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Efficient hydrogen evolution on water splitting is a crucial issue to achieve a sustainable society based on renewable energy.

Highly active and cost-effective catalysts for oxygen/hydrogen evolution reactions (OER/HERs) are desired to suppress their
intrinsically significant overpotentials. Perovskite-related transition-metal oxides have been widely investigated as
promising candidates for electrochemical catalysts, whereas complex compositions and structures inhibit elucidation of
essential factors to activate HER. Herein, we report a systematic study on predominant factors affecting HER catalysis for
Co-containing perovskite-related oxides. The A-site-ordered double perovskite oxide PrBaCo,0s_s exhibits HER activity with
a volcano-type plot associated with oxygen deficiency content, and leads to the highest activity at a moderate value of § =
0.2, in addition to the significant superiority to the simple ABOs-type perovskite, ACoOs (A = La, LagsCags, Ca). Based on Tafel
slope, electric conductivity, and charge-transfer resistance analyses, we have found that complementary factors dominate
the HER catalysis; Co—O covalency and water dissociation site, which are respectively induced by high Co valence and oxygen
deficiency. This finding provides new insight into the rational design of transition-metal oxide catalysts for HER.

also proposed to design OER catalysts. In contrast, HER
1. Introduction catalysis on perovskite oxides have not been well investigated
due to their poor conversion from hydrogen intermediates to
H,.2021 Recent advances on perovskite-related HER catalysts??-
27 arouse further exploration for highly active HER catalysts
based on rational design principle. The A-site-ordered double
perovskite oxides, RBaCo,04_s (R: rare-earth metal), have been
commonly investigated for OER catalysts. Grimaud et al.
proposed these compounds as a member of highly active OER
catalysts, in which OER activity systematically changes by R
ions.8 The varied OER activity for this system was interpreted by
using oxygen 2p band center energy as a descriptor. Recently,
potential of the double perovskite oxides as HER catalysts has
also been examined. Guan et al. demonstrated that oxygen
deficiency sites in RBaCo0,0¢_s facilitates H,O adsorption,
whereas lowered electric conductivity and Co valence are
unfavorable for HER.?> In addition, it has been recently proposed
that the HER activity is dominated by A-site ionic
electronegativity.?8 Since the proposed factors were based on the
examination of various kinds of compounds, a systematic study
on the simple compound is needed to provide deep insight into
the relationship between HER activity and the aforementioned

Water splitting by using renewable energy sources is
considered as one of the most promising ways to achieve clean
hydrogen generation system.'-2 Kinetic limitations for
anodic/cathodic reactions of oxygen/hydrogen evolution
reactions (OER/HERs) cause large overpotentials to decrease
energy conversion efficiency. Precious-metal-based catalysts,
(Ru/Ir)O, and Pt, have been widely utilized as the most efficient
catalysts for OER and HER, respectively.* However, further
developments of catalysts consisting of cost-effective and earth-
abundant elements are desired for large-scale applications.

Perovskite-related transition metal oxides have been
extensively investigated as promising candidates for OER
catalysts. After systematic studies on simple ABO;-type
perovskite oxides three decades ago,>® several mixed-metal
perovskite oxides were recently proposed as highly active OER
catalysts.”~15 Rational descriptors such as eg electron occupancy,’
oxygen 2p band center,® and charge-transfer energy6-19 were
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Herein, we demonstrate HER activity of PBCOg_s with a
wide range of oxygen deficiency content (0 < § < 0.85). The
highest activity was observed for 6 = 0.2, which was a top of the
volcano-like plot. The origin of HER catalysis for PBCOg_; was
investigated from the viewpoint of Co valence, electric
conductivity, charge-transfer resistance, and oxygen deficiency
content.

