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Abstract

The diverse range of possible arrangements of oxygen-vacancies in oxygen-deficient perovskites
results in a variety of structure types and fascinating electrochemical properties. Here, we report
CazGaMn,0s and SrCa,GaMn,Os, where the ordering of oxygen-vacancies leads to cation and
polyhedral order, resulting in a remarkable array of electrochemical properties coexisting in the
same compound. Neutron and X-ray diffraction have been utilized to study the structure of these
materials that feature simultaneous defect-order and cation-order. Remarkably, both materials
show very high electrocatalytic activity for hydrogen-evolution reaction (HER) of water-splitting
in bulk form, without the need for composite formation or nanofabrication. The HER overpotential
required to achieve a current density of 10 mA/cm? is as low as 10~ -315 mV. In addition, detailed
pseudocapacitive studies show that both compounds are capable of energy-storage as anion-based
pseudocapacitors, arising from oxygen ion intercalation. The symmetric pseudocapacitor cells
fabricated based on these materials show a combination of high energy density and power density.
These pseudocapacitor cells are also extremely stable, maintaining their high activity over 1000
cycles of charge-discharge. Electrical charge-transport studies indicate that these compounds have
semiconducting properties in a wide temperature range, 25 — 800 °C. Magnetic studies using both
magnetometry and neutron scattering indicate a transition to an antiferromagnetic state, with a G-
type arrangement of spins, where the moment on each Mn is aligned anti-parallel to all nearest
neighbors. This combination of properties indicates the great potential of this class of defect-
ordered systems and their importance to energy research.
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1. INTRODUCTION

The discovery of new materials that possess electrochemical properties suitable for
development of renewable energy systems is essential. Properties such as electrical conductivity
and charge storage are important to the operation of different systems such as fuel cells, batteries,
and supercapacitors.

In recent years there has been considerable effort dedicated to the discovery of catalysts
for water splitting,!* which are motivated in part by the high cost of precious metal catalysts.’
While platinum is an excellent catalyst for hydrogen evolution reaction (HER), the search for more
economical catalysts has led to the investigation of a wide range of compounds from carbides' to
borides,? sulfides,® chalcogenides,* and oxides.® Similarly, various classes of compounds’!* have
been explored for the oxygen-evolution reaction (OER), such as oxides,”® sulfides’ and various
nanomaterials and composites.'°

In recent years, material discovery efforts have also been directed to finding new materials
for intercalation-based pseudocapacitors,'! in particular those involving oxygen ion intercalation,
which was first shown in Nd;xSrxC00;."> A number of oxide materials including LaMnOs,'!
Lai—xSrxMnO3,'" 131 La;«CaxMnOs3,'> SrCo.9Nbo.103,'¢, and LaNi;—xFexO3-5'7 have been studied
for oxygen anion intercalation.

Among different classes of functional materials, the perovskite-based oxides, in particular
those derived from oxygen-deficient perovskites, show a wide range of interesting properties,
which can be utilized for energy applications. In these ABO3.5 type materials, oxygen-deficiencies
result in different coordination geometries for the B-site cations, ranging from octahedral to
tetrahedral and square pyramidal.'® The oxygen-vacancies are sometimes distributed randomly."”

There are also situations where the arrangement of oxygen-vacancies is ordered.'® One of the



common types of ordering results in the so-called brownmillerite structure, named after mineral
Ca;AlFeOs. The structure consists of sequential layers of tetrahedra (T) and octahedra (O), forming
TOTOT..., with A-site cation residing between the layers. The tetrahedra form chains that are
twisted in either left-handed or right-handed orientation to yield several orthorhombic structural
variants adopting space groups such as Ibm2, Pnma, Pbcm or Icmm.'>2° The variation in the
arrangement of oxygen-vacancies and the subsequent structural characteristics result in different

types of properties.

For example, the oxygen-deficient perovskites Sr2Fe2O¢.5 and CaSrFe2O¢-5 show different
types of vacancy-order, resulting in significantly different electrical charge-transport. Sr2Fe2Oe.s
shows a persistent decrease in electrical conductivity as a function of temperature, whereas
CaSrFe»0¢.5 exhibits an increase followed by a decrease in conductivity in the same temperature
range.'® In addition, magnetic properties change significantly. In SroFe;Oe.5, an incommensurate
magnetic structure is observed?! where moments are in spin-density wave state and are oriented
perpendicular to the body diagonal of the unit cell. Whereas, CaSrFe,O¢.s shows long-range
antiferromagnetic order, where the moments align in 001 direction.'® Another example is the effect
of vacancy-order on sensor properties for oxygen, carbon dioxide, and carbon monoxide sensing
using oxygen-deficient perovskites.?? Furthermore, the electrocatalytic activity is significantly
affected by structure and ordering scheme, as shown recently for a series of oxygen-deficient

perovskites.”

