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ABSTRACT

A unique bifunctional oxide electrocatalyst capable of catalyzing both half reactions of water
splitting, namely oxygen-evolution reaction (OER) and hydrogen-evolution reaction (HER),
with added capability of catalyzing HER in both acidic and basic media, a rare property in
water-splitting catalysts, is reported. In addition to bifunctional electrocatalytic properties,
CaSrFeMnOgs.5 shows OER activity which is even superior to the reported activities of precious
metal electrocatalysts, IrO2 and RuO». The correlation of electrocatalysis with charge-transport
properties in the series, Ca2FeMnQs.5, CaSrFeMnQOe.; and Sr2FeMnQOe.s, is demonstrated. Given
the dependence of charge-transport on structure and defects, this work unravels the interesting
correlations between the triangle of structure, charge-transport and electrocatalytic activity for

water splitting.
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INTRODUCTION

To achieve efficient water-splitting reaction, it is essential to lower the activation energies of
the two half-reactions involved in this process, namely hydrogen-evolution and oxygen-
evolution. The oxygen-evolution reaction (OER) in particular has a high activation energy,
which leads to considerable overpotential in electrochemical water splitting.

To facilitate the OER process, precious metal catalysts, such as IrO,,' RuO,,> and Ir
alloys® have been utilized. However, given the high cost of these catalysts, there have been
efforts to find more economical alternatives. Among different classes of materials that have
been investigated for this purpose, transition metal oxides have shown great promise. In
particular, studies on oxygen-deficient perovskites have demonstrated notable electrocatalytic
properties.*®  Some  oxygen-deficient perovskites, such as the well-known
Bayg 5Sr0.5Co0.sFe0203-5 (BSCF),” have shown OER activity close to that of precious metal
catalysts,’ and are considered promising candidates to replace the current high-cost catalysts.

For hydrogen evolution reaction (HER), the high cost of platinum used in Pt/C

t819 and some of the Ir-based alternatives'! has led to the investigation of various other

catalys
catalysts such as sulphides,'> phosphides,* carbides,” and nitrides.” However oxides,
particularly perovskite oxides, with good HER activity in either acidic'* or basic'® condition
are not very common. Recently, a perovskite oxide was studied as HER catalyst in alkaline
environment.® Importantly, perovskite oxides based on non-precious metals that show high
HER activity in acidic environment are extremely rare.

Given our prior experience with electrocatalytic properties of oxygen-deficient
perovskites,® we set out to explore the possibility of finding electrocatalysts based on this family
of materials that are capable of catalyzing both half reactions of water splitting. Given the
diverse range of structures that are found in this class of oxides,'®!” it is expected that structural

properties can play an important role in directing their catalytic activity. The structure of these

materials is a function of the degree of oxygen-deficiency and the arrangement of vacant sites



within the crystal lattice. The vacancies can be distributed randomly in the structure, or show
different types of ordering. There is a variety of vacancy-ordered structures including those
containing different combinations of square-pyramidal, tetrahedral or octahedral geometries.'®-
17

The electrocatalytic materials studied in this work, Ca;FeMnQe.5, CaSrFeMnQe.5 and
Sr:FeMnOe.s, belong to the oxygen-deficient perovskite family, and their magnetic properties
have been studied previously.!®! This series show an interesting trend in the distribution of
oxygen-vacancies and structural order. In this article, we demonstrate that these materials are
outstanding electrocatalysts for water-splitting and show unique bifunctional properties. We
also show the correlations between crystal structure and electrocatalytic activity for both
hydrogen- and oxygen-evolution reaction. Furthermore, we demonstrate the relationship
between structural properties and electrical charge-transport, which in turn affects the
electrocatalytic properties of these materials. The significance of these catalysts is not due to a
single characteristic, but is a result of a combination of properties. While each individual feature
may be found in some other materials, the combination of all these properties in the same
compound makes the reported catalysts particularly remarkable. Those properties include high
electrocatalytic activity for both half-reactions of water splitting, OER and HER, the use earth
abundant elements instead of precious metals, the ability to catalyze HER in both acidic and
basic media, superior OER activity to the reported precious-metal oxide catalysts, and intrinsic
bifunctional electrocatalytic activity as single-phase bulk material, without the need for

nanofabrication or composite formation.

