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Abstract

We have demonstrated a systematic trend in electrocatalytic activity for the hydrogen evolution
reaction (HER), and its correlations with the transition metal type, structural order, and electrical
conductivity. The materials studied in this work, CazFeMn,Og (CaFei3Mn2303.153),
CasFei1.5Mn; 50s, and CazFe>MnOg, belong to the family of oxygen-deficient perovskites and show
a gradual increase in the ordering of oxygen-vacancies. CasFeMn2Og (CaFe13Mn2303.113) contains
randomly distributed oxygen vacancies, which begin to order in CaszFeisMn;s0s, and are fully
ordered in Ca;FeoMnOs. The gradual increase in the structural order is associated with a systematic
enhancement of the electrocatalytic activity for HER in acidic conditions, Cas;FeMn,Og <
CasFe1.5sMn;.50g < CazFeoMnOs. While the improvement of the HER activity is also associated
with an increase in the Fe-content, we have shown that the type of structural order plays a more
important role. We demonstrated this effect by control experiments on an analogous material
where all Mn was substituted by Fe, leading to a different type of structural order, showing an
inferior HER activity compared to the above three materials. Furthermore, electrical conductivity
studies in a wide range of temperatures, 25 — 800 °C, indicate that the trend in the electrical
conductivity is the same as that of the HER activity. These findings reveal several important
structure-property relationships and highlight the importance of synergistic effects in enhancing
electrocatalytic properties.
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1. Introduction

There is a clear need for alternative fuels to meet the energy demands of the future. Hydrogen is
an attractive candidate given its high energy density and low carbon emission compared to gasoline
and coal.!"? Hydrogen is also essential to ammonia production for fertilizers which drive modern
agriculture. The generation of hydrogen by electrochemical water-splitting is a promising method
of hydrogen production. However, due to the slow kinetics of the two half-reactions of water-
splitting, oxygen-evolution reaction (OER) and hydrogen-evolution reaction (HER), the
development of sustainable electrocatalysts that can lower the overpotentials of these reactions is
essential. In particular, stable, cost-effective, and earth-abundant electrocatalytic materials are
highly desirable. Perovskite oxides have been studied for electrocatalytic applications due to their
low cost, compositional flexibility, high intrinsic activity, and favorable stability.>> Perovskite
oxides have the general formula ABOs3, where A-site ions can be alkali, alkaline-earth, or
lanthanide cations, and B-site ions can be transition metal cations.

Recent studies on oxygen-deficient perovskite oxides have shown that they can be promising
electrocatalysts for OER.>> Various structures derived from the perovskite oxide family, which
contain oxygen-vacancies, have shown notable electrocatalytic properties.®® In some cases, the
electrocatalytic activities of oxygen-deficient phases have been better than those of stoichiometric
perovskites without oxygen-vacancies.” > '° The oxygen-vacancies can be present in the material
structure in an ordered or disordered fashion, leading to significant diversity in structure and
properties.® ! Oxygen-deficient perovskites have also been studied as electrocatalysts for HER.!?
An example is the CaxSrxFeMnOQOs-5 series, where changes in concentration and ordering of
oxygen-vacancies are associated with a variation in the HER activity.!> Another example is the

vacancy-ordered LaCaFe;GaOs, which has the so-called bilayered brownmillerite structure, and



shows higher electrocatalytic activity for HER than LasFeoGaOo, which does not contain oxygen-
vacancies.!'* In another work, a series of perovskite oxides with general formula Ndo sBaosMnOs3-5
were synthesized with variable amounts of oxygen-vacancies. It was observed that the oxygen-
deficiency of 6 = 0.25 was optimum for obtaining an ordered structure, consisting of alternating
MnOs square pyramids and MnQOg octahedra. This particular phase also had the best HER activity
compared to those with higher or lower degrees of oxygen-deficiency, which lacked the ordering
in their structures.