2. Experimental procedure

2.1. Sample Preparation

A pristine PBCOsg sample was prepared by a conventional
solid-state reaction. A stoichiometric amount of metal oxides and
carbonate, PrgO1; (99.9%), BaCO3 (99.9%), and Co30,4 (99.9%)
were mixed at a mole ratio of 1:6:4. The mixture was heated in
air at 1100 °C for 24 h with intermediate grindings. A fully
oxidized PBCOg was synthesized by a high-pressure treatment
of PBCOsg. PBCOs g was mixed with a KCIO,4 oxidizing agent
(99.5%) at a weight ratio of PBCOs g:KCIO,4 = 10:1. The mixture
was charged into a Pt capsule with 4 mm in diameter and 8 mm
in height. The Pt capsule was put into an octahedral pressure-
transmitting medium equipped with a graphite furnace. The
sample included in the pressure-transmitting medium was
compressed up to 8 GPa by using Walker-type high-pressure
apparatus. The sample was heated up to 1000 °C in 15 min and
kept at the temperature for 30 min, followed by quench down to
room temperature. The applied pressure was released after the
heating. The sample was washed with deionized water for
several times to remove remaining potassium chloride salts.

A slightly oxidized PBCOsg was prepared by annealing
PBCOg in the air at 150 °C. A slightly reduced PBCOs; was
obtained by treating PBCOsg at 8 GPa and 500 °C for 30 min
without mixing KCIO4. A moderately reduced PBCOss was
obtained by quenching PBCOs g from 1000 °C in a nitrogen flow
into liquid nitrogen. A strongly reduced PBCOs 15 was also
synthesized by a reductive annealing method from PBCOsg.
PBCOsg was pressed into a pellet and heated in a nitrogen flow
at 1100 °C for 12 h, followed by quench using liquid nitrogen.
ACo00;3 (A = La, LagsCags, and Ca) samples were synthesized
from stoichiometric mixtures of constituent metal oxides in air
(A = La) or at high-pressure (8 GPa; A = LagsCags, and Ca) and
high-temperature (500-1000 °C) conditions.34
Pro.sBag 25Sr0.25C0p gF€0203_s (PBSCF) was synthesized from
stoichiometric mixture under ambient pressure and high
temperature (1100 °C). Sr,RuO,; was synthesized by
conventional solid-state reaction according to literature.3> MoB
powder (99.5%, 325 mesh) was purchased from Sigma-Aldrich.
Commercial 30wt%-Pt/carbon composite (Pt/C) was purchased
from Fuel Cell Earth.

2.2. Basic Characterization

Powder X-ray diffraction (XRD) measurement was
conducted by using X-ray diffractometer with Cu Ka radiation
(Ultima 1V, Rigaku, Japan). Synchrotron X-ray powder
diffraction (SXRD) data were collected at room temperature
using a Debye-Scherrer camera installed at the BL02B2
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beamline of SPring-8, Japan.3¢ Crystal structure refinement was
made using the Rietveld refinement program RIETAN-FP.37 The
specific surface area was estimated by the Brunauer-Emmett-
Teller analysis (BET) of Kr gas adsorption data (BELSORP-
max, MicrotracBEL, Japan). Oxygen content for PBCOg_s
powder was determined by iodometric titration at least three
times with a Hiranuma automatic titrator COM-1700A.38 The X-
ray absorption spectrum of Co K-edge was collected in
transmission mode at the BL14B2 beamline of SPring-8. The
electrical resistivity was measured by the standard dc four-probe
method from 5 to 300 K using a Quantum Design Physical
Property Measurements System. The sintered PBCOg_s pellet
with a diameter of ~3 mm and a thickness of about 1-2 mm was
prepared from the synthesized PBCOg_s powder by treating in
the same conditions as the powder synthesis. Silver wires were
connected to the PBCOg_s pellet with silver paste. Electrical
conductivity was determined by the reciprocal of resistivity.