EXPERIMENTAL
The materials Ca;FeMnQOe.5, CaSrFeMnOe.s and SroFeMnOg.s were synthesized by solid state
synthesis method under identical conditions. Stoichiometric amounts of the precursor powders,

CaCOs (Alfa Aesar, 99.95%), FeoOs (Alfa Aesar, 99.998%), Mn2Os (Alfa Aesar, 99.998%) and
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SrCOs3 (Sigma Aldrich, 99.99%) were mixed together using an agate mortar and pestle and
pressed into pellets which were calcined in air at 1000 °C for 24 h. The samples were then
ground and sintered at 1200 °C for 24 h in the same condition, followed by slow cooling. The
heating and cooling rates were 100 °C/h in each heating cycle. A previous report'® on
CaFeMnOeg.5 indicates the presence of a small amount of impurities only in this material, which
was also observed in the current work. The structure of polycrystalline samples was examined
by powder X-ray diffraction (XRD) at room temperature using Cu Kal radiation (A = 1.54056
A). Rietveld refinements were performed using GSAS software?® and EXPEGUI interface.?!
The sample morphologies were studied using high resolution field-emission scanning electron
microscopy (SEM).

Oxygen content of each material was determined by iodometric titration as described
elsewhere.?? About 50 mg of the sample and excess KI (~2 g) were dissolved in 100 mL of 1M
HCI. A total of 5 mL of the solution was then pipetted out in a conical flask and 20mL of
degassed pure water was added. The whole solution was then titrated against 0.025 M NaxS>03.
Near the end point of the titration, 0.2 mL of a starch solution was added to act as an indicator.
All steps were performed under argon atmosphere.

The electrical properties were investigated by 4-point probe measurements on as-
prepared pellets. Electrical conductivity was measured at different temperatures from 25 to 800
°C during both heating and cooling cycles. The rate of heating and cooling for conductivity
measurements was 3 °C/min.

Electrocatalytic activity measurements were carried out using the typical procedures
commonly used in HER/OER catalysis. " " 2>?° These measurements were done on an
electrochemical workstation in a three-electrode glass cell system. A glassy carbon electrode
coated with the catalyst, a commercial platinum electrode and a silver/silver chloride electrode
were used as working, counter and reference electrodes, respectively. Control experiments were

also done with carbon counter electrode to eliminate the possibility of dissolution of platinum



counter electrode and its contribution to HER.? The results from both platinum and carbon
counter electrodes were similar (Figure S1). For working electrode preparation, 35 mg of the
sample was used, to which 20 pL of nafion was added. 7 mg of carbon powder was also added
and stirred for five minutes. 7 mL of THF was then added and stirred for 5 more minutes and
then sonicated for 5 minutes. The catalyst ink (4 coats of 10 puL each) was loaded on a glassy
carbon electrode with a diameter of 5 mm (area = 0.196 cm?) with a mass loading of 1.02
mg/cm?. Before starting each measurement, the electrolyte was bubbled with argon gas for at
least 30 minutes. For HER, the voltage window was 0.0 to —0.55 V ( vs RHE) with scan rate of
10mV s!, using Ag/AgCl (saturated KCl) reference electrode, as commonly utilized in HER.**
25 For OER, the voltage range of 0.0 - 0.8 V vs Ag/AgCl electrode (in 3 M NaCl) with scan rate
of 10 mV s~! was used as commonly utilized in OER experiments.!: 2> Experiments with lower
mass loading of catalyst were also done, as shown in Figure S2. Control experiments were also
performed where only carbon ink was loaded onto the electrode (using the same method as
before, but without adding the catalytic sample). Running the experiments under either OER or
HER conditions using only carbon ink led to negligible activity, as shown in Figure S3. Data
were also obtained for OER and HER reference catalysts, RuO> and Pt/C (20 wt. % Pt),
respectively. Some researchers prefer 46% Pt on carbon.?” However, many HER studies utilize
20% Pt on carbon.!!> 393* All potential values were iR-corrected. Chronopotentiometry was
employed to study the stability in various electrolytes using a two-electrode method described
in the literature,’® The electrodes were prepared by dropcasting catalyst ink on 1 ¢cm? nickel
foam. 100 pL of the ink was pipetted and dropcasted on nickel foam in 20 pL increments with
a total mass loading of ~ 1 mg/cm?, followed by air drying overnight. Two such electrodes were
prepared. Then gold leads attached to gold wires were attached to the electrodes, which were
dipped into 0.1 M or 1 M KOH for stability studies. A glass fiber filter paper was used in
between the electrodes to prevent short circuiting and crossover.?’ For stability tests in acidic

condition glassy carbon electrode was used, given that nickel foam reacts with acid. All



potential values was converted to be expressed against the reversible hydrogen electrode (RHE)
according to Nernst equation, where E°sg/aec1 = 0.21 V for 3M KCI® and 0.197 V for saturated
KCI*#:

