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Abstract

The effect of oxygen-vacancies on functional properties is demonstrated through the investigation
of LaCayFe>GaOs, which has a perovskite-related structure, where oxygen-vacancies appear in
every third layer, converting the octahedral coordination into tetrahedral. This effect is highlighted
when the properties of this material are compared to that of LazFe2GaOy (LaFeo.67Gao3303), which
has the same Fe/Ga stoichiometry but lacks oxygen-vacancies. Since the electrocatalytically active
metals in ABOs_; catalysts are the transition metals, the role of the A-site metals (La and Ca) is to
modify the structural features of the material. While the electrocatalytic performance of these
systems is lower than that of the state of the art catalysts, they show an excellent example of
structure-activity relationships. The vacancy-ordered LaCarFe;GaOs shows better HER
electrocatalytic performance compared to La3FeoGaOog. The former also shows a faster HER
kinetics. We have also studied the electrical conductivity in a wide range of temperatures,
indicating the enhanced electrical charge-transport properties of LaCa;Fe>GaOs. Therefore, both
electrical conductivity and HER electrocatalysis are improved due to the ordered arrangement of
oxygen-vacancies in LaCaxFeoGaOg as compared to LazFeGaOo.
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1. INTRODUCTION
Hydrogen molecule is an excellent energy carrier and is considered a promising alternative to

(121 Among a

traditional fossil fuels due to its high mass-energy density and clean combustion.
variety of methods, electrochemical water splitting by a water electrolyzer is one of the most
promising methods to convert water molecules into hydrogen and oxygen gas. ***! Hydrogen
evolution reaction (HER) mechanism comprises adsorption and desorption processes, where each
step requires a potential, depending on the strength of hydrogen adsorption and desorption on the

[5-6] Therefore, the development of sustainable catalysts that can lower the

catalyst’s surface.
overpotential of this reaction is important to facilitate the overall process. Pt and Ru/Ir-based
materials have been widely used as electrocatalysts for this reaction, but the high cost of these
materials has limited their use. [-*

Different oxides, such as perovskite-related systems,”!%) have been investigated as alternative
catalysts. Among various families of perovskite oxides, oxygen-deficient perovskites (ABO3.5) can
be good candidates for this application due to their versatile structural, chemical, and physical
properties. [''14] Their properties can be modulated by changing the concentration and ordering of
oxygen vacancies using different synthesis conditions or by substituting various metal cations.[!*-
161 The oxygen vacancies can have random or ordered arrangements within the structure.[!”-'¥] The
ability to modify the structures of these materials can lead to the development of high-performance
electrocatalysts for water splitting.

One possible type of vacancy order is found in the ABO2.7 (A3B30g) system, sometimes called
the Greiner phase or bilayer brownmillerite. ') In this structure, oxygen vacancies are present in

every third layer, transforming the 6-coordinated geometry into 4-coordinated.!*”) This results in a

tetrahedral layer alternating with two octahedral layers.!'"”! This anion-vacancy ordered structure is



an intermediate between perovskite and brownmillerite.* 2! The structure can contain cooperative

[21-23

twisting of tetrahedral chains that determines the unit cell symmetry. For instance, when right-

handed and left-handed tetrahedral chains twist alternate between adjacent tetrahedral layers, the

(221 1f all tetrahedral chains are twisted in the same

structure is described by the Pbma space group.
direction, the structure crystallizes in P21ma,?*! and if the directions of the twist of different
tetrahedral chains are disordered, the structure can be described by the Pmma space group.?!!

Our group has recently studied a wide range of oxide systems for electrocatalytic applications. [
15.24-26] In the present work, we have shown the effect of oxygen vacancies and their ordering on
electrocatalytic properties. We have synthesized LaCaxFe,GaOg (Lao33Cao.67Fe0.67Gao3302.67) with
bilayer brownmillerite structure and have shown its enhanced properties compared to the
analogous vacancy-free perovskite LasFe:GaOo (LaFeo.7Gao3303). While the electrocatalytic

performance of these materials is lower than those reported for the state of the art catalysts, these

oxide systems show an excellent example of structure-activity relationships.

2. EXPERIMENTAL

Synthesis and Characterization. Samples of LaCa>Fe2GaOg and LasFe2GaOo (LaFeo.67Gao.3303)
were synthesized under argon by the solid-state synthesis method. Suitable stoichiometric
proportions of precursors, La>xO3, CaCOs, Fe;O3, and GaxO3 were ground by agate mortar and
pestle and pressed into pellets. The pellets were heated at 1250 °C for two periods of 48 hours
under argon atmosphere. The structures of the obtained materials were studied by powder X-ray
diffraction at room temperature using Cu Kol radiation (A = 1.54056 A). Rietveld refinements
were done using GSAS program ?7l and EXPIGU interface. [*®) The oxygen contents were

determined using iodometric titration [, where 50 mg of the sample was dissolved in a 1 M HCI



solution containing an excess of KI (~2 g) under argon atmosphere. Then 5.0 mL of the solution
was pipetted out for titration. The liberated I was titrated with 0.025 M Na»S>O3 solution. The
starch solution was used as the indicator. A field emission scanning electron microscope was used

to study the sample morphologies.