In this work, we have explored the variations in the structure, oxygen-vacancies, and
electrocatalytic activities for HER in a series of oxygen-deficient perovskites, CaFe;xMnxOs.1/3
(CasFe;xMnyxOg). Previous reports on these materials have been limited to the synthesis and some
structural characterizations.'® !” Here, we investigate the systematic changes in electrocatalytic
properties, to demonstrate that the gradual variation in the structure between Ca3FeMn;Og
(CaFe13Mny303.13), CasFei1sMn;50g, and CazFeMnOg is accompanied by an increase in the
electrocatalytic activity. Furthermore, we have synthesized the Fe-only analog without manganese,
to confirm that electrocatalytic properties rely not only on the iron content but also on the structural
order and the synergistic effects. In addition, we have shown that the same systematic trend is

present in the electrical conductivities, namely the increase in the electrical conductivity as the Fe

content and structural order increase.

2. Experimental
Synthesis and Characterization. Polycrystalline samples of Ca3FexMnOs, CasFe1.sMn;5Os,
CasFeMn2Og (CaFe13Mn2303.13), and CaszFe;Os.s were synthesized in the air by solid-state

synthesis method. Stoichiometric proportions of precursors, CaCOs, FeoO3, and Mn,O3 were



ground and mixed by agate mortar and pestle, and pressed into pellets. The pellets were heated at
1100 °C for two periods of 48 hours under an argon atmosphere, with intermediate grinding and
palletization between the two heating periods. The heating and cooling rates of the furnace for all
samples were set at 100 °C/h. The structures of the materials were studied using powder X-ray
diffraction (XRD) collected at room temperature using Cu Ko radiation (A= 1.54056 A) on an X-
ray diffractometer equipped with a Johansson monochromator. The 26 scan range was 20° - 80°,
and measurements were done with a step size of 0.0167°. Rietveld refinements were carried out
using the GSAS program '* and EXPGUI interface. '’ For CasFeMnOg (CaFe13Mn2;303.13),
which has only three atomic positions, a total of 11 parameters were refined, while for
CazFe;MnOg, which has nine atomic positions, a total of 31 parameters were refined, including
profile parameters, background, zero, x,y,z coordinates, Uiso, and unit cell parameters. About
CasFe1sMn; 50s, the wide diffraction peaks made it difficult to obtain reasonable Uiy values.
Numerous attempts at Rietveld refinements all led to unrealistic Ui, values, given the very wide
diffraction peaks. Nevertheless, all peak positions for CasFei1.sMn1.50g are similar to those of the
ordered material CazFeoMnOg, and can be readily assigned to the orthorhombic structure, as shown
in Figure S1.

The oxygen content was investigated using iodometric titrations.!* A mixture of excess KI (2 g)
and 50 mg of the sample was dissolved in 100 mL of argon-purged 1 M HCI and allowed to react
overnight. Subsequently, 5 mL of the reacted mixture, containing the generated iodine, was
extracted and titrated against 0.025 M Na»S>03 using a starch indicator (0.6 mL), which was added
near the titration endpoint. The excess KI caused the reduction of metal cations into ions with the
lowest stable oxidation state. By calculating the number of moles of titrant (Na2S203) required to

titrate 5 mL of the titrand, we can determine the quantity of I, titrated by Na2S:0;3 (I + 28,032 —



21" + S406%)).? This value correlates directly with the quantity of oxygen lost during the reduction
of metal ions. The total oxygen content was calculated by adding the oxygen that remained
available (to maintain charge balance with reduced cations) to the oxygen that was lost during the
reduction of metal ions. For each sample, the measurements were repeated three times to obtain
the error. The oxygen content was found to be 8.003(5), 8.02(4), and 8.072(8) moles per formula
unit for CazFexMnOs, CaszFei.sMn 50s, and CazFeMn,Os (CaFe13Mn2303.113), respectively.