While the brownmillerite type ordering is commonly observed, there is also a similar, but
less common ordering scheme with ideal formula A3B30g (ABOs.(1/3)), sometimes called Grenier

phase.?® This structure consists of bilayer stacks of octahedra alternating with a single layer of



tetrahedra, i.e., TOOTOOT..., often adopting orthorhombic space groups such as P2;ma, Pbma,

Pmma, and Pb2;m. >

The tetrahedral layer consists of corner-sharing tetrahedral units that form parallel chains.
The space group symmetry depends on the relative orientation of these chains. The P2;ma space
group adopts the cooperative twisting of tetrahedral chains in the same direction.?* When the left-
handed and right-handed orientations of tetrahedral chains alternate between adjacent layers of
tetrahedra, the structure crystallizes in Pbma space group.?® Finally, in Pmma space group, each
tetrahedral chain orients opposite to all nearest neighbors within the same layer and in the
neighboring layers above and below.?® Few studies of the properties of this class of oxides have
been conducted before.?®2?° The structure and magnetoresistance of a material with composition
Caz.5Sr0.sGaMn,Os has been studied,*® but no other information has been reported. The same
authors also attempted to make Ca3GaMn>Os, but could not obtain a pure phase.’’ In the present
study, we report the synthesis, crystal structure, electrical conductivity, magnetic properties,
electrocatalytic activity, and pseudocapacitive performance of two TOOTOQT... compounds,
CazGaMn;0g and SrCa,GaMn,QOs, and show that these two materials demonstrate a remarkable

combination of electrochemical properties that coexist in the same compound.

2. EXPERIMENTAL

2.1. Materials Synthesis

Polycrystalline samples of CazGaMn2Og and SrCa.GaMn20Og were synthesized through a solid-
state synthesis route using powders of CaCO3, SrCO3, Ga;03, and MnyO3. The precursors in

stoichiometric ratios were mixed using an agate mortar and pestle and pressed into pellets. The



pellets were calcined at 1000 °C for 12 hours in air. The samples were then reground, re-pelletized,
and sintered at 1100 °C for a total of 72 hours in air, which included two intermediate grindings.

The heating and cooling rates of the furnace for all samples were 100 °C/hour.

2.2. Materials Characterization

Ca3GaMn20sg and SrCa,GaMn2Og were structurally characterized using a high-resolution Cu Kol
X-ray diffractometer (A = 1.54056 A). Rietveld refinements were carried out using the GSAS 3!
software and EXPEGUI *? interface. The morphological analyses were performed using high-
resolution field-emission scanning electron microscopy (SEM). lodometric titration under argon
atmosphere was performed to determine the oxygen content of both materials. 50 mg sample and
~ 2g KI were dissolved into 100 mL of 1M HCI solution that had been purged with argon for 30
minutes before use. This solution was further degassed with argon for few minutes and stored
under argon at least 12 hours to allow the reduction of metal ions. Then 5 mL of this stock solution
was titrated under argon with 0.025M Na;S;03, where 5 - 10 drops of starch were added near the
endpoint as an indicator.

The variable temperature (25 — 800 °C) electrical conductivity measurements in air were done
using a four-probe DC technique on rectangular pellets. Current values were recorded by applying
a potential of 0.01 V. Magnetic measurements were done on a vibrating sample magnetometer
(VSM) to obtain magnetic susceptibility data at the temperature range of 2 — 400K, and isothermal
magnetization data in fields up to 9 T. Neutron diffraction experiments at 10 K were performed on

POWGEN diffractometer at Oak Ridge National Laboratory.



2.3. Electrocatalytic Characterization

The catalyst ink for hydrogen-evolution reaction (HER) and oxygen-evolution reaction (OER) was
prepared by bath sonicating 35 mg of the sample, 7 mg of carbon black powder (Fuel Cell Store),
40 pL Nafion® D-521 solution (Alfa Aesar, 5% w/w in water and 1-propanol) and 7 mL of THF
(Alfa Aesar, 99%) for 15 minutes. The glassy carbon electrode (GCE) (5 mm diameter, 0.196 cm?
area, HTW Germany) was polished with 5 pm and 0.3 um aluminum oxide polishing solution
(Allied Hightech Products Inc.) on a polishing cloth, sonicated for 3 minutes in ethanol (Decon
Labs, Inc.) and finally washed with deionized water before use. Then, the catalyst ink (40 pL) was
drop-casted on the surface of the GCE and left to dry in air overnight before running
electrochemical experiments. The electrochemical studies were performed in a standard three-
electrode cell using a rotating disk electrode (Pine Research Instruments) at 1600 rpm and SP-200
potentiostat (BioLogic Science Instruments). A commercial platinum electrode (Pine Research
Instruments) was used as a counter electrode. The OER experiments were done in 0.1 M KOH
solution using Ag/AgCl reference electrode in 3M NaCl (ALS Co., Ltd, Japan). The HER
experiments were conducted in 0.1 M KOH, 1 M KOH, and 0.5 M H>SO4 with Ag/AgCl in
saturated KCl as a reference electrode. Chronopotentiometry at -10 mA/cm? was employed for the
HER stability test using the same catalyst ink loaded on GCE in the same HER electrolyte. The
potential values were iR corrected, and then converted into potential versus reversible hydrogen

electrode (RHE) USing Evs RHE — Evs Ag/AgcCl + OOSng + Elgg/AgCl’ Where EOAg/AgCI =021V

for 3M NaCl*? and 0.197 V for saturated KC1.3*



2.4. Pseudocapacitance Measurements

For pseudocapacitance studies, the same ink preparation method as above was used for three-
electrode cyclic voltammetry (CV) measurements. In the three-electrode cell, the sample ink (40
uL) loaded on GCE was used as a working electrode, Pt as a counter electrode, and Ag/AgCl (in
3M NaCl) as a reference electrode to record CVs by scanning from -1.0 to 0.4 V (vs Ag/AgCl)
using rotating disk electrode at 1600 rpm. Pt electrode was cleaned before use by bath sonicating
for 15 minutes in 0.5M H>SO4.