2.3. Electrochemical Characterization

Catalytic activities for HER were evaluated by using a
rotating disk electrode system. According to the literature,”10:39
a 5 wt% proton-type Nafion suspension (Sigma-Aldrich), 0.1 M
KOH aqueous solution (Nacalai Tesque Inc., Japan), and
tetrahydrofuran (THF, Sigma-Aldrich) were mixed in a 2:1:97
volume ratio. The catalyst ink was prepared by mixing 5 mg of
catalyst, 1 mg of acetylene black (Denka Co., Ltd., Japan), and 1
mL of the above THF solution. A 6.4 pL of catalyst ink was taken
with stirring and drop cast onto the glassy carbon (GC) disk
electrode (4 mm in diameter), yielding an approximate catalyst
loading of 0.255 MQexice cM=2. The GC disk electrode was pre-
polished to a mirror finish with 0.05 um a-Al,O;3 slurries on a
polishing cloth and rinsed with deionized water prior to electrode
preparation. 16.67 mg of 30%-Pt/C (approximate Pt of 5 mg) was
mixed with the 1mL of THF solution, and 6.4 pL of ink was cast
onto the GC disk electrode. Electrochemical measurements were
performed using a rotating-disk electrode rotator (RRDE-3A,
BAS Inc., Japan) in combination with a bipotentiostat (Model-
2325, BAS Inc., Japan). A Hg/HgO electrode (International
Chemistry Co., Ltd., Japan) filled with a 1 M KOH aqueous
solution (Nacalai Tesque, Inc., Japan) was used as the reference
electrode. A graphite rod was used as the counter electrode.*® All
electrochemical measurements were conducted in 1 M KOH
solution with H, saturation at room temperature. All potentials
were calibrated to reversible hydrogen electrode (RHE) using the
following equation: Egne (V vs. RHE) = Engmgo (V vs. Hg/HgO)
+ 0.926. The disk potential was controlled to cathodic direction
between —0.9 and -1.5 V versus Hg/HgO at a scan rate of 10 mV
s~1. The disk electrode was rotated at 1600 rpm. The data at the
third scan were adopted because the data at the initial stage were
unstable in the present experimental conditions. The IR
compensation was conducted by using the resistance (R = 15 Q)
measured in advance. All current densities presented in this work
were normalized with respect to the geometric area of GC
electrode and with respect to the mass of the catalysts. The
current densities of perovskites and MoB catalysts were also
normalized with respect to the measured BET surface areas. The
polarization curves were replotted as disk potential (vs. RHE)

This journal is © The Royal Society of Chemistry 20xx
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versus the logarithm of |current density| to obtain Tafel plots. The
linear portions of the Tafel plots were fitted to the Tafel equation
(|disk potential| = blog|current density| + a) to obtain the Tafel
slope (b). The chronopotentiometry (CP) measurements were at
a constant cathodic current density of 10 mA cm24¢ for 5000
seconds. Throughout these measurements, the RDE was rotated
at 2400 rpm to remove H; gas bubbles generated at the catalyst
surface. Electrochemical impedance spectra (EIS) were
stimulated over the frequency range from 1 MHz to 0.1 Hz at —
0.3 V vs. RHE. The EIS measurement was conducted after the
three cathodic scans from —0.9 and -1.5 V versus Hg/HgO at a
scan rate of 10 mV s1. All the EIS data were fitted by using the
equivalent circuit in Figure S4, ESI.

2.4. Electronic Structure Calculations

Electronic structures of PrBaCo,Os, PrBaCo,Oss, and
PrBaCo,0g, were calculated within the framework of density
functional theory (DFT). All the calculations were performed by
the plane-wave-based projector augmented wave (PAW)
method*! with the Heyd-Scuseria-Ernzerhof (HSE)*2 hybrid
functional as implemented in the VASP code.*344 The screening
parameter in HSE functional was set to 0.2 A1, The PAW
dataset with radial cutoff 2.8, 2.8, 2.3, and 1.52 Bohr for Pr, Ba,
Co, and O, respectively, where Pr-5s, 5p, 4f, 6s, 5d, Ba-5s, 5p,
6s, Co-3d, 4s, and O-2s, 2p electrons were explicitly treated as
valence electrons. The plane-wave cutoff energy was set to 550
eV. For k-point sampling, the mesh k;xk,xks was prepared in
accordance with the Monkhorst-Pack scheme, where the mesh
count in each direction was selected as the near-natural number
of 40 per lattice parameter (1 A™l). The lattice constants and
internal coordinates were optimized until the total energy
difference, and residual forces converged to less than 10~5 and
102 eV AL, respectively. The ferromagnetic structures were
adopted for all the oxides.