The morphological analyses were performed on sintered pellets using a Field Emission Gun
Scanning Electron Microscope FEI Nova600 FEG-SEM at various magnifications, 5000%, 2500x,
and 1000x. The imaging process utilized an Everhart-Thornley Detector (EDT) with a consistent
accelerating voltage of 10.00 kV. X-ray photoelectron spectroscopy (XPS) was performed using a
ThermoFisher Scientific model NEXSA surface analysis system equipped with a micro-focused
X-ray source (72 W, 12 kV) of monochromatic Al Ka radiation (hv = 1486.6 eV). Transmission
Electron Microscopy (TEM) was done using a 200 keV FEI Talos F200X Field Emission Gun
microscope to investigate powders of the synthesized samples. Sample preparation involved the
dispersion of the powder in a solvent, followed by sonication for uniform dispersion. A suspension
droplet was subsequently placed onto a TEM grid, allowing controlled drying to establish a
representative sample layer. Following grid insertion and optimization of imaging parameters,
micrographs were captured at various magnifications.

The variable temperature (25 — 800 °C) electrical conductivity measurements were done using a
two-probe DC technique on pellets that had been sintered at 1100 °C. Prior to measurements, gold
paste was applied to the two sides of pellets and dried by heating for 3 hours at 800 °C. Gold wires
attached to gold foils were used as electrodes and were positioned to make contact with gold-

painted surfaces on each side. A voltage of 0.01 V was applied. Electrical conductivity



measurements were performed in the temperature range of 25 — 800 °C at ~100 °C intervals. The
time required to achieve equilibrium conductivity at each measurement temperature was
approximately 30 minutes. This was determined based on the observation of a plateau in the DC
conductivity data at each temperature before moving to the next temperature. The heating and

cooling rates for conductivity measurements were 3 °C/min. No uncommon hazards are noted.

Electrochemical measurements. The catalyst ink for electrochemical measurements was
prepared using 35 mg of the catalyst material, 7 mg of carbon black powder, 40 uL of Nafion D-
521 solution (5% w/w in water and 1-propanol), and 7 mL of Tetrahydrofuran (THF). The mixture
was ultrasonically dispersed in water for 30 minutes. The drop-casting was done by placing two
coats of 10 pl of the mixture onto the surface of a glassy carbon electrode (GCE) with a diameter
of 5 mm and an area of 0.196 cm?, with a mass loading of 1.02 mg/cm?, followed by overnight air-
drying. This catalyst-loaded electrode was used as the working electrode. Electrochemical
measurements were done using a standard three-electrode electrochemical cell connected to a
rotating disk electrode at 1600 rpm. HER experiments were done in 0.5 M H>SO4. A commercial
Ag/AgCl in 4 M KCI was used as the reference electrode and a carbon electrode as the counter
electrode. All potentials were iR corrected and converted to potential vs reversible hydrogen
electrode (RHE) using the Nernst equation Evs riuE = Evs agiagct + 0.059pH + E%s ag/agcl, where
E%s agiagci=0.197 V for saturated KC1.2% 2! For each material, the electrocatalytic measurements
were repeated at least three times, using at least two different batches synthesized independently.
We found that errors for HER overpotentials from these measurements were in the range of 0.01

—0.02 V (i.e., 2 — 3%). We note that overpotential values were in the range of 0.51 V —0.64 V.



Chronopotentiometry was employed to study the stability of the catalyst under HER conditions

(0.5 M H2SOs) using the same three-electrode setup and a constant current of 10 mA/cm?.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure

Crystal structures of these compounds were confirmed by Rietveld refinements using powder X-
ray diffraction, as shown in Figure 1. All three compounds Ca3FeMn;0g, CaszFeisMn; s0s, and
Cas;FeoMnOg belong to the oxygen-deficient perovskite family. The general formula of oxygen-
deficient perovskites is ABOs.. For any 6 value, the formula can be rewritten to show integer
numbers (e.g., ABO2 5 can be presented as A2B>0s, while ABOz¢7 can be rewritten as AzB3Og).
However, the presentation of the formula does not necessarily indicate how the oxygen-vacancies
are distributed. In this work, all three ABOs;.s materials have 6 = 1/3, leading to the formula ABO> 67
(ABOs.153) or A3B30s. But the arrangement of oxygen-vacancies is different in the three materials.
The first material in the series CasFeMn20Os (CaFe13Mn2303.13) is an oxygen-deficient perovskite
where the oxygen-vacancies are distributed randomly (Figure 2a). Therefore, this compound has
an average structure similar to that of a typical perovskite oxide. Regular perovskite oxides contain
AO12 and BOg polyhedral units. In CazFeMn,Og (CaFe13Mn2303.13), most B-site metals have
octahedral coordination (FeOs/MnOg), and the A-site metal Ca occupies the spaces between those
octahedra and is mostly 12-coordinated (CaO12). However, there are also oxygen-vacancies that
are randomly distributed in the material, lowering the coordination number of some of the metals
in an arbitrary distribution. CazFeMn2Os (CaFe13Mn2303.153) crystallizes in the cubic space group

Pm3m. The refined structural parameters are listed in Table 1.
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Figure 1. Rietveld refinement profiles using powder X-ray diffraction data of (a) Cas;FeMn,Os
(CaFe13Mn2305.1/3) (disordered, Pm-3m) and (b) CasFe;MnOs (ordered, Pcm21). The cross symbols, solid
red line, olive vertical tick marks, and lower magenta line correspond to experimental data, the calculated
pattern for the structural model, Bragg peak positions, and the difference plot, respectively.
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Figure 2. (a) Crystal structure of CasFeMn,Oz (CaFe13Mn303.13), containing a random distribution of
oxygen-vacancies, schematically represented by white circles. (b) Crystal structure of CaszFei sMn; 50z and
Cas;FeoMnOgs, where oxygen-vacancies appear in every third layer and convert the octahedral coordination
into tetrahedral.
As the Fe content increases, a structural order is observed. The peaks in the powder X-ray

diffraction data (Figure S1) for CazFei.sMn; 505 (CaFeo sMno.s02.67) are consistent with a vacancy-

ordered structure, the so-called Greiner phase?? or bilayered brownmillerite (Figure 2b),!% 1723



although the peaks are broad. Given its broad diffraction peaks and the similarity of its crystallinity
and particle size to those of the other two materials, this composition may represent a transition
point between disordered and ordered structures. Further increase in the Fe-content results in
CazFeaMnOg (CaFez3Mni302.67), which has a vacancy-ordered bilayered brownmillerite structure
(Figure 2b). We note that bilayered brownmillerite structure can be considered a subcategory of
the oxygen-deficient perovskite family. This type of oxygen-deficient perovskite can be
represented by the general formula AA’>B>B’Os, indicating different metal sites with different
coordination geometries.?*? Due to the presence of oxygen-vacancies in every third layer, the
structure contains two crystallographically distinct B sites (referred to as B and B’) with two
different coordination geometries, namely octahedral BOs and tetrahedral B'O4. Also, as a result
of the ordering of oxygen-vacancies, there are two types of A-sites (referred to as A and A’), which
are 12-coordinated (located between BOs units) and 8-coordinated (residing between BOs and
B’Oy4 units). In CazFe1 sMn1.50s and CazFezMnOgs, both A and A’ sites are occupied by Ca. About
the B and B’ sites, a previous study on a similar material (CasFe1.sMni120s) suggested that the
tetrahedral B'-site is occupied by Fe, while the octahedral B-site is occupied by a mixture of Fe
and Mn.?® We used a similar distribution of Fe and Mn in our refinements (Table 2).

We also obtained X-ray photoelectron spectroscopy (XPS) data for all three materials. (Figure 3)
For iron, different oxidation states can be distinguished by XPS based on their binding energies
and signature satellite peaks. For manganese, given the close overlap of binding energies of Mn**
and Mn*" peaks, we also did additional measurements of standard Mn>O3 and MnO, samples.
Based on these measurements, it is evident that manganese is present in a tetravalent state in all
three materials, where the binding energies of 2p3»2 and 2p12 peaks are very similar to those of

MnQO;. They are also consistent with previously reported binding energies for tetravalent



manganese.?”° On the other hand, the binding energies in iron spectra are consistent with trivalent

iron.>!3 Also, the spectra show the signature satellite peak of Fe* at 8 — 10 eV higher than the
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Figure 3. XPS data showing the spectra for (a) Fe and (b) Mn in all three materials.