Erue = Eag/agcr+ 0.059 pH + E°agagci (1)

For OER, gas chromatography experiments were also done to confirm the formation
of oxygen (Figure S4). Before starting the electrolysis, the electrolyte was purged with nitrogen
for 60 minutes. The electrolyte was then stirred during electrolysis. Prior to applying any
potential, chromatograms were obtained to show that the cell has been purged and contained
no ambient oxygen. A constant potential of 0.62 V vs Ag/AgCl was then applied and data were
collected at 30, 45, and 60 minutes of the OER. Oxygen gas was detected by online automatic
injection (1 mL sample) using a thermal conductivity detector. The carrier gas for the column

was nitrogen. The gas was injected every 15 minutes.

RESULTS AND DISCUSSION
Crystal Structure
In oxygen-deficient perovskites, ABOs s or A2B20¢5, the cations on the B-site often have

octahedral, square-pyramidal or tetrahedral coordination geometry,!6!”

while the larger A-
cations reside in spaces between the above polyhedra. In this class of materials, the vacancies,
created due to oxygen-deficiency, can have either random or ordered distribution. The variation
in the arrangement of oxygen-vacancies is a primarily factor that leads to different structures
and various coordination geometries for B-site cations. The oxygen-deficient perovskites
studied in this work, Sro2FeMnOg.5, CaSrFeMnQOs.5 and CaxFeMnOg.5, show variation in crystal

structure (Figure 1) due to the change in the ionic radius of the A-site cation, leading to different

arrangements of oxygen-vacancies. It is noted that all three materials are synthesized under



identical conditions. Therefore, the structural changes between them are a function of the A-
site cation.

Our Rietveld refinements (Figure 1) confirm the previously reported crystal
structures.'®! In Ca;FeMnOs.s, the oxygen-vacancies are distributed in an ordered arrangement
and only appear in alternating layers, leading to an orthorhombic Pnma structure. The structure
consists primarily of alternating FeO4 tetrahedra and MnOs octahedra (Figure 1).!® The FeOs
tetrahedra form chains that are sandwiched between MnOs octahedral layers. The degree of
oxygen-deficiency is determined by iodometric titration, which indicates 6 = 1 for this
compound.

Conversely, in CaSrFeMnOs.s and Sr2FeMnOs.s, the oxygen-vacancies are
disordered,'®1? and the average structure resembles that of a regular perovskite (Figure 1), but
with partial occupancy on oxygen sites. The space group is cubic Pm-3m and there is no
ordering in the structure, as confirmed by Rietveld refinements (Figure 1). Ca and Sr are on the
same crystallographic site (0,0,0), and Fe and Mn also share the same position (%2,%2,%2). The
degree of oxygen-deficiency is different in these two compounds, 6 = 0.57 for CaSrFeMnOe.5
and 6 = 0.22 for Sr2FeMnOe.5, as determined by iodometric titrations. Furthermore, the Fe(Mn)—
O bond distances are shorter in CaSrFeMnQg.s, 1.9062(1) A, compared with those of
SrsFeMnOQg.5, 1.92526(7) A.

These results are consistent with previous neutron scattering studies, which have
shown the perovskite-type average structure for CaSrFeMnQOg.s and Sr2FeMnOe.s,'® but with
partial occupancy on oxygen sites, indicating long-range disordered arrangement of vacancies.
However, neutron pair distribution function analyses*>=® have shown that at the local level there
are domains where the vacancies are ordered in these long-range disordered systems. For
CaFeMnOg.s, neutron scattering studies'® 37 have indicated long-range vacancy order, evident
from conversion of the octahedral geometry into tetrahedral in alternating layers (i.e., the

vacancies only appear in alternating layers).
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Figure 1. Rietveld refinement profiles for powder X-ray diffraction data of (a) CaxFeMnOe.s,
Pnma, a = 5.3350(8) A, b = 14.957(4) A, ¢ = 5.460(2) A (b) CaSrFeMnOs.s, Pm-3m, a =
3.8124(2) A and (c) Sr2FeMnOg¢.s5, Pm-3m, a = 3.8505(4) A. In the insets, (Fe/Mn)Og octahedra
are shown in blue, FeOy4 tetrahedra are in green, and Ca/Sr atoms are represented by gray
spheres.