3. Results and discussion

3.1. Synthesis and Basic Characterization

Figure 2a shows the XRD patterns of PBCOg_;. All the
samples were indexed with the double perovskite structures
consisting of the layered ordering of Pr and Ba ions according to
the literature.2%3° Oxygen deficiency content (5) determined by
iodometric titration ranged between 0 and 0.85, as listed in Table
S1 in ESI. According to the charge neutrality, the nominal Co
valence was changed from +3.5 (6 = 0) to +2.65 (J = 0.85).38 The
lattice volume per formula unit (Vy,) increased monotonically
with increasing 6 (Figure 2b). This can be interpreted as an
increase in ionic radii of Co ions with the valence decrease.
Apical oxygen atoms of CoOg octahedra at (Pr, O)-layers were
preferentially removed when & values increased whereas
equatorial and apical oxygens at (Ba, O)-layers were retained, as
reported previously.3232 We confirmed that the refined
occupancy factors for apical oxygen sites at (Pr, O)-layers
gradually decreased when ¢ values increased, as shown in Figure
2b (also see the Rietveld refinement result of SXRD data in
Figure S1, Table S2 and S3, ESI). The Co K-edge absorption

This journal is © The Royal Society of Chemistry 20xx

edge in X-ray absorption near edge structure (XANES)
monotonically shifted to a higher energy side with decreasing ¢
(Figure 3), confirming that the valence states of Co ions changed
with the amount of oxygen deficiency. These results indicate that
the oxygen deficiency content and Co valence for PBCOg_ s
samples mutually change in the isostructural framework.

Electrical resistivity systematically changed with J. Figure 4a
shows the temperature dependence of the dc electrical resistivity
for PBCOg_s. Almost temperature-independent behavior for 6 =
0 in the whole temperature range is attributed to the extrinsic
effect of grain boundary resistance despite the intrinsic metallic
property because of the polycrystalline sample.3 In contrast,
semiconductor-like  behavior with strong temperature
dependence was predominant when § increased from 0.2 to 0.85.
Figure 4b displays the fitting result of electrical conductivity (o)
with an Arrhenius-type function, Ino = —(E,/kgT) + C, where E,,
kg, T, and C are the activation energy, Boltzmann constant,
temperature, and constant term, respectively. The activation
energy increased with the ¢ value from ~6 meV (6 = 0) to ~170
meV (6 = 0.85), indicating the electronic state gradually changes
from metallic to semiconducting with oxygen deficiency, which
is consistent with the previous report.3°45 The density of states
(DOS) obtained by DFT calculation explains the change in
electric conductivity. Figure 5 displays total/partial DOS in the
vicinity of Fermi energy (set at E = 0 eV) for PBCOg_; (6 = 0,
0.5, 1) (see DOS in the wide range in Figure S2, ESI). The total
DOS at Fermi energy consisting of Co 3d and O 2p bands
monotonically decreased when ¢ increased, reflecting electronic
phase transformation from metallic to semiconducting.

3.2. Catalytic Activity

HER activity for PBCOg_s changed drastically in dependence
upon ¢. Figure 6a displays linear sweep voltammograms for
PBCOg_s. PBCOs g exhibited the highest HER activity, whereas
those with higher and lower 6 had lower activities (also see Table
1). When the overpotentials (7onset) Were determined by HER
onset potentials (Egnset) at —2 MA cM2oxide: Honset = |Eonset] V, the
Nonset ONCE decreased from 0.27 V (0 =0) t0 0.19 V (6 = 0.2) and
then increased to ~0.35 V (¢ = 0.3-0.85), forming volcano-like
plot with 6 (Figure 6c). The specific activities, which were
defined as the current densities at —0.3 V vs. RHE, were changed
simultaneously with #onset (Figure 6d). This behavior reveals that
the contribution of oxygen deficiency is not simple, but the
complex effects associated with Co valence state are expected,
resulting in the highest HER activity at a moderate value of ¢ =
0.2.

