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ABSTRACT: Electrocatalytic splitting of water is a promising
method of hydrogen generation. Here, we report an enhanced elec-
trocatalytic performance for water electrolysis, achieved through a
progressive increase in the ordering of oxygen-vacancies in the
structural network of oxides. In transition from Sr2FeCoOs-5 (dis-
ordered) to CaSrFeCoOQs-s (ordered) and CaxFeCoOe.s (highly or-
dered), the change in the average ionic radius of the A-site metals
leads to an increase in the concentration and ordering of oxygen-
vacancies, resulting in a progressive enhancement of the electrocat-
alytic activity for both cathodic and anodic half-reactions of water-
splitting, i.e., hydrogen-evolution (HER) and oxygen-evolution
(OER) reactions. The OER electrocatalysis is particularly im-
portant, as it is considered the bottleneck for water electrolysis.
These electrocatalysts show better activity than the precious metal
catalyst RuOz. Contrary to most bifunctional catalysts reported to
date, these catalysts can be used in bulk form, without the need for
nanofabrication, composite formation, or any additional pro-
cessing. Density functional theory calculations indicate that the va-
cancy-order leads to a shift of the electronic bands toward the Fermi
level. We propose that the ordering of oxygen-vacancies can be
used as a handle for the design of highly active electrocatalysts.

Keywords: Electrocatalyst, Water-splitting, Perovskite oxide,
Oxygen-vacancies, Ordering

Efficient and sustainable electrocatalysts that can replace the pre-
cious metal catalysts in electrochemical processes are highly de-
sired. Of particular interest are the two half reactions of water elec-
trolysis, namely hydrogen-evolution (HER) and oxygen-evolution
(OER) reactions. The latter is considered as the bottleneck for water
electrolysis and is essential to the operation of metal-air batteries
and regenerative fuel cells. Among various materials that have been
explored as electrocatalysts for these reactions, transition metal ox-
ides with perovskite-type structure have shown great promise.
These materials have the general formula ABOs (Figure 1a), where
A is often a lanthanide or alkaline-earth metal, and B is usually a
transition metal. One well-known example is

Bao.sSr0.5Co0.8Fe0.203-5 (BSCF), which has an electrocatalytic ac-
tivity comparable to some precious metal OER catalysts.! Other ex-
amples  include  SrNbo.1Coo7Fe0203-5,2  SrCoo9Tio103-5,>
Lao.sSr0.5Co0.8Fe0203-5,* and  Lao.7(Bao.sSro.5)0.3C00.8Fe0.203-5.
There have also been studies on the HER activity of perovskite-
type oxides, such as Pros(BaosSros).sCoosFeo2035° and
SrNbo.1Co0.7F€0.203-5.

We have recently studied a wide range of perovskite-based oxides
for both OER and HER,® ? where the focus has been on creating
oxygen-vacancies in perovskite oxides in order to enhance their
electrocatalytic properties. The oxygen-deficient perovskites,
ABOs-5 (or A2B20¢-5), often contain random distribution of oxy-
gen-vacancies, where the overall perovskite framework is main-
tained but some oxygen sites are vacant, as is the case in some of
the catalysts mentioned above.!”’

However, it is also possible to synthesize perovskite-based oxides,
where the oxygen-vacancies have an ordered distribution, leading
to an ordered arrangement of tetrahedral or square-pyramidal units,
as opposed to the typical octahedral coordination observed in a reg-
ular perovskite system.® ® Among such materials, we recently uti-
lized X-ray and neutron diffraction to study the crystal structure of
the series Sr2FeCoO¢.5, CaSrFeCoOs-s and Ca:FeCo0s.s,'° which
show a methodical increase in the ordering of oxygen-vaccines. In
the present work, we demonstrate a remarkable finding, where the
electrocatalytic activity for both HER and OER is systematically
enhanced as a function of vacancy-order. In particular, the ordering
of vacancies leads to a catalyst which is by far superior to precious
metal catalysts, such as RuOz. Furthermore, the remarkably high
intrinsic activity of this catalyst enables it to catalyze the HER and
OER in bulk form, without the need for elaborate nanofabrication
or composite formation.