The microstructure of the three materials is also different, as demonstrated by
scanning electron microscopy micrographs of the sintered pellets (Figure 2). Ca;FeMnOe-5
shows the largest grains among the three compounds. In addition, significant degree of porosity
is observed in this material. The grain size for CaSrFeMnOe.s and Sr2FeMnOe.s 1s similar, but
the latter shows somewhat higher degree of porosity.

A measure of the relative porosity can also be found using saturation method,*® In
this method, a solid sintered pellet was weighed before (Wary) and after being submerged (Wsat)
in boiling water for 2 hours in order to determine the amount of fluid that filled the pores of

each sample. The percent mass of fluid in pores provides a measure of the porosities of different

samples relative to each other:

. Wsat -War
% mass of water in pores = o 2% 100 (2)
dry

The percent mass of fluid in pores is 8.7%, 6.3%, and 7.8% for CaxFeMnOe.s,
CaSrFeMnOe.s, and SroFeMnOe.s, respectively. This trend in porosity is the same as that
observed from SEM. We assign the change in porosity to the variation in sinterability, where

an intermediate degree of Ca incorporation leads to optimum sinterability. The change in



sinterability as a function of change in the A-site cation in perovskite-based oxides has been
observed previously.>’

The structural dissimilarities between the three materials, in particular the changes in
distribution of oxygen-vacancies and the ensuing structural order/disorder, give rise to
significant differences in electrical charge-transport, as well as electrocatalytic properties. As
will be discussed in detail in next sections, the vacancy-ordered compound, Ca;FeMnOQOe.s, has
the least electrocatalytic activity, whereas the disordered compounds, SroFeMnQOs.s and
CaSrFeMnOe.s, are significantly more active, with latter material showing the most activity. It
is also noted that among the two disordered structures that have good electrocatalytic activity,
the degree of oxygen deficiency, 6, for the most active material, CaSrFeMnQOe.5 (6 = 0.57), is
greater than that of Sr,FeMnQOe-5 (6 = 0.22). This effect, i.e., the impact of oxygen vacancies on
electrocatalytic activity, has been demonstrated for other oxides before.* ¢ 40
The cooperative effect due to the presence of both Ca and Sr in CaSrFeMnOe.s should also be
noted. The synergetic effect between Ca/Sr on the A-site and Fe/Mn on the B-site can lead to
the enhanced electrocatalytic activity, similar to the cooperative coupling effect observed
previously in some perovskites.*! Furthermore, the compositional and structural changes lead
to significant variation in electrical conductivity, which in turn affect the electrocatalytic
activity. In fact, the trend in electrical conductivity matches nicely with the trend in

electrocatalytic activity, as will be discussed later in connection with structural properties.
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Figure 2. Scanning electron microscopy images of (a) Ca;FeMnOe.5 (b) CaSrFeMnOg.; and
(c) Sr2FeMnOge.s. Note that Ca;FeMnOe.s has the largest grains and highest porosity. The grain size
for CaSrFeMnOQg.s and SroFeMnOQOg.s is similar, but the latter has somewhat higher porosity.
Hydrogen-Evolution Activity

Researchers have studied HER in either acidic or basic media depending on the catalyst. As
described before, most of the catalysts utilized for HER are non-oxide materials. In acidic

12,42 carbides’, nitrides’, and metals*® have been used.

condition, materials such as sulphides
Similarly, in basic medium, catalysts such as sulphides**, phosphides'®, carbides’® and nitrides’
have been utilized. Very few oxides have shown HER activity in either acidic'* or alkaline'
environment. Recently, a perovskite oxide has been studied for HER in 1 M KOH.* The
electrocatalytic activity of perovskite oxides for HER in acidic environment is even less
common. One study that briefly studied a perovskite oxide, reproted very low HER acitivty in
acidic medium.* In general, it is uncommon to find bulk oxide materials that exhibit HER
activity both in acidic and basic media. In fact, no perovskite oxide with such property has been
reported to date. However, the materials studied in this work show HER activity in both
conditions, as described below.