The HER activity for PBCOs g was comparable or superior to
reported HER catalysts in alkaline solution, such as MoB,
PBSCF,% and Sr,Ru0,.3> Figure 7a shows the linear sweep
voltammograms for PBCOsg and the reference catalysts (see
their basic and electrochemical properties listed in Table 2).
According to the literature,2347 overpotentials (#10) determined
by potentials reaching —10 mA cm—2gisk (E1o VS. RHE, 10 = |E10]
V) were adopted. The bare GC disk electrode exhibited no
activity, whereas the loading of catalysts substantially activated
HER. PBCOsg exhibited a much smaller overpotential (3710 =
0.24 V). This is superior to MoB (7710 = 0.36 V) and PBSCF (#10

J. Name., 2013, 00, 1-3 | 3
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=0.35 V),*648 and slightly inferior to Sr,RuO4 (1710 = 0.17 V) and
Pt/C (#10 = 0.06 V). Figure 7b compares specific and mass
activities at —0.3 V vs. RHE. PBCOsg exhibited much higher
activities than MoB and PBSCF, comparable to Sr,RuOQ,.
Considering that PBCOs g has a small specific surface area (0.47
m? g-1) as well as other oxide catalysts (~0.5 m? g1, its high
HER mass activity is not attributed to the surface area. The HER
activity of PBCOs g is lower than that of nanorod perovskite HER
catalyst SrCog7Feq2Nbg 103 (710 = 0.23 V) with large surface
area (45 m2 g1) at the present stage.2® However, the HER activity
of PBCOsg could be further increased by processing. The
durability of PBCOsg was examined by chronopotentiometry
measurement at a constant current density of —10 mA cm—2g;s«
(Figure S3a, ESI). Cyclic voltammograms for PBCOsg in
continuous 100 cycles (Figure S3b, ESI) were collected to
evaluate the stability. 5qneet decreased significantly within the
third cycle, and retained almost the steady state up to the 100th
cycle. PBCOsg exhibited a stable performance, excluding the
possibility that the current is attributed to the sample reduction.

To unveil the origin of HER activity for PBCOg_;, we
examined HER activities for the simple perovskite oxide series
without oxygen deficiency. Stoichiometric simple perovskite
oxides (ACo003) consisting of aliovalent Co ions of Co%* (A =
La), Co35* (A = LagsCags), and Co** (A = Ca) were obtained by
using high-pressure conditions.3* Figure 6b shows linear sweep
voltammograms for LaCo0Os3, LagsCagsC003, and CaCoO3 (also
see Table 1). The #4nset mMonotonically shifted from 0.51 V (Co3*)
to 0.28 V (Co*") with increasing Co valence, leading to the
highest HER activity for Co*". The monotonic increase
(decrease) in specific activity (overpotential) with Co valence for
AC0O; reveals that valence states predominantly affect the HER
activity as well as OER activity, in which higher-valent
Fe#*/Co*+-oxides exhibited higher OER/HER activities than
lower-valent Fe3*/Co%*-oxides.!® Note that this is the first
observation that the HER activity simply increases with valence,
proposing the transition metal valence as a useful descriptor for
HER catalysis. Although it is apparently wondering that both
oxidation (oxygen evolution) and reduction (hydrogen
evolution) reactions are mutually enhanced for high valence
oxides, the origin is basically interpreted by metal-oxygen
covalency.”  Sequential processes of Volmer and
Heyrovsky/Tafel steps are proposed for HER on transition metal
oxides.? In these steps, charge transfer between metal ions and
the oxygen atom of adsorbate is expected to be enhanced by
strong metal-oxygen covalency for HER as well as OER.” The
detailed analysis of charge-transfer resistance supports this
picture, as discussed later.

Figure 6¢c compares overall HER activities between AC0O;
and PBCOgs. The overpotential in ACoO3; monotonically
decreases with Co valence from +3 to +4. In contrast, PBCOg_s
forms a volcano-like plot with the top at 6 = 0.2. A comparison
between isoelectronic Co35* oxides without oxygen deficiency,
PBCOg¢ (7onset = 0.27 V) and LagsCagsC003 (7onset = 0.43 V),
evidences that the double-perovskite structure with the layered
ordering of A-site ions is intrinsically superior to simple
perovskite with randomly mixed A-site ions. This is probably
because the periodic charge distribution derived from the atomic

4| J. Name., 2012, 00, 1-3

Materials Chemistry Frontiers

ordering of Pr3* and Ba?* ions serves to activate the surface states
more effectively than the random distribution of La%* and Ca?*
ions, although the detailed mechanism is not clear at the present
stage. Further interestingly, the baseline for PBCOg_s was closely
overlapped by that for ACoO3; with —0.17 V offset (Figure 6c),
demonstrating that the valence effect on overpotential is also
predominant for the double perovskite oxides. In addition to the
Co valence dependence, the volcano-type plot was derived from
the activation by oxygen deficiency for the double perovskite.
Figure 6d compares specific activities between ACo0O; and
PBCOg_;s. Valence dependence was also predominant for ACoO3
and the baseline of PBCOg_s, being overlapped by the twelvefold
activity of ACoO; as well as overpotentials.