For the fabrication of a symmetric two-electrode cell for galvanostatic charge/discharge (GCD),
100 pL of the same ink was pipetted in 20 uL increments to drop-cast onto both sides of a 1 cm?
nickel foam followed by air-drying overnight. Two identical Ni foam electrodes with a total of 1
mg loading of active material were prepared. The two nickel foam electrodes were separated by
placing a glass fiber filter paper between them. Gold wires and leads were clipped onto the
electrodes to complete the cell circuit for studying GCD in 1 M KOH. The cell was soaked in 1 M
KOH for at least an hour before GCD experiment and at least 12 hours before the stability test.
The cell was used to record GCD curves at 0.5, 1, 3, 5, and 10 A/g current density. The GCD

curves were recorded from 0.0 to 1.4 V vs Ag/AgCl stored in 3M NaCl (ALS Co., Ltd, Japan).

3. RESULTS AND DISCUSSION
3.1. Crystal Structure

The two compounds, CazGaMn20g and SrCa;GaMn2Os, belong to a defect-ordered family of

oxides. Their crystal structures were determined by Rietveld refinements using powder X-ray



diffraction. Figure 1 shows the refinement profiles of the two compounds and Tables 1 and 2 lists
the refined structural parameters. These compounds crystallize in the Pcm?2; space group,
consistent with the structure of a similar compound, Caz 5Sro sGaMn,Os, reported before.*® Figure
2 shows the crystal structure and the distribution of cations, as well as the tetrahedral chain
orientation for Ca3GaMn,0Og and SrCaGaMn>Os. The structure of these materials is derived from
the perovskite structure, as described in the introduction section. It is noted that regular perovskites
(ABO:3) only contain AO1> and BOg polyhedra. However, the general formula for our compounds
is AA»B'B2Os (or Ai13A'23B'13B2303.13), indicating four distinct metal sites with different
coordination geometries, namely AO12, A'Og, B'O4, and BOg polyhedral units. This is a result of
an ordering scheme (Figure 2), where oxygen-vacancies only appear in every third layer of a
perovskite system, creating tetrahedral B'O4 units that do not exist in a regular perovskite. This
also results in the formation of 8-coordinated A'Os units. There are, therefore, two types of B-sites
(Figure 2), namely octahedral (B=Mn) and tetrahedral (B'=Ga). There are also two types of A-
sites: (a) 12-coordinated A=Ca sites located within bilayer MnOg stacks, and (b) 8-coordinated A'=
St (or Ca for the Casz phase) residing between MnOg octahedra and GaOs tetrahedra. As observed
in Figure 2, the number of A' sites is twice the number of A positions. In CazGaMn2Os, both A
and A'sites are occupied by Ca. However, in SrCaxGaMn;0Og, the Sr atoms mostly reside in the A-
site between neighboring MnOg layers, and most of the Ca atoms occupy the A' sites between
GaO4 and MnOg layers. The structure of Ca3GaMn»Og was also confirmed by neutron scattering,
which showed magnetic peaks as well, and will be discussed further in the magnetic property

section.
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Figure 1. Rietveld refinement profiles of (a) Ca3GaMn,0s and (b) SrCaxGaMn,Os for powder X-
ray diffraction data with space group Pcm2; (#26). The cross symbols, solid orange line, olive
vertical tick marks, and lower magenta line correspond to experimental data, the calculated pattern
for the Pcm2; model, Bragg peak positions, and difference plot, respectively.

Table 1: Refined structural parameters for Ca3GaMn2Og at room temperature using powder X-ray
diffraction data. Space group: Pcm2;, a = 5.4032(5) A, b =11.3013(4) A, ¢ =5.2703(5) A, R, =
0.03459, wR, = 0.04797.

Element X y z Multiplicity | Occupancy Uiso
Cal 0.224(1) 0.1881(5) 0.512(3) 4 1.0 0.021(3)
Ca2 0.245(1) 0.5 0.482(3) 2 1.0 0.014(3)
Gal 0.316(1) 0.0 0.048(2) 2 1.0 0.029(3)
Mnl 0.2576(8) 0.3321(5) 0.0 4 1.0 0.021(2)
01 0.393(7) 0.0 0.398(6) 2 1.0 0.10(2)
02 0.298(3) 0.5 -0.013(7) 2 1.0 0.040(9)
03 0.179(2) 0.139(1) -0.025(5) 4 1.0 0.053(8)
04 -0.008(5) 0.344(1) 0.245(8) 4 1.0 0.067(5)
05 0.464(6) 0.299(1) 0.274(10) 4 1.0 0.047(8)