While conventional X-ray diffraction cannot distinguish Mn and Fe, there are other methods that

can provide information regarding the Mn/Fe occupancies. The XPS data, described above,

indicate the presence of Mn*" and Fe**. Crystal field stabilization energies indicate that Fe*" (d°)

does not have a strong preference for either tetrahedral or octahedra sites. However, Mn*" (d*) has

greater stability in octahedral site compared to tetrahedral, indicating that Mn*" prefers to reside

in octahedral positions. In addition, Bond valence sum (BVS) calculations®’ confirm that Mn*"

resides on an octahedral site. The calculated BVS values are 3.961 for the octahedral site and 3.076

for the tetrahedral site, indicating that the tetravalent Mn*" is preferentially located on the
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octahedral site, while trivalent Fe*" is located on the tetrahedral site. These observations are also

consistent with previous neutron studies of oxides containing both Fe and Mn, that show the

octahedral site preference of manganese over iron.>%

Table 1. Refined structural parameters for CasFeMn»Og (CaFe13Mn2305.1/3) at room temperature
using powder x-ray diffraction data. Space group: Pm-3m, a = 3.76009(4) A, R = 0.0331, wR =
0.0422

Atom X y z Occupancy ~Multiplicity (A%
Cal 0.5 0.5 0.5 1 1 0.038(1)
Fel/Mnl 0 0 0 0.33/0.67 1 0.021(1)
0Ol 0.5 0 0 0.89 3 0.076(1)

Table 2. Refined structural parameters for CasFeoMnOg at room temperature by using powder X-
ray diffraction data. Space group: Pcm21,a=5.4839(1) A, b=11.1520(2) A, c =5.3643(1) A, R,
=0.0156, wR ' =0.0475

Atom X y z Occupancy  Multiplicity U, ( AZ)
Cal 02392) 0.5 05232) 1 2 0.030(7)
Ca2 02292) 0.1887(7) 0.524(2) 1 4 0.081(8)
Fel 0313(1) 0 0.054(2) 2 0.036(6)
Fe2Mnl  0.255(1)  03287(7) 0 0.5/0.5 4 0.048(6)
01 0361(4) 0 049809) 1 2 0.029(7)
02 0.300(6) 0.5 0.034(7) 1 2 0.027(7)
03 0.189(4)  0.138(1)  -0.048(4) 1 4 0.055(7)
04 0.024(5)  0342(1)  0.178(4) 1 4 0.035(7)
05 0491(6)  0312(1)  0.180(4) 1 4 0.052(7)

We also examined structural transitions at higher Fe content. By increasing the Fe content, we
synthesized a material where all Mn was replaced by Fe. However, synthesis efforts under the
same conditions as the other materials led to a different structure, i.e., regular brownmillerite,

comprising a single octahedral layer, alternating with a tetrahedral layer. The product had the
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formula CaszFe30s.5, where 6 = 0.5, (i.e., CaxFe20s) and crystallized in the Pnma space group, as
previously reported.*>#! (Figure S2 and Table S1).

Oxygen contents of these materials were determined by iodometric titrations, indicating eight
oxygens per formula unit for CazFeMn,Os (CaFei3Mn230s.13), CasFeisMnisOg, and
CazFeaMnOg, (or 2.67 per formula unit if the formula is written as CaFei.xMnxO2.67) as matching
the expected stoichiometries. The microstructures of these materials were also examined. Figure
4 shows the SEM images of sintered pellets of CasFeMn,Og (CaFe13Mn2303.113), CazFei sMny 50s,
and CasFexMnOs. The micrographs indicate that CasFeoMnOs has the smallest crystallite size, as
shown in Figure 4c. However, in general, the difference in crystallite size between the three
materials is not considerable. This indicates that the broad peaks in X-ray diffraction data of
CazFeisMn; s0g cannot be due to small particle size. Also, transmission electron microscopy
(TEM) data (Figure S3) indicate that the crystallinities of the three materials are not significantly

different from each other.
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(a) (b) (c)
Figure 4. Scanning electron microscopy (SEM) images of (a) Ca;FeMn,Os (CaFe13Mn2303.113) (b)
Ca3Fe1,5M1’l1,503 and (C) Ca3F62M1’108.