All three materials are synthesized under the same conditions, as
described in the Supporting Information. Iodometric titrations
show that the degree of oxygen-deficiency is § = 0.5 for
SrFeCoO¢s, 6 = 0.8 for CaSrFeCoOs.s, and 6 = 1.0 for
CaxFeCoOe.s. Rietveld refinements (Figure Sla) using X-ray dif-
fraction data confirm that the structure of Sr2FeCoOe-s resembles
that of a typical perovskite with octahedral coordination around
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Figure 1. (a) Structure of Sr2FeCoOe-s, containing a random distribution of oxygen-vacancies, rep-
resented by white squares. (b) and (c¢) show CaSrFeCoOs-s and CazFeCoOe-s, respectively, where
oxygen-vacancies only appear in every other layer. Dotted panels show the top view of the orientation

of tetrahedral chains that form due to oxygen-vacancies.

490 mV in 1 M KOH, which is
lowered to n10=390 mV for the
vacancy-ordered material
CaSrFeCoOe.s. Further lowering
of the overpotential is observed
for the highly ordered material
CaxFeCoO¢.5, ni0 = 250 mV
(Figure 2a). The latter material
shows better electrocatalytic ac-
tivity than some reported perov-
skite oxides such as
Bao.sSr0.5Co0sFe02035 (0 =
430 mV),1 Lao.osCe0.04Co03-5
(n10=305 mV),'* NdBaMn20s-s
(mo = 290 mV),” and
SrNbo.1Coo.7Fe0.203-5 nanorods
(262 mV).” There is also a me-
thodical enhancement of the
HER kinetics as a function of the
structural order, as evident from
the slopes of Tafel plots, n vs log
4 j (Figure 2b).'% 7 The decrease
A in Tafel slope correlates with the

Q

\, h i increase in structural order, indi-

SRS cating faster charge-transfer and
enhanced kinetics for the or-
dered materials.' 1° Further-
more, the enhanced charge-
transfer is evident from the sys-

tematic decrease in the charge-

transition metals (Figure 1a).!° The vacant oxygen sites are distrib-
uted randomly, as required by the cubic perovskite structure, which
contains one crystallographic position for the A-site, one for the B-
site metal, and one for oxygen.

However, the decrease in the average ionic radius of the A-site, by
incorporation of calcium, leads to an ordered structure in
CaSrFeCoOes-s. The structure and Rietveld refinement profile are
shown in Figures 1b and S1b, respectively.!? In this structure, the
oxygen-vacancies are present in every other layer, lowering the co-
ordination number of the B-site metals from 6 to 4. This leads to
the formation of (Fe/Co)Os4 tetrahedral units in every other layer
(purple polyhedra in Figures 1b). The remaining layers (grey poly-
hedra in Figures 1b) do not have oxygen vacancies and retain the
typical octahedral coordination of a perovskite structure. The con-
nectivity of all polyhedra is through corner-sharing. The tetrahedral
(Fe/Co0)O4 units are connected to form chains that are sandwiched
between the octahedral layers. All tetrahedral chains have the same
orientation, as observed in Figures 1b.

An even higher degree of order can be attained when the average
ionic radius of the A-site is decreased further to form Ca,FeCoOe-
5.10 In this material, the oxygen-vacancies are ordered, and occur
only in every other layer, forming 4-coordinated tetrahedral units
similar to the above structure. However, there is an additional de-
gree of order, where the tetrahedral chains that form due to the ox-
ygen vacancies, have alternating orientations (Figures 1c), forming
an R-L-R-L-... arrangement (R = right handed; L = left handed).

Therefore, there is a methodical increase in the ordering of oxygen-
vacancies from Sr2FeCoOs-s (disordered) to CaSrFeCoOs-s (or-
dered) and Ca2FeCoOQe-s (highly ordered). These changes correlate
directly with electrocatalytic properties. The HER overpotential at
10 mA/cm? (n10)> '-12 for the disordered material Sr2FeCoQs.5 is

transfer resistance in impedance
spectroscopy data in the HER region,'* which matches the trend in
structural order, as shown in Figure 2c. The best catalyst,
CazFeCoOe.s5, maintains its high activity for at least 2000 cycles, as
demonstrated in Figure 2d.