Table 2: Refined structural parameters for SrCa;GaMn,0Og at room temperature using powder X-
ray diffraction data. Space group: Pcm2;, a = 5.4443(1) A, b=11.4387(2) A, ¢ = 5.31853(9) A,
R,=0.0212, wR, = 0.0294

Element X y z Multiplicity Occupancy Uiso
Cal/Srl | 0.2273(7) | 0.1858(3) | 0.509 (2) 4 0.85(1)/0.15(1) | 0.047(2)
Ca2/Sr2 | 0.2429(6) 0.5 0.499(2) 2 0.40(2)/0.60(2) | 0.031(2)
Gal 0.317(1) 0.0 0.045(2) 2 1.0 0.054(3)
Mnl 0.2549(6) | 0.3315(4) 0.0 4 1.0 0.043(2)
01 0.387(6) 0.0 0.381(6) 2 1.0 0.13(2)
02 0.294(3) 0.5 0.01009) 2 1.0 0.068(8)
03 0.175(2) 0.142(1) -0.043(4) 4 1.0 0.048(6)
04 0.004(5) 0.339(1) 0.257(8) 4 1.0 0.034(3)
05 0.491(4) | 0.3058(8) | 0.256(8) 4 1.0 0.055(4)

Table 3. Selected bond distances and angles for Ca3;GaMn20Og and SrCa>GaMn;0s.

Ca3GaMn20s

Mn-O (A) Ga-O (A) Mn-O-Mn (degrees)
Mn—02 1.910(6) Ga—O01 1.86(4) | Mnl-O2-Mnl _ 166.84(2)
Mn_03 2232) Ga—O1 1775) | Mnl-O4-Mnl _ 171.40(2)
Mn—O4 1.93(4) Ga—03 1782) | Mnl—O5-Mnl __ 153.53(2)
Mn—04 1.91(4) Ga—03 1782) | Gal-O1-Gal __ 130.70(2)
Mn—0O5 1.86(3)
Mn—05 1.95(3)
SrCa:GaMn20s

Mn-O (A) Ga-0 (A) Mn-O-Mn (degrees)
Mn-02 1.940(5) Ga-O1 1.833) | Mnl-02-Mnl _ 167.2(11)
Mn—03 2.22(7) Ga-O1 1833) | Mnl—O4—Mnl _ 174.1(12)
Mn—04 1.9333) Ga-03 1.86(2) | Mnl—O5-Mnl _ 161.9(7)
Mn—O4 1.92(3) Ga-03 186(2) | Gal-O1-Gal __ 131.002)
Mn-05 1.9003)
Mn—05 1.92(3)
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All GaOq tetrahedra in these materials have the same orientation, arbitrarily assigned either
right-handed or left-handed, throughout the structure, as shown in Figure 2c. There is an increase
in the unit cell parameters of SrCaxGaMn>Og compared with CazGaMn,Og (Tables 1 and 2), which

is expected given the larger ionic radius of Sr?*.

The microstructure is also affected by the type of A-site cations. As shown in scanning
electron microscopy (SEM) images in Figure 3, there is an increase in the size of crystallites for
SrCa>GaMn,0Os as compared with Ca3GaMn,0s. The oxygen stoichiometry in these materials was
also determined using iodometric titration, giving 8 oxygens per formula unit for both compounds,

which matches the formulas of Ca;GaMn>Og and SrCa,GaMn»Os.

— MnO; —
— Ga0, —
b
L Ca ®o J—a  Ca/Sr © Sr/Ca R R R
(a) (b) (©)

Figure 2. Crystal structures of (a) CazGaMn20sg and (b) SrCaxGaMn»Os. Image (c¢) shows the
relative orientation of tetrahedral chains in these compounds, viewed through the b axis.
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(b)

Figure 3. Scanning electron microscopy (SEM) images for sintered pellets of (a) CazGaMn2Os
and (b) SrCa>,GaMn;Os.

3.2. Electrical Charge Transport

Variable temperature electrical conductivity was studied for both Caz;GaMn»Og and
SrCa,GaMn,0g from 25 °C to 800 °C (298 K -1073 K). The current response from DC
measurement is used to obtain the resistance using Ohm’s law, which is then converted into

conductivity () using equation 1.%

o= (%)) 0

where, I, V, L, w, and h are the current, applied potential, the distance between the voltage contacts
in four-probe setup, width, and thickness of the rectangularly shaped sample, respectively. Figure
4a shows the variable-temperature conductivity data. Ca;GaMn2Os shows higher conductivity than
SrCa;GaMn,0g in the whole temperature range. The electrical conductivity of both materials
increases as a function of temperature, a behavior typical of semiconducting materials. The
temperature-dependent increase in conductivity can be due to the increase in mobility of charge
carriers as a function of temperature, described by equation 2.%¢

12



c=nep

)

where 6 is conductivity, n is the concentration of electrons/holes, e is the charge of the electron,

and p is the mobility of charge carriers. The activation energy (E.) for the temperature-dependent

increase in the conductivity of these materials can be calculated using the Arrhenius equation:*

ogo = tog 4~ ()