Given that HER experiments are frequently done in 0.5 M H2SO4 or 1 M KOH,* 1> 24
46-47 the same conditions were used in the study of the HER activities of CaxFeMnOQg.s,

CaSrFeMnOe.5, and Sr2FeMnOe.s. Figure 3 shows the polarization curves of the three materials,

as well as that of the reference Pt/C catalyst (20 wt. % Pt). The onset potential, where the HER
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process commences, and the overpotential at 10 mA/cm? are frequently used as indications of
catalysts performance.*®*’ The reference Pt/C catalyst shows onset potential of almost zero, as
expected.®!® The HER activities of our materials show the following order: Ca;FeMnQOg.5 <
SroFeMnOg.s < CaSrFeMnQOs.s. Among the three compounds, CaSrFeMnOs shows the best
(lowest) onset potential and overpotential in both acidic and basic conditions. It also shows the
best mass activity, 43.5 A/g in acidic condition and 13.5 A/g in basic condition at —0.3 V.
Whereas, the mass activities for the other two compounds are in the range of 3.0 A/gto 5.5 A/g
at—0.3 V.

The onset potential values for CaSrFeMnQOe.s are —0.10 V vs RHE in acidic condition,
and —0.14 V vs RHE in basic condition. Its overpotential values at 10 mA/cm? are —0.31 V and
—0.39 V vs RHE in acidic and basic conditions, respectively. While there are some oxides, such
as ProsBSCF® and PrBaCo,0s+5°°, that show better HER performance in basic condition, the
remarkable feature of CaSrFeMnOQs.; is its ability to catalyze HER in both acidic and alkaline
conditions. Furthermore, its HER activity in acidic condition, is superior to those of gold’!,
boron nitride/GC>!, WO3°2, and the widely studied MoS,> in acidic condition. It is also superior
to the activity of MoS; in alkaline medium.>*

The better performance in acidic condition can be attributed to relatively higher
energy requirement for the proton generation in alkaline solution.>> Enhanced HER activity in
acidic condition compared with basic environment has been observed for another catalyst
before.?* Nevertheless, it is important to note that oxide HER catalysts capable of functioning

in both acidic and basic conditions are uncommon.
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Figure 3. (a) and (b) show HER polarization curves in acidic and basic conditions, respectively.
Pt/C data are shown in green, Ca,FeMnOe.5 in black, CaSrFeMnOe.s in red, and SroFeMnOe.s
in blue. Inset presents chronopotentiometry data, showing the stability of the best catalyst,
CaSrFeMnOe.s, as a function of time. (c) and (d) show Tafel slopes for HER in acidic and basic

media, respectively. CaSrFeMnOs.s is the best catalyst in the series, with lowest Tafel slope and
overpotential.

The kinetics of the HER reaction was also investigated. Tafel slope is generally
utilized to study the HER kinetics, which is evaluated using Tafel equation:'>
n=a+blogj 3)
where 7 is overpotential, and j is current density. The slope of the plot of # versus log j is
indicative of the reaction rate (Figures 3¢ and 3d). The smaller the slope, the faster the reaction.

The Tafel slope of the reference Pt/C catalyst is also shown, matching those reported before in

acidic and basic conditions.’
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The reaction kinetics follow the same trend as catalytic performance, with
CaSrFeMnOes.5 exhibiting the best kinetics and smallest Tafel slope, 157 mV/dec in acidic
condition, and 163 mV/dec in basic condition. The relatively large Tafel slopes can be
indicative of the mixed HER mechanism. It is known that the HER mechanism involves an
initial binding between the catalyst and hydrogen atom (either from H>O or H3O") depending
on the condition, i.e., basic or acidic. This is the Volmer reaction, which is then followed by
either Heyrovsky or Tafel reaction. Either of these reactions can be the rate-determining step,
resulting in a different Tafel slope, which is expected to have respective values of 120 mV/dec,
40 mV/dec and 30 mV/dec if the rate-determining reaction is Volmer, Heyrovsky or Tafel.>®
However, the Tafel slope can have a different value if more than one of the three steps are the
rate-determining reactions. For example, the Mo>C film shows Tafel slope of 166 mV/dec,
which is qualitatively attributed to having two or three rate-determining steps.’® Similarly large
Tafel slopes have also been reported for MoSa/graphene,®’ surface-functionalized MoS>
nanosheets,”® P-doped NiM0O4,% and Co/NBC,* indicating the mixed mechanism.