3.2. Electrical conductivity
The electrical properties of these compounds were studied using the two-probe method* at
variable temperatures from 25 °C to 800 °C. The direct current (DC) measurements involved

finding the resistance (R) using the output current (I) upon applying a voltage (V) to calculate the

conductivity () through Ohm’s law.*>** The following equation was used to calculate o:

l
o=—=

RA

(1)

<=~
N |~

Here, / indicates the thickness of the measured pellet, and A4 is the cross-sectional area of the pellet
through which the current is applied.?! Oxygen-deficient perovskites often show both electronic
and ionic conductivities.**” In some circumstances the electronic conductivity is more dominant
when B-site cations have more than one oxidation state,*® which is usually the case for transition

metals. In the three materials studied in this work, the presence of manganese and iron with
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variable oxidation states is responsible for the electronic conductivity. Electron transport is through
the B-O-B pathway, where B is a transition metal with variable oxidation states.**° Conduction
happens due to an overlap between the 3d orbitals of transition metals and 2p orbitals of oxygens.*’
The B-site cations can be modified to boost the electrical conductivity.* >! At room temperature,
CasFeoMnOg shows the highest electrical conductivity compared to the other two materials. As
shown in Figure 5a, the variable-temperature measurements for CasFeMn»Og (CaFe13Mn2303.113),
CasFei sMn; s0s, and CasFe;MnOs indicate a semiconducting behavior,”> >* where conductivity
increases gradually as a function of temperature. The results show the order of the electrical

conductivity for the three compounds to be CazFeMn,0g (CaFe13Mn2303.13) < CaszFei.sMnj.50s

< CazFeaMnOs.
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Figure 5. (a) Electrical conductivity as a function of temperature for CasFeMn,Os (CaFe1,3Mn303.113),
CasFe; sMn; sOs, and Ca3FeoMnOg (b) Arrhenius plots to determine the activation energies (E,) for the
temperature-activated increase in conductivity.

As observed in Figure 5a and Table 3, the conductivity of CazFe2MnOs is several folds higher than
those of CasFe1sMnisOs and CazFeMn2Os. This significant variation is due to structural

differences and the Fe content in these materials. In Ca3Fe:MnOg and CaszFe; sMn;50g, the
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oxygen-vacancies are arranged in an ordered manner, while CazFeMn>Og (CaFe13Mn303.13) 1s a
disordered oxide where oxygen-vacancies have a random distribution. Also, CazFeaMnOg has a
higher Fe content than the other two materials. The electrical conductivity increases as the Fe
content and the ordering of oxygen-vacancies increase. Figure 5b was used for fitting with the

Arrhenius equation to calculate the activation energy (Ea) for thermally activated conductivity.

The Arrhenius equation can be expressed as:** 3%
_Ea
oT = o% 7kr (2)

where 6° is a pre-exponential factor and a characteristic of a material, and Ea, k, and T are the
activation energy, Boltzmann constant, and absolute temperature, respectively. The activation
energy (E.) for the change in conductivity as a function of temperature can be calculated from the
slope of the line of best fit in the log 6T versus 1000/T plot. As shown in Figure 5b, the activation

energies for the three materials are similar.

Table 3. Room temperature electrical conductivity and activation energies.