3)

where A4, k, and T represent the pre-exponential factor, Boltzmann constant, and temperature,

respectively. Figure 4b shows the plot of log (6T) versus 1000/T. The activation energy is obtained

using the slope from the linear fit to the data above 200 °C (473 K). The E. values are equivalent

to the slope multiplied by & value (8.62 x 107 eV. K, 2.303, and 1000. The observed linear fit

suggests that the conduction process obeys the Arrhenius law given by equation 3. The E, values

are consistent with the conductivity trend. Ca3GaMn2QOg, which shows higher conductivity, has

lower activation energy. Whereas SrCa>GaMn,Og with lower conductivity shows higher activation

energy.
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Figure 4. (a) Variable-temperature electrical conductivity, and (b) Arrhenius plots for the

conductivity data of Ca3GaMn»Og and SrCa,GaMn»Os.

13



The difference between the electrical charge transport of the two materials is due to the
structural differences. In oxides, electronic conduction takes place through M™-O-M""
pathway,?” where M represents a transition metal with variable oxidation states.>® In the two
materials studied in this work, the presence of manganese atoms is repsosible for the conduction.
It has been shown that the bond lengths and angles play an important role in conductivity. Shorter
M-O bonds and more linear M—O-M angles lead to enhanced conductivity.*® It appears that in
this case, the effect of shorter bond length is dominant. While the bond angles in SrCa;GaMn2Og
are closer to linear (Table 3), the Mn—O bond distances in CazGaMn2Og are slightly shorter.
Furthermore, as observed from the SEM images in Figure 3, the grains in the sintered pellet of

CazGaMn,0Os are packed more closely, which can contribute to the enhanced conductivity.

3.3. Magnetic Properties

Zero-field cooled and field cooled magnetization data of CazGaMn,Og and SrCaxGaMn,Og are
shown in Figure 5. The magnetization data reveal magnetic transitions below 120 K and 150 K,
for Ca3GaMn»Og and SrCa,GaMn»Og, respectively. The low values of magnetic susceptibility in
the entire temperature range (2 K - 400 K), indicate that there is little uncompensated moment in
both materials. This is further confirmed by isothermal magnetization data shown in Figure 5.
These data reveal low magnetization values even at a magnetic field of 9 T at 2 K, where
magnetization values reach a maximum of 0.19 uB and 0.10 uB per mole for Ca3GaMn,0Os and
SrCaGaMn,0Os, respectively. These low magnetizations, along with the transition observed in
magnetic susceptibility indicate that the magnetic state of these materials at low temperature is
antiferromagnetic, which is also reported for a similar compound Ca»sSrosGaMn20s.>° The

antiferromagnetic order in our materials was further confirmed by neutron scattering at 10 K for

14



CazGaMny0s. The magnetic structure was analyzed using GSAS software and EXPEGUI

interface.3!*? Figure 6a shows the Rietveld refinement profile with both magnetic and atomic

phases.
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Figure 6. (a) Neutron refinement profile for magnetic (red vertical tick marks) and chemical
structure (green vertical tick marks) of Ca3GaMn,Os. Small additional peaks at d = 4.3 A could be
due to CaMnOs5*° or MnO*? that have been reported for similar materials. These small peaks
appear when the synthesis is scaled up to gram level (~4 g) for neutron experiments. (b) G-type
antiferromagnetic structure of Ca3GaMn2Og with moments along b direction.

Intensity (a. u.)

The magnetic peaks in the neutron scattering pattern could be defined by the same unit cell as that
of the chemical structure. The magnetic structure consists of a three-dimensional G-type
antiferromagnetic arrangement, where the Mn moments are aligned antiparallel to all nearest
neighbors along the b-axis (Figure 6b). The moment of Mn was refined to 3.31(4) uB. This value
is lower than the average theoretical moment expected for a 1:1 ratio of Mn>* (d*) and Mn*" (d°)
cations in Ca3GaMn2Os, which is 4.39 uB. However, low moments have been observed for Mn in
other Ga-containing oxides such as CaxGaMnOs 45 (3.6 pB), SrCaMnGaOs+s (3.3 uB), and

Sr2GaMnOs o (3.2 },LB).30’ 40-42
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Figure 7. (a) HER activity in 0.5M H>SOs. (b) Tafel slopes for HER activity of Ca3;GaMnOg (red),
SrCayGaMn,0Ogs (blue), and Pt/C (black). (¢) OER activity in 0.1M KOH. (d) Chronopotentiometry
response in 0.5M H2SOx4 to test the stability during HER. (e) X-ray diffraction data before and after
the chronopotentiometry.
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3.4. Electrocatalytic Activity for Hydrogen-Evolution Reaction

To our knowledge, the electrocatalytic activity for water splitting has not been studied for this
structural family. Therefore, through this work, we introduce another class of materials that can be
utilized for water splitting. We investigated the electrocatalytic activity of CazGaMn2Og and
SrCa,GaMn,0s for hydrogen evolution reaction (HER) and oxygen-evolution reaction (OER) of
water splitting process. These compounds showed some degree of OER activity (Figure 7c¢), but
their performance was not high enough to be competitive with existing catalysts. However,

remarkably, both materials exhibited very high HER activity, as demonstrated in Figure 7.