The electrochemically active surface area (ECSA) is often evaluated through
determination of double layer capacitance, Cq, in the non-faradaic region (Figures S5 and S6).!
Given the direct proportionality between the two,%? the Cqi value is often taken as a measure of
ECSA.%? The magnitude of Ca is obtained from the slope of Aj, which is the average of janodic
and jeathodic absolute values at middle potential of the CV, versus scan rate, v, according to the
equation:

Ca = Ajlv (4)
As shown in Figure S6, the most active catalyst, CaSrFeMnOs.s, also has the largest Cai

in both acidic and basic media.
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Oxygen-Evolution Activity

Remarkably, in addition to HER activity, all of our three materials show catalytic activity for
OER (Figure 4). Given that most reports on OER electrocatalysis are in 0.1 M KOH, the same
conditions were used for our materials to allow direct comparison to other reported catalysts.
However, experiments in the same conditions as those of HER, namely 1 M KOH and 0.5 M
H>SO4 were also performed. The OER tests in acidic condition (0.5 M H2SO4) led to very high
overpotentials, while OER experiments in 1 M KOH resulted in reasonable activity, but still
less than the activity in 0.1 M KOH. The results for 0.1 M KOH are described here to allow
comparison to previously reported catalysts. The most structurally ordered compound,
CaFeMnOes.5, shows the lowest OER activity, while the best performance is observed for
CaSrFeMnOe.s. This is the same trend observed in the HER activity of these materials. In OER
experiments the onset potential in cyclic voltammetry, where the reaction commences, as well
as the overpotential, 7, beyond the ideal 1.23 V, are important parameters that are commonly
used to evaluate the activity of catalysts. The overpotential is usually evaluated at 10 mA/cm?,
which has been adopted as a convention for comparing different catalysts.®> The three
compounds show onset potentials of ~1.45 V to 1.50 V in 0.1 M KOH. The overpotential at 10

mA/cm? varies significantly, from 7= 0.56 V for Ca;FeMnOe.s, to 7= 0.37 V for CaSrFeMnOe.

s, and 7= 0.42 V for SroFeMnOe.s (Figure 4).
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Figure 4. (a) OER polarization curves in 0.1 M KOH. Inset presents chronopotentiometry data,
showing the stability of the best catalyst, CaSrFeMnOe.s5, as a function of time. (b) Mass
activities at 1.7 V in 0.1 M KOH. (c¢) Tafel slopes indicating the OER kinetics. Data for
CaFeMnOe.s are shown in black, CaSrFeMnOQOe.s in red, and Sro2FeMnQOe.s in blue. CaSrFeMnOs.
5 1s the best catalyst in the series, with lowest Tafel slope and overpotential.

The mass activity (A/g) was also calculated using the catalyst loading mass (0.1 mg
cm?) and the measured current density J (mA cm). Figure 4b compares the OER mass
activities of these materials at 1.70 V vs RHE. CaSrFeMnOs.5 shows significantly greater mass
activity (~50 A/g) than Sro2FeMnQOe.5 (~40 A/g) and CaxFeMnOe.s (~28 A/g). The mass activity
of CaSrFeMnQOs.5 and SroFeMnQOe.s are higher than that of a previously reported Mn-based
oxygen-deficient perovskite, CaxMn>0s, 30.1 A/gat 1.7 V.4

The kinetics of OER was also investigated for all three materials. Similar to HER,

16



Tafel slope is frequently utilized to study the OER kinetics based on equation (3) (Tafel

62.64 where 7 is the overpotential, and j is the current density, as

equation), 7 =a + b log j
previously discussed. The kinetics, represented by the Tafel plot, 7 vs. log j, is affected by
electron and mass transport.®>%® Thus, Tafel plot can provide information about electronic
transport in electrocatalysts.’ Smaller slope of Tafel plot indicates faster reaction and better
kinetics of OER. The Tafel slopes for CaxFeMnOg.5, CaSrFeMnQe-5 and SroFeMnQe.-5 are 111
mV/dec, 75 mV/dec and 90 mV/dec, respectively, as shown in Figure 4c. The smaller Tafel
slop of CaSrFeMnOe.s is indicative of faster OER kinetics and is consistent with its high
electrocatalytic activity.