Figure 8 shows Tafel plots for PBCOg_s, obtaining Tafel
slopes by linear fitting with Tafel equation.*® A drastic change in
Tafel slope from ~120 mV decade! (6 = 0) to 60-80 mV decade~
1(6 =0.1-0.85) implies that oxygen deficiency sites facilitate the
Volmer step with H,O adsorption. This result is well consistent
with the value of ~120 mV decade! for § = 0 without oxygen
deficiency, indicating that the rate-determining step is VVolmer
step.*?

The charge-transfer resistance analysis supports the
covalency-activated HER. Figure 9a displays Nyquist plots for
ACo00; obtained from the EIS measurements at —0.3 V vs. RHE.
All spectra consist of two (distorted) semicircles. Smaller
semicircles with R ~ 25 Q, which were commonly observed in
high-frequency  ranges, correspond to uncompensated
resistances.? Larger semicircles in low-frequency ranges were
assigned to charge-transfer resistances, which was reported to be
the order of several ten Q for highly active metal-oxide HER
catalysts.?223 The charge-transfer resistance estimated by fitting
with the equivalent circuit (Figure S4, ESI) monotonically
decreased in the order of Co valence from ~3000 Q (LaCo03%'O3)
to ~600 Q (LagsCagsCo%5*03) to ~60 Q (CaCo*03), also
following the order of HER overpotential and specific activity.
This tendency evidences that the high HER activity of Co** ion
is attributed to fast charge-transfer kinetics. In contrast, much
larger  charge-transfer  resistances for LaCoOz; and
LagsCapsCo0; were derived from slow charge-transfer related
to the rate-determining step. PBCOg_s also demonstrated a strong
dependence of charge-transfer resistance on Co valence (Figure
9b). PBCOs 35 exhibited the most massive semicircle of ~300 Q,
whereas smaller circles of ~60 Q were observed for PBCOs g and
PBCO:s s, eventually the smallest for PBCOg. This indicates that
the charge-transfer kinetics is not dependent on the oxygen
deficiency but is predominated by the Co valence. The above
comparison reasonably separates the roles of Co valence and
oxygen deficiency.

The HER activities of Co3%5*-containing oxides,
LapsCapsC003 and PBCOg, are compared in Figure 10a. The
HER activity for PBCOg is higher than that for LagsCapsC00s,
although both consist of the isovalent Co ions and contain no
oxygen deficiency. Almost the same Tafel slopes of ~120 mV
decade? indicates that the VVolmer step is the rate-determining
step for both (Figure 10b). The origin of the difference in HER
activity is attributed to the charge-transfer resistance. Figure 10c
illustrates the Nyquist plots, in which PBCOg exhibits much
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smaller charge-transfer resistance compared with
LapsCapsCo00;. This observation reveals that a fast charge-
transfer process is achieved in PBCOg. Hence, the layered atomic
ordering of A-site ions improves the kinetics of the charge-
transfer process in HER probably because the periodic ordering
of charge distribution is related to the fast charge transfer
between active site and adsorbate.