For HER studies, the onset potential and overpotential at the current density of 10 mA/cm?
are used to describe the performance of electrocatalysts.***** Lower values of onset potential and
overpotential are indicative of better HER catalysts. The HER studies are often done in either
acidic or basic conditions. The basic media (0.1 M or 1 M KOH) did not lead to high activity, but
acidic condition (0.5 M H2S0O4) was found to result in an excellent HER activity for the materials
studied here. Figure 7 shows the polarization curves of the two compounds as well as that of the
reference electrocatalyst, Pt/C. Clearly, the platinum catalyst shows very good activity, but the
high cost of precious metals, such as platinum, is a major problem. There is a substantial ongoing
effort toward the discovery of economical HER catalysts.**** Both materials studied in this work
show significant HER activity, with an onset potential of ~ -0.27 V for Ca3GaMn20Os and ~ -0.21
V for SrCa>xGaMn;0s, beyond which the cathodic current increases rapidly. The overpotential (n10)
needed to drive a current density of 10 mA/cm? is 110~ -367 mV for Ca3GaMn,Os and 110~ -315
mV for SrCa;GaMn2Os. The latter is only ~215 mV higher than that of Pt/C. This is a remarkable

performance.
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The kinetics of HER can be investigated using the Tafel equation, 7=a + b log j **, where
n and j are overpotential and current density, respectively. The slope of # versus log j plot (Tafel
slope) is used to show the relative reaction rates for different catalysts. As shown in Figure 7, the
Tafel slopes for Ca3;GaMn0g, SrCa,GaMn0s, are 143 mV/dec, and 128 mV/dec, respectively.
Chronopotentiometry experiments in 0.5M H2SO4 were conducted to test the stability under HER
conditions. As shown in Figure 7d, these measurements indicated excellent stability. In addition,
X-ray diffraction data (Figure 7¢), in particular the largest diagnostic peaks close to 33-34°
(enlarged in the inset), before and after chronopotentiometry showed the retention of the materials
structures, further confirming the stability of these compounds. Furthermore, the double layer
capacitance, Cai, which is often taken as representative of electrochemically active surface area,*¢
was calculated as 127 pF and 649 pF for Ca3GaMn20Og and SrCa;GaMn2Og, respectively, matching

the trend of HER activity (Figures S1).

It is noted that some oxide electrocatalysts show higher activity than our materials.***** For
example, some nano-materials or composites based on metal oxides, such as WO3 nanosheets (110
~-38 mV)*’, MoOj3.y nanofilms (nio~ -201 mV)*, and WO3; nanoplates (n10~-117 mV)*, perform
better than our compounds in 0.5M H>SO4. However, these systems need additional fabrication
steps, such as composite formation or nanofabrication. Regarding bulk oxide electrocatalysts, the
recently reported CaSrFeMnQOg.5 shows HER catalytic activity with 110~ -310 mV.® Nevertheless,
the materials studied in this work are still among high performing HER catalysts and show better
activity than the extensively studied catalysts MoS2,> gold,’!, and bulk WO3>? in acidic condition.
In addition, while nanofabricated oxide catalysts for acidic HER, such as those described above,
have been reported, perovskite-based oxides, especially in bulk form, that are capable of acidic

HER catalysis are uncommon.®
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3.5. Pseudocapacitive Charge Storage

Another remarkable feature of the materials studied in this work is their pseudocapacitive
properties. Supercapacitors have been extensively investigated due to their significant advantages
in power density and cycling stability. However, they suffer from low energy density, and their
charge storage capacity is limited. Unlike traditional electric double-layer capacitors that rely on
non-Faradaic electrostatic charge storage, pseudocapacitors operate based on Faradaic processes,
and therefore show greater charge storage capacity.’> However, since the Faradaic charge transfers
in pseudocapacitors occur on or near the surface, they are not limited by bulk diffusion, leading to
cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) behavior similar to traditional
capacitors. In theory, pseudocapacitors can possess both high power density of capacitors and high
energy density of batteries.!! Intercalation-based pseudocapacitors involve Faradaic electron
transfer that occurs upon intercalation and de-intercalation of ions.!' The intercalation of oxygen
anion was first observed in 1975 in perovskite oxide, Nd;xSrxCoOs, in an alkaline solution.!?
Further utilization of this phenomenon for pseudocapacitive energy storage was shown several
decades later in 2014.!" Since then, some other pseudocapacitive materials based on oxygen anion
intercalation have been studied. Examples of the materials that have been investigated are
La;—xSrxMnO3,!> 1314 La; «CaxMnO3," SrCoo9Nby 103,'6, and LaNi;—xFexOs3-s.!” The compounds
studied before have been primarily perovskite-based oxides, ABO3, where the A or B sites were
occupied by two cations that were distributed randomly. Here, we show that vacancy-ordered

systems, such as bilayer structures can also exhibit oxygen-based pseudocapacitive properties.