The comparison of electrocatalytic activity of the materials described in this work
with those reported for precious metal catalysts, IrO, and RuO», indicates the remarkable OER
performance of these new electrocatalysts. The catalyst CaSrFeMnQs.5, described in this work,
shows superior OER activity to IrO2, which has overpotential of 7= 0.45 V.! It is also superior
to RuO (Figure S7), which has a reported overpotential of 77~ 0.42 V.? In addition, it is better
than some of the oxide catalysts reported before, such as SrNbgiCoo7Feo2035' and
Pro.sBao.3Ca02C003.5.%

Furthermore, the kinetics of OER is significantly enhanced by CaSrFeMnOe.5, as
evident from the Tafel slope, 75 mV/dec, compared with that reported for IrO», 83 mV/dec.!
These observations are remarkable, as oxide materials based on earth-abundant metals, which
show such high electrocatalytic activity and enhanced kinetics are uncommon.

To examine the stability of catalysts under OER and HER conditions, X-ray
diffraction experiments were done before and after 100 cycles of electrocatalytic OER. Similar
tests were done before and after 100 cycles of HER. These experiments show that the least
electrocatalytically active material, Ca2FeMnOe.5, also has the least stability, and disintegrates
under OER or HER conditions. The compound with better electrocatalytic performance,

SroFeMnOeg.s, shows better stability than CaFeMnOe.s, but still decomposes under some
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electrocatalytic conditions. However, the best electrocatalyst, CaSrFeMnQOs.5, also shows the
best stability, retaining its structural integrity in all experimental conditions in this work, as
shown in Figure S8. Under these OER and HER conditions, the vacancy-ordered structure of
CaFeMnOeg.s can not be retained, whereas the disordered structure of Sr2FeMnOg.s and
CaSrFeMnQe.5 are more stable. Among SroFeMnQOe.5 and CaSrFeMnOe.s, the latter has better
stability due to the synergetic effect of Ca/Sr. As mentioned before, bond distances in
CaSrFeMnOe.5 are shorter than those in SroFeMnOe.s, indicating the formation of stronger
bonds in CaSrFeMnOg.s, which may contribute to its stability.

Considering that HER and OER are processes that involve the transfer of electrons,
we speculated that the observed trend in electrocatalytic properties of CaxFeMnOe.s,
CaSrFeMnOe.5 and SroFeMnOe.s could be related to the electrical charge-transport properties.
Therefore, we conducted a thorough investigation of the electrical charge-transport, as

described below.

Electrical Conductivity

The semiconducting charge-transport properties in some oxygen-deficient perovskites have
been demonstrated before.®®”® In materials where electronic conductivity is dominant, the
semicircles in AC conductivity data can sometimes disappear, and only a straight line is

observed.’”!7?

In these situations, the intercept of the line on the x-axis gives the total

resistance,’! and is expected to match the resistance from the DC measurements. This property

was observed for the materials studied in this work. The resistance values (R) obtained from

AC and DC measurements were used to calculate the conductivity (o) using the equation:”?
o=L/RA (5)

where L and A represent the voltage-probe spacing in 4-probe set-up and cross-sectional area

of the rectangular sample, respectively. The electrical conductivity of CaSrFeMnOe.s (4.31 X

107! Sem ™! at 25 °C and 122 x 10> Scm ™! at 800 °C) was found to be 1-2 orders of magnitude
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greater than those of Sr2FeMnOe.s (2.07 x 102 Sem ™! at 25 °C and 5.40 Scm ™! at 800 °C) and
CaxFeMnOe.s, (2.59 x 10 Sem ™! at 25 °C and 3.68 Scm ! at 800 °C), as shown in Figure 5. The
applied potential in these measurements was 10 mV. It should be recognized that electrical
conductivity is potential-dependent, and its absolute value can vary depending on the potential.
Nevertheless, the important observation here is the systematic trend in electrical conductivity
of the three materials, Ca;FeMnOQs.5, CaSrFeMnQOgs.5 and Sro2FeMnOe.s.