Electrical conductivity at Activation energy (eV)
room temperature (S/cm)
CasFeMn20Og 3.2x10% 0.30(4)
CasFe1.sMn; 50g 3.73 x 10 0.30(1)
CazFe;MnOg 1.16 x 1073 0.28(5)

3.3. Electrocatalytic Activity for Hydrogen Evolution Reaction

To drive the hydrogen evolution reaction (HER) at a considerable rate, an excess potential, i.e.,
overpotential, must be applied to overcome the sluggish reaction kinetics." ® 57 Therefore,
designing efficient, cost-effective, and highly stable electrocatalysts is crucial to improving the
reaction kinetics and lowering the overpotential. The HER mechanism in an acidic medium

involves a first step, called the Volmer step, where protons (H") are supplied from the hydronium
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ion (H30") to combine with an electron and form adsorbed hydrogen (Hags) intermediate species."
58 The next step can be either Heyrovsky or Tafel reaction. In the Heyrovsky step, the adsorbed
hydrogen intermediate (Hads) is combined with an electron as well as a proton (H") to produce a
hydrogen molecule. In the Tafel step two neighboring absorbed hydrogen atoms (Hads) chemically
bond with each other to generate a hydrogen molecule.'?>® Acidic conditions boost the HER, but

there are often problems with the metal oxide stability in an acidic environment.* %
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Figure 6. (a) Polarization curves for HER in 0.5 M H»SOs4. (b) Tafel plots and slopes. (c)
Chronopotentiometry data for the best performing material CasFexMnOs (d) X-ray diffraction data for
Ca3Fe;MnOgs before and after 100 cycles of HER.

In our work, the three materials show good electrocatalytic activity for acidic HER. Figure 6a
shows the polarization curves for the HER activities of the three compounds in 0.5 M H2SO4. HER
activities for CasFeMn2Os (CaFe13Mn2;305.13), CasFersMn;sOs, and CasFexMnOs  vary
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drastically depending on the ordering of the oxygen vacancies and the iron-content. The vacancy-
disordered material with the least iron-content, CasFeMn,Og (CaFei3Mn303.113), shows the
highest overpotential of 0.664 V at 10 mA/cm?. The overpotential is decreased as the Fe-content
and the degree of vacancy-order increase, where CaszFeisMn;sOg and CazFeoMnOg show
respective overpotentials of 0.570 V and 0.509 V at 10 mA/cm?. To determine whether this
decrease in overpotential is only due to the Fe-content, or the structure-type also has an effect, we
also examined CaszFe30s.5 (0 = 0.5), which has a different structure (Figure S2) and shows an
overpotential of 0.683 V under the same conditions (Figure S4). This indicates that the Fe-content
is not the only parameter that affects the HER activity, and the type of structural order is also an
important factor.

A comparison to the literature, shows that there are some catalysts, particularly composites and
nanomaterials, such as WOs nanoplates (estimated overpotential -0.117 V)®! and MoO3.y nanofilms
(approximate overpotential -0.201 V),% which show lower overpotentials than Cas;Fe;MnOs.

However, the catalytic activity of CasFexMnOs (n10=-0.509 V) in the acidic medium is better than
those of several other catalysts reported previously. For example, the reported overpotentials for
Sr,LaMn,07 (10 = -0.589 V)%, Ca;LaMn207 (n10=-0.595 V)%, SruLaFeMnO7 (n10=-0.693 V),
Sr2LaCoMnO7 (n10=-0.612 V)*, SrLaFeOs (n10=-0.730 V),° SrLaCoo.sFeos04 (n10=-0.570 V),°
SrLaCoO4.5 (i0=-0.547 V),® and WO3 (n10=-0.637 V)® are larger than that of CasFe;MnOs.