The above results propose the following factors to activate
HER. Firstly, a high valence state for transition metal increases
charge-transfer kinetics because of metal-oxygen covalency, as
well as OER. This factor is beneficial to Volmer and Heyrovsky
steps, which involve charge-transfer in alkaline HER. Secondly,
oxygen deficiency behaves as a water-adsorption/dissociation
site, which is supported by smaller Tafel slopes for oxygen-
deficient compounds. This is consistent with previous reports
that the presence of oxygen deficiency on the surface of
transition metal oxides significantly enhances the water
dissociation.250 It was also demonstrated that oxygen deficiency
does not affect the charge-transfer kinetics. This factor promotes
Volmer step associated with the water-adsorption/dissociation.
Thirdly, A-site cation ordering improves the HER catalysis
probably because of regular charge distribution. This factor may
improve Volmer and Heyrovsky steps as well as high valence
state. Finally, regardless of ordering/disordering of oxygen
deficiency,?> complementary contributions of Co valence and
oxygen deficiency adjust the highest HER activity at moderate
oxygen deficiency content (6 = 0.2), which is comparable to the
state-of-the-art HER catalysts. We examined the present results
on HER overpotential versus A-site ionic negativity diagram
recently proposed by Guan et al. (Figure 11).26 In this diagram,
we adopted the actual average values of A-site
electronegativities: yave = Zfixi, Where f; and y; represent atomic
fraction and electronegativity for i-th component at A-site, rather
than the sum of electronegativities in the literature.?6 We observe
two features in this diagram. Firstly, the overpotential linearly
decreases with y,. for simple perovskite Co oxides at first
glance. However, this behavior is derived from the valence
change in Co ions, not predominantly attributed to the A-site
ionic electronegativity. Secondly, the overpotential for PBCOg_;
is distributed vertically in a range between 146 and 300 mV,
which is much broader than those in the literature.?6 These
features indicate that the application of A-site ionic
electronegativity is limited to the selected compounds, and other
factors, i.e., valence and oxygen deficiency, predominate HER.

4, Conclusions

In conclusion, we investigate the multiple factors to increase
HER activity for perovskite-related Co oxides. Higher valence
state contributes to fast charge-transfer via strong covalency
between the transition metal and adsorption intermediates.
Oxygen deficiency serves as the water-adsorption/dissociation
site, which is revealed by the Tafel slope analysis. Furthermore,
the A-site cation ordering solely increases HER activity by
improving charge-transfer kinetics. The above factors can be
arbitrarily combined, and an additional increase in HER activity
is expected by optimizing these factors. We are now

This journal is © The Royal Society of Chemistry 20xx

investigating further improvement in HER for other A/B-site
ordered perovskite oxides.
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Table 1. Specific surface areas (A;), HER onset overpotentials (nonse) determined at onset
current density of —2 mA cm2,,4., Overpotentials determined at —1 mA cm=2q,4e (1),
specific activities (SA) at —0.3 V vs. RHE, Tafel slopes for PBCO;_s and references, and

average A-site ionic electronegativity. The electronegativity values were calculated
according to the reference.>*

Compound A, Nonset n SA Tafel slope Average
(m2g?) (V) (V) (mA cm=24e) (mV decade™) A-site ionic
electronegativity

PBCOs ;5 1.01 0.34 0.30 1.02 87 1.17
PBCOs 5 1.17 0.33 0.30 1.17 70 1.17
PBCOs 5 1.71 0.35 0.29 1.13 79 1.17
PBCOs ¢ 0.47 0.19 0.15 33.8 61 1.17
PBCOs 4 1.54 0.26 0.24 5.20 64 1.17
PBCO¢ 1.27 0.27 0.23 3.31 120 1.17
LaCoOs 0.76 0.51 0.47 0.0900 116 1.23
Lag sCapsCo0; 2.4 0.43 0.38 0.241 119 1.16
CaCoO; 1.3 0.28 0.26 3.49 75 1.09

Journal Name

Table 2. Specific surface areas (A,), overpotentials determined at =10 mA cm 2y (10),
and specific and mass activities (SA and MA) at —0.3 V vs. RHE for PrBaCo,0s5, MoB,
Pro.sBag.25Sr0.25C00.8F€0.203-5 (PBSCF) and Sr,RuQ,, and Pt/C.

Catalyst A, N1o SA MA Tafel slope
(m2g) (V) (MA cm~araiyst) (Ag?) (mV decade™)
PBCOs 5 0.47 0.24 33.8 157 61
MoB 0.11 0.36 13.1 14.4 95
PBSCF 0.49 0.35 3.29 16.2 64
Sr,RuO, 0.56 0.17 20.8 116 110
Pt/C NA 0.06 NA 597 56
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(c) PBCOs obtained from DFT calculation.
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