The correlation between the electrocatalytic activity and vacancy-
order is also observed for the OER electrocatalysis, as evident from
the overpotential values (1710) beyond the thermodynamic potential
of 1.23 V at 10 mA/cm?. The disordered material, Sr2FeCoOe.s,
shows an overpotential of nio = 280 mV in 1 M KOH, which is
lowered to nio = 270 mV for the vacancy-ordered material
CaSrFeCoOs-s, and ni0 = 250 mV for the highly ordered
CazFeCoOg-s. This is a remarkably low overpotential for a single-
phase bulk oxide, based on non-noble metals. It is by far superior
to that of the noble metal catalyst RuO2,2%-2? as shown in Figure 3a.
The vast majority of the previously reported oxide electrocatalysts
show an OER overpotential of nio > 300 mV, such as
Lao.6S10.4Co0.8Fe0.1Mno.103 (343 mV),? PrBaCo020s.75 (360 mV),*
PrBao.25S10.75C0205.95 (420 mV),? and Pro.sBao.sC00sW0.203.5 (325
mV).2

In addition, the vacancy-ordered Ca;FeCoOe-s has a unique prop-
erty, which is its ability to act as a highly active electrocatalyst
without the need for nanofabrication, composite formation, or any
additional processing. It does not even need the addition of carbon
black, which is routinely added to catalysts for OER/HER, indicat-
ing its superior intrinsic activity. The few existing oxide catalysts
that show such high level of OER activity, often require elaborate
nanofabrication processes or multicomponent composite for-
mation. For example, an OER overpotential of nio= 297 mV has
been observed for Co304/Co-Fe oxide double-shelled nanoboxes,
obtained using a multi-step process involving metal-organic frame-
works.”” Also an overpotential of n10=240 mV is reported for 3D
hybrid porous CoFe204/C nanorod arrays supported on nickel
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Figure 2. (a) HER polarization curves in 1M KOH. (b) Tafel plots and slopes. (c)
Impedance spectroscopy data indicating the charge transfer resistance in the HER
region. (d) Polarization curve for CaxFeCoOe-s after 2000 cycles.
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Figure 3. (a) OER polarization curves in 1M KOH. (b) Tafel plots and slopes. (c)
Impedance spectroscopy data indicating the charge transfer resistance in the OER
region. (d) Polarization curve for Ca2FeCoOe-s after 2000 cycles.

foam, obtained from a metal-organic frame-
work.?® Another example is the reduced neck-
lace-like multishelled hollow structure of a spi-
nel transition-metal oxide, obtained using sacri-
ficial templates of carbonaceous microspheres,
which leads to an overpotential of 110 = 240
mV.? Catalysts with ultrahigh activity that can
be used in bulk form, without intricate nanofab-
rication or multicomponent composite for-
mation are rare.

The trend in the OER kinetics, evident from the
Tafel slopes (Figure 3b), and the charge-transfer
resistance, from impedance spectroscopy (Fig-
ure 3c), match the trend of the electrocatalytic
activity. Importantly, the best catalyst,
Ca2FeCoOes-5, is highly stable and retains its
high catalytic activity for at least 2000 cycles, as
shown in Figure 3d. In addition, the structural
integrity and transition metal oxidation states
are maintained, as demonstrated by X-ray dif-
fraction and X-ray photoelectron spectroscopy
(XPS) experiments before and after 2000 cycles
(Figures 4).

To explore the effect of structural order in more
depth, we conducted density functional theory
(DFT) calculations on the disordered material
Sr2FeCoOe.s, as well as the highly ordered com-
pound CazFeCoOs.s (Figure 5). These calcula-
tions indicate that the structural order leads to a
methodical shift of centers of the transition-
metal d-bands and oxygen p-band toward the
Fermi level. For the disordered system
Sr2FeCoOe.s, the centers of the bands are at -
4.885 eV (Fe d), -4.446 eV (Co d), and -2.417
eV (O p). On the other hand, DFT calculations
for the ordered material CaxFeCoOs-s show a
shift toward the Fermi level, leading to band
center energies of -4.403 eV (Fe d), -3.713 eV
(Co d), and -2.215 eV (O p). It has been previ-
ously proposed that the shift in the center of the
d-band toward the Fermi level can result in en-
hanced interactions with the OER intermedi-
ates,*% 3! leading to an improvement in the elec-
trocatalytic activity. A further outcome of the
structural order, indicated by DFT calculations,
is a greater proximity of the centers of the tran-
sition-metal d-bands to the oxygen p-band for
CaFeCoOs.s as compared to Sr2FeCoOs.s.
Some researchers have suggested that this prox-
imity leads to enhanced covalency and a greater
degree of p-character of the transition metal d
bands, resulting in better charge-transfer be-
tween the catalyst and the oxygen-containing in-
termediates.>? Therefore, in transition from a
disordered system to an ordered structure, the
combined effect of the shift of the band centers
toward the Fermi level and the enhanced prox-
imity of the centers of the metal 4 and oxygen p
bands can contribute to the remarkable enhance-
ment of the electrocatalytic activity.

To further demonstrate the impact of structural
order, we conducted additional DFT calcula-
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