Chronopotentiometry experiments for the best-performing material, CasFeo2MnQOs, are shown in
Figure 6¢, showing little change in the potential for 24 hours. To investigate the reaction kinetics,
Tafel plots derived from polarization curves were used. The Tafel equation can be described as n
= a + blog j, where 1) is the overpotential, and j is the current density.®®®” A smaller slope of the

Tafel plot signifies faster reaction kinetics for HER.! %% ¢ The Tafel slopes for CazFeMn,Os
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(CaFe13Mn2303.13), CasFe1.sMni50s, and CazFeaMnOg are 305 mV/dec, 280 mV/dec, and 136
mV/dec, respectively, as shown in Figure 6b. CazFexMnOg shows the smallest Tafel slope among
the three materials, which is consistent with its high HER activity, and indicates faster reaction
kinetics. These results show that there is a correlation between HER kinetics and the ordering of
oxygen vacancies, as well as iron-content in the material. Also, X-ray diffraction data before and
after the HER experiment (Figure 6d) show little change, indicating that CazFeoMnOg retains its
structural integrity upon the HER electrocatalytic process.

We have also studied the double-layer capacitance, Cai, obtained from cyclic voltammetry (CV)
measurements in the non-Faradaic region (Figure 7a-c). The importance of Cq is that it is directly
proportional to the electrochemically active surface area.* 1> 7 The Cq values are found using a
correlation with current density (j), through the formula Cai = javg/v, where v is the scan rate, and
Javg 1s the average of the absolute values of janodic and jcathodic at the middle potential of the CV
obtained in the nonfaradic region.”! The slope of javg vs v gives the Cqi value for each compound.?!
2 As shown in Figure 7d, the Cq values follow the same trend as the electrocatalytic activity,

where the most active catalyst, CasFe2MnOs, also has the highest Cq value.
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Figure 7. (a), (b), and (c) show cyclic voltammetry (CV) data in the non-Faradaic region in 0.5 M
H>S0O4. (d) The plot of jave obtained from the above CVs as a function of scan rate, where the slope
is the double-layer capacitance, Caqi.

The results discussed above suggest that the following factors contribute to the electrocatalytic
activity. Firstly, the higher HER activity of CazFe2MnOg compared to other materials in this series
may be related to the iron-content. This can be correlated with the electronegativity effect, since
Fe has a higher electronegativity compared to Mn. Some researchers have noted that the increase
in electronegativity will lower the energy of d orbitals in transition metals.” Lowering the d band
energy will facilitate the overlap between the metal d and oxygen p orbitals, resulting in a higher
electrocatalytic activity.”* > However, the improved electrocatalytic properties of these materials
are not only due to the iron content, but are also related to structural properties. This was confirmed
by the investigation of the HER activity of CasFe3Os.5, which has a higher Fe-content but a

different structure (Figure S2). This material showed an inferior electrocatalytic activity (Figure
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S4) compared to CazFeaMnOs, indicating the important effect of structure on the HER
performance. The effect of structural order on enhancing the electrocatalytic activity has been
observed in some other systems before.® ° Finally, the electrical conductivity can also affect the
electrocatalytic properties given the fact that HER involves the transfer of electrons. In the
materials studied in this work, the trend in electrical conductivity is the same as the trend in

electrocatalytic activity, indicating a correlation between these two properties.

3.4. Conclusions

The effects of the transition metal type, structural order, and electrical conductivity on the
improvement of electrocatalytic activity have been demonstrated in a series of oxygen-deficient
perovskite oxides. A systematic trend in the HER performance is observed among the three
materials, CazFeMn;Os (CaFe13Mn2303.13) < CasFe1.sMn;50s < CazFexMnOs. The oxygen-
vacancy-disordered material CazFeMn2Os (CaFeisMn2303.1/3) shows the lowest HER activity,
which can be gradually enhanced as the Fe-content and structural order increase in
CazFei sMn; 5s0g and Cas3Fe:MnOs. The latter two materials have a structure where the oxygen-
vacancies are ordered. The enhancement of the electrocatalytic performance is associated with
higher iron-contents, which may be attributed to the larger electronegativity of Fe compared to
Mn, that can enhance the adsorption of the reaction intermediates. However, the type of structural
order is more important, as evident from the lower HER activity of an analogous material that only
contains Fe, but has a different structure-type. In addition, electrical conductivity could play a role
due to the need for electron transfer during the HER process. In the materials studied in this work,
the trend for the increase in electrical conductivity is the same as that of the electrocatalytic

activity.
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