Figure 8 shows the CVs of CazGaMn20g and SrCaxGaMn20Os in the three-electrode setup

at varying scan rates of 5, 20, 40, 60, and 80mV/s in the voltage range 0of 0.4 to -1.0 V vs Ag/AgCl.
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The quasi rectangular CV shapes indicate pseudocapacitive behavior, and Mn*"/Mn*" and

Mn**/Mn** redox peaks are indicative of the Faradaic processes.
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Figure 8. Cyclic voltammetry (CV) curves at 20 mV/s showing the pseudocapacitive properties
of (a) CazGaMn,0g and (b) SrCaxGaMn,0Os. The inset shows the CVs at different scan rates, 5, 20,
40, 60, and 80 mV/s in black, red, blue, green, and magenta, respectively. Parts (c) and (d) show
the CV curves at 100 mV/s in different electrolytes (KNO3; and KOH) for Ca;GaMn2Os (c) and

SrCa,GaMn,Ogs (d), respectively.
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At a scan rate of 5 mV/s, a pair of oxidation and reduction peaks are observed for both
compounds during the anodic and cathodic scans, respectively. These redox peaks become more
discernible at faster scan rates as shown in the representative scan rate of 20 mV/s in Figure 8 (a,
b). At 5 mV/s, a less intense oxidation peak appears in Ca3GaMn>Og at —0.10 V vs Ag/AgCl (3M
NaCl) along with another sharp peak at —0.61 V vs Ag/AgCl (3M NaCl), which are indicative of
Mn3* <4+ and Mn?* < 3% surface redox reactions, respectively. Similarly, two reduction peaks for
this material are observed at —0.35 V and —0.66 V vs Ag/AgCl (3M NacCl) that correspond to the
reverse reactions during the cathodic scans. Similarly, for SrCa>GaMn2Os, two pairs of oxidation

3+ <4+ and Mn?* < 3% redox events.

and reduction peaks indicate similar Mn

As stated before, the peaks are indicative of pseudocapacitive properties, as observed in
other pseudocapacitors.'"” 1315 Examples are the Mn*"#" and Mn?"** oxidation peaks at —0.1 V and
—0.3 V vs Hg/HgO for La; xSrxMnQOs5 (x=0— 1) at 10 mV/s (IM KOH),* ~—0.1 Vand ~-0.4 V
vs saturated calomel electrode for LaxSrixCuo1MngoOs5at 10 mV/s (1M KOH),> above 0.2 V
and ~ 0.1 V vs Hg/HgO for LaMnO..; at 40 mV/s (1M KOH), ' and 0.07 V and —0.25 V vs
Hg/HgO for CaMnOs3 and its Ruddlesden—Popper counterparts at 5 mV/s (1M KOH).>

To confirm that these redox processes are dependent on oxygen intercalation facilitated by
hydroxide ion, we conducted additional experiments in 1M KNOj3 in the same voltage window
(Figure 8c and d), which did not show the redox peaks for any of the two compounds. This
indicates that the observed process is dependent on the hydroxide intercalation.!! As described for
other oxygen-based pseudocapacitors,'!: 3 during these surface reactions'* the intercalated oxygen

anion comes from OH" ion,>* which loses a proton to another OH™ ion from the electrolyte to

produces water,!! and leaves behind the oxygen ion that is intercalated into the electrode.
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At higher scan rates, there is a small shift of the anodic and cathodic peaks to higher and
lower potentials, respectively. This shift is commonly observed in pseudocapacitors and is

assigned to the internal resistance of the electrode,’’->®

or an indication that the charge transfer
kinetics is the limiting step in this process.’® The peak current increases as a function of increasing
the scan rate, which suggests rapid electronic and ionic transport rates.>* 3 Additionally, while the
area changes, the shape of the CV curve remains the same, which indicates enhanced mass

transport and electron conduction.’* 385

The galvanostatic charge-discharge (GCD) behavior of these defect-ordered materials was
examined in the potential range of 0.0 to 1.4 V vs Ag/AgCl through the construction of symmetric
two-electrode cells, as described in the experimental section. Figure 9a shows the charge/discharge
cycles for both materials at the current density of 1 A/g. Also, the GCD curves at various current
densities for the best performing material, Ca3GaMn2Ogs, are shown in Figure 9b. The inverted V
shape of charge/discharge curves is signature behavior of pseudocapacitors and indicates excellent
pseudocapacitive properties for these compounds.'* ! It is noted that GCD data in batteries, where
the processes are controlled by bulk diffusion, do not show the inverted V curves.

The GCD curve can be used to obtain specific capacitance of an electrode at different

discharge currents, using equation 4., 60-6!