This remarkable difference can arise from structural differences. In perovskite-based
oxides, transition metals with variable oxidation states, such as Fe and Mn, are responsible for
electronic conductivity. Electron hopping takes place through the M—O-M bond system,’*">
where M represents the transition metal. The electronic conductivity depends on various factors
such as the M—O-M bond angle,’®”” which appears to be a dominant structural parameter.?’ As
the M—O-M bond angle becomes larger and gets closer to 180°, the M 3d and O 2p orbitals
become more axially aligned, leading to better overlap and enhanced conductivity.”® Given the
corner-sharing connectivity of both tetrahedra and octahedra in Ca2FeMnOs.5, the bond angles
in this compound are highly distorted, and can be as small as ~130°, which can impede the
orbital overlap, and electrical conductivity. The bond angles in Sr2FeMnOs.5 and CaSrFeMnOe.
s are much larger, 180°. Therefore, better orbital overlap is expected. However, the (FeMn)—-O
bond distances in CaSrFeMnOs.s, 1.9062(1) A, are shorter than those in SroFeMnOe.s,
1.92526(7) A, which can enhance the overlap of M 3d and O 2p orbitals,’®”’ leading to greater
conductivity. The effect of bond distance has been previously observed for other perovskite
oxides.”®”” Furthermore, the concentration of defects in CaSrFeMnQOg.5, 8 = 0.57, is greater than
that of SroFeMnOe.5, 6 = 0.22. This can be another reason for the higher conductivity of
CaSrFeMnOgs.5. A similar effect, namely variation of the defect-concentration, was recently

reported for another series of perovskite-based oxides.!’
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Figure 5. (a) Temperature-dependent electrical conductivity of CaFeMnOs.s (black),
CaSrFeMnOe.5 (red) and Sr2MnOQOse.-5 (blue). (b) Arrhenius plots and activation energies. In this
series, CaSrFeMnQOs.5 shows the highest conductivity in the entire range of 25 — 800 °C.

The temperature-dependent conductivity of these materials was also studied in a wide

temperature-range, from 25 — 800 °C (Figure 5a). These data can be used to calculate the

activation energy using Arrhenius equation for thermally activated conductivity:’-!
—Eq
oT = o%kt (6)

where ¢° is a preexponential factor and a characteristic of the material. Ea, K, and T are the
activation energy for the electrical conductivity, Boltzmann constant, and absolute temperature,
respectively. The activation energy (Ea) can be calculated from the slope of the line of best fit
in the log o7 vs. 1000/T plot, as shown in Figure 5b. All compounds show an increase in
conductivity as a function of temperature, indicative of their semiconducting nature. As
temperature rises, there is an increase in the mobility of charge-carriers, which leads to the
increase in conductivity. The relation between conductivity and the mobility of charge-carriers
for temperature-activated conductivity in semiconductors can be represented as®? ¢ = ney,
where o, n, e, and u are the conductivity, concentration of charge-carriers, charge of the electron,
and mobility of the charge-carriers, respectively. As shown in Figure S5a, the superior
conductivity of CaSrFeMnOe.;s persists in the entire temperature-range. The trend in electrical

charge transport, shown in Figure 5, is the same as the trend in HER and OER activity. As
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discussed above, charge-transport is in turn controlled by compositional and structural
characteristics of materials. Table S1 shows a comparison of properties of the three compounds.

The effect of electrical conductivity on electrocatalytic activity is demonstrated by
other researchers as well.®*%” For example, the effect of conductive substrates on the OER
activity of an oxyhydroxide has been shown,® where the formation of conductive gold oxide
on the surface of gold substrate is proposed to result in better OER activity compared with
platinum substrate that does not form a conductive oxide.*® However, gold and platinum are not
commonly used as substrates in electrocatalytic OER or HER. Another study on the essential
role of electrical conductivity in electrocatalysis demonstrates that the improvement of charge-
transport upon nanostructuring of an insulating material results in a significant enhancement of
OER activity.?” This is because nanostructuring enables tunneling mechanism, resulting in an

improved charge-transport, leading to enhanced OER.®’

CONCLUSION

The extraordinary combination of properties observed in above materials, namely their ability
to act as bifunctional electrocatalysts for both OER and HER, and the capability to catalyze
HER in both acidic and basic media, is unprecedented. The structure-property relationships
demonstrated by these materials is notable, where the disparity in structural properties leads to
significant variations in electrical charge-transport and electrocatalytic activity. The structural
properties are the underlying basis for the catalytic properties of the best catalyst in the series,
CaSrFeMnOe.s, which not only catalyzes both HER and OER, but also shows superior catalytic

performance to the state-of-the-art precious-metal catalysts.

Supporting Information. X-ray diffraction data before and after electrocatalysis, normalized

electrocatalysis data, double layer capacitance and related CVs, gas chromatography data, OER
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data for RuO;, and control experiment results using only carbon black, different catalyst mass

loadings, or with carbon counter electrode.
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Synopsis:
A highly active water-splitting electrocatalyst based on earth-abundant metals is discovered,

which is an important development in sustainable chemistry.
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