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showing different structural distortions and Mn environments.

examination, orthorhombic NBMj; is characterized by a
much larger structural distortion, consistent with the previous
report.*" This distorted structure of NBMj 5 could be caused by
the Jahn—Teller effect and ordering of the electronic
orbital***' From the calculation results, the shortest oxy-
gen—oxygen distance between two neighboring oxygen atoms
connected to the nearest neighboring Mn ions is determined to
be 2.94 A. This value is much smaller than the corresponding
distance in NBM;_s consisting of corner-shared octahedra
(3.90 A), as well as the one in tetragonal NBM; .5 (3.57 A). It
is reported that, when the nearby oxygen—oxygen distance is
<3 A, it is possible for the oxygen atoms to interact with each
other directly and form oxygen molecules.”*”> The substan-
tially reduced oxygen—oxygen distance likely contributes to the
formation of bulk O—O species, thus promoting OER activity.
The increased number of O—O species on the surface of
NBM;s can be assessed from the XPS fitting of the O 1s
spectrum for the three materials,”**”*” as shown in Figure S14,
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which detects a much larger proportion of O—O species
formed on the surface of NBM; than on the other two
materials.

In addition, a large number of square pyramids (see Figure
le) are present in NBMg,. This kind of open structure in
layered perovskite oxides can provide many more active sites
for the adsorption of H,O or OH™,** two key species for OER
and HER.*”~%* Ultimately, this could also contribute to the
larger ECSA observed for NBM 5 in Figure 3c.

4. CONCLUSION

In this work, a facile reductive annealing method is used to
obtain a series of layered perovskite oxides with variable oxygen
vacancy amounts, lattice phases, electronic configurations, and
structural distortions. A novel oxygen-deficient perovskite
(NdBaMn,Og) structure is for the first time utilized as a
bifunctional electrode material for overall water splitting.
NdBaMn,Og exhibits a substantially improved activity in
catalyzing OER and HER, in comparison to those of its
counterparts, including disordered Nd;sBa;sMnO;_s and less
distorted NdBaMn,Os 5 and NdBaMn,Os_5 (6 < 0.5). The
substantially enhanced performance could be attributed to the
approximately half-filled e, orbit occupancy, optimized O p-
band center location, and distorted structure. In addition, it is
found that for the investigated perovskite oxides, OER and
HER activities appear to be correlated. This work can serve as
an important reference for perovskite oxides as water-splitting
electrocatalysts.
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