4] At 4]
= ——— or = —_— 4
Cs mav © Cs m dv/dt )

where, I is the constant current used for GCD, and dv/dt is the slope of the discharge curve, with
AV being the voltage window and At the discharge time. Also, m is the total mass of the active
material in both electrodes.** ®' Equation 4 may be simplified further by replacing the I/m part
with current density, i, such that mass is not shown in the equation. The multiplier 4 is used to

normalize for masses and capacitance of both electrodes and adjust for one electrode. 3% °-¢! Some
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researchers use equation 4 without the multiplier 4 >* 38362 and take m as the mass of the active
material in each electrode,>* although sometimes the meaning of m is not explicitly stated.’®>° In
some reports, dv/dt was calculated using two data points on the discharge curve, Vmax and
1/2Vinax,? 92 to get dV/dt = (Vimax — 1/2Vmax)/(t2-t1),%1%2 where t> and t; were the discharge times
corresponding to Vimax and 1/2Vmax, respectively.®!"®? Equation 4 has also been used to obtain
volumetric capacitance, using volume instead of mass.®

The C;s values obtained from the GCD curves of our symmetric cells at a current density of
0.5 A/g are 39.2 F/g and 4.5 F/g for CazGaMn;0Og and SrCaxGaMn»Og, respectively. In
comparison, a symmetric cell reported using the perovskite LaixSrxMnOs3, resulted in the specific
capacitance of ~7.75 F/g at 0.5 A/g.'* Similarly, a symmetric cell based on La;xCaxMnQO3 shows
the specific capacitance of ~13 F/g at 0.5 A/g,'> which quickly deteriorates to about 2 F/g.

The energy density of the cell (Wh/Kg) is calculated using the following equation:®+

_ CgV2
T 2x36

)
Here, C; is the specific capacitance and V is the cell voltage window in the GCD curve. The

multiplier, i , 1s needed to obtain the energy density in units of Wh/Kg when the C; unit is F/g.
It is noted that 1F =1 % and 1W =1V x 1A. If the unit of Cs is F/Kg, then the multiplier should

also be different, ﬁ.éo The latter multiplier has also been used for calculating areal energy

density in units of Wh/cm? (using areal capacitance)®®%” and volumetric energy density (using

volumetric capacitance) in units of Wh/cm?.®® In some cases, researchers have chosen not to show

2
any multipliers, and write the formula as E = CS’Z—V.”’ 6970 We assume that they have applied the

multipliers separately to obtain the right units.
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Figure 9. (a) Galvanostatic charge-discharge (GCD) profiles for Ca3;GaMn,Og (red) and
SrCa;GaMn,0Og (blue) at current density of 1 A/g. (b) GDC profiles at various current densities for
the best performing material, CazGaMn,Os. (c) Stability tests up to 1000 cycles. (d) X-ray
diffraction data after 1000 GCD cycles.

The power density of the cell (unit: W/Kg) is obtained by dividing the energy density by discharge

time, At; 6463
E x3600
P= v (6)

The constant, 3600, is used to obtain the power density in W/Kg when the unit of At in seconds, s.

2)66-67 and volumetric

64-65 The same multiplier is used for calculating areal power density (in W/cm
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power density (in W/cm?).%® In some cases At is expressed in hours (h) with no multiplier.%*-7

Symmetric cells based on Caz;GaMn2Os and SrCa>xGaMn,Ogs can deliver respective energy
densities of 10.69 Wh/Kg and 1.23 Wh/Kg at a power density of 1400 Wkg!, based on the current
density of 0.5A/g. Our best material, Ca3GaMn,0Os, shows superior energy density and power
density compared with many other systems, including a symmetric pseudocapacitor based on La;-
«SrxMnQOs, which has an energy density of ~1.55 Whkg ! with power density less than 1000 Wkg ™!,
at the current density of 0.5 A/g.'* Similarly, the symmetric cell reported for La;xCaxMnO3, shows
energy density of ~2.6 Whkg ! and power density of ~800 Wkg! at 0.5 A/g.!

Long cycle life is another crucial criterion of a pseudocapacitor for practical applications.
Therefore, an endurance test was conducted using GCD cycles at 1 A/g (Figure 9¢) for 1000 cycles.
Both materials show remarkable retention of specific capacitance after 1000 cycles. The retention
of pseudocapacitive properties can be attributed to the high degree of stability of these compounds.
Figure 9d shows the X-ray diffraction data of both compounds after 1000 GCD cycles. In
particular, the largest peaks close to 33-34° (enlarged in the inset) are often used as diagnostic
peaks for this class of materials. As evident from this figure, both materials retain their structural
integrity without the collapse of the material framework or any phase transformation, which leads
to a stable pseudocapacitive response. Further stability tests were done for our best
pseudocapacitor, CazGaMn,0Os, by repeating 5000 GCD cycles at 10 A/g, as shown in Figure S2,
indicating its remarkable stability. The crystallite morphology is also retained after GCD cycles,
as shown by SEM images in Figure S3.

Thus, the high energy and power density, combined with outstanding stability, make these defect-

ordered materials excellent pseudocapacitors.
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CONCLUSIONS

This study highlights the great potential of ordered bilayer systems, an underexplored class of
oxides, for electrochemical applications. The simultaneous occurrence of an array of remarkable
properties in the same compound is noteworthy. The two materials, CazGaMn2Osg and
SrCa,GaMn;0Ogs, are semiconductors in the entire temperature range of 25 — 800 °C, show long-
range G-type antiferromagnetic order, and are also capable of catalyzing hydrogen-evolution
reaction (HER) of water splitting. They also show excellent pseudocapacitive energy storage with
outstanding stability up to 1000 cycles of charge-discharge. The observation of all these properties
in this class of materials warrants further studies with the aim of developing active materials for

cost-effective and efficient electrochemical applications.
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