Electrochemical measurements. The catalyst ink for electrochemical measurements was
prepared using 35 mg of the catalyst material, 7 mg of carbon black powder, 40 puL of Nafion D-
521 solution (5% w/w in water and 1-propanol), and 7 mL of Tetrahydrofuran 99% (THF). Then,
the mixture was ultrasonically dispersed in water for 15 minutes. Twenty microliters of the
prepared catalyst ink were loaded onto the surface of a glassy carbon electrode (diameter = 5 mm,
area = 0.196 cm?) with a mass loading of 1.02 mg/cm? and dried overnight. Electrochemical
measurements were done using a standard three-electrode electrochemical cell connected to a
rotating disk electrode and a potentiostat. A commercial Ag/Agcl in 4 M KCI were used as
reference electrode and carbon electrode as the counter electrode for electrochemical experiments.
Electrical conductivities were measured using rectangular sintered pellets, sandwiched between
gold leads. The electrical conductivity data were collected at a temperature range from 25 to 800

°C. The rates of heating and cooling for conductivity measurements were 3 °C/min.



3. RESULTS AND DISCUSSION

3.1. Crystal Structure

The Rietveld refinement profiles for both LaCaFe>GaOsg (Lao33Caoe7Fe0.67Gao330267) and
LasFe>GaO9 (LaFeo.67Gao3303) using X-ray diffraction (XRD) data are shown in Figure 1. Also,
the refined structural parameters are listed in Tables 1 and 2. The material without oxygen-
vacancies, La3Fe>GaO9 (LaFeo67Gao3303), has a typical structure (Figure 2a) of an ABO;
perovskite, with AO12 (A = La) and BOgs (B = Fe, Ga) polyhedra. Here the B-site metals Fe/Ga
have octahedral geometry whereas the A-site metal, La, occupies the spaces between those

30311 and Ga-only compound, LaGaOs,*? are both

octahedra. The Fe-only compound, LaFeOs,!
known to crystalize in the Pnma space group. Therefore, the Pnma structure of LasFeaGaOo
(LaFeo.67Gao3303) was expected.

The incorporation of Ca®", which has a lower valance than La", results in the transformation of
the structure and the formation of an oxygen-deficient perovskite, LaCaFe.GaOs
(Lao33Cag.67Fe0.67Gao.3302.67), with an ordered structure (Figure 2b). This material has a general
formula AA’>,B’B,0s. Therefore, it contains four different metal sites with different coordination
geometries, namely AOj2 (A = La), AOs (A’ = Ca), B’O4 (B” = Ga), and BOg (B=Fe). The
refinement of Fe and Ga occupancies indicated that at room temperature Fe is almost entirely
located on octahedral sites and Ga on tetrahedral sites. This is consistent with the smaller ionic
radius of Ga** compared to Fe*".

Also, most of the La*" cations are located on 12-coordinated A-sites which are in between the BOg
octahedra. On the other hand, the Ca?" cations are on the 8-coordinated A’-sites that reside between

B’04 and BOg layers. Rietveld refinements confirm that LaCazFeoGaOsg crystallizes in space

groups Pbma, consistent with a previous report of the structure of this material. %!
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Figure 1. Rietveld refinement profiles of (a) La3FeoGaOo (LaFe7Gao3303, Pnma) and (b)
LaCayFe>GaOg (Pbma). 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. Crystal structures of (a) LasFe2GaOg (LaFeo/Gao330;3) and (b) LaCaxFeoGaOs.



Table 1. Refined Structural Parameters for LaFeo.s7Gao3303 at Room Temperature by using
Powder X-ray Diffraction Data. Space Group: Pnma, a = 5.5463(1) A, b =7.8466(2) A, c =
5.5438(8) A, R, = 0.0350, wR, = 0.0446

Atom X y z Occupancy Multiplicity Uiso (A2)

La 0.02455(1)  0.25 -0.00257(1) 1 4 0.0215(4)

Fe 0.5 0 0 0.6667(0) 4 0.0249(6)

Ga 0.5 0 0 0.3333(0) 4 0.02487

o1 - 0.25 0.438950(5) 1 4 0.0035(2)
0.014667(1)

02 0.78204(2)  0.44738(1) 0.755753) 1 8 0.0035(2)

Table 2. Refined Structural Parameters for Lao33Caos7Fe0.67Gao 330267 at Room Temperature by
using Powder X-ray Diffraction Data. Space Group: Pbma, a = 5.4608(1) A, b =22.51203) A, ¢
=5.5919(1) A, R, = 0.0198, wR,, = 0.0278.

Atom X y V4 Occupancy Multiplicity Uiso (A%)

Lal 0.25 0 0.7433(6)  0.89(1) 4 0.0608(1)
Cal 0.25 0 0.7433(6)  0.12(1) 4 0.0608(1)
La2 0.27597(1) 0.15776(1) 0.72581(1) 0.08(1) 8 0.0600(3)
Ca2 0.27597(1) 0.15776(1) 0.72581(1) 0.92(1) 8 0.0500(3)
Gal 0.30542(1) 0.25 0.17999) 1 4 0.0579(3)
Fe2 0.25715(1) 0.08656(3) 0.24170(1) 1 8 0.0578(2)
01 0.25 0 0.175(5) 1 4 0.0681(3)
02 0.656(4) 0.25 0.115(4) 1 4 0.0681(3)
03 0.238(4) 0.17849) 0.33212(2) 1 8 0.0681(3)
04 0.001(6) 0.0974(7)  0.97385(3) 1 8 0.0681(3)
05 0.993(7) 0.0772(8)  0.498(4) 1 8 0.0681(3)




The Fe and Ga stoichiometries are the same in both materials. The regular perovskite LasFe2GaOo
(LaFeo.67Gao3303) was synthesized to allow a direct comparison with LaCa;Fe;GaOs, in order to
highlight the effect of oxygen vacancies on functional properties. We note that it is well established
%331 that catalytically active metals in oxide OER/HER catalysts are transition metals, and the A-
site metals (La/Ca) do not directly participate in the catalytic process. 4351 Here, the role of A-
site metal is to modify the structural features of these materials.

The morphologies of sintered pellets were probed using scanning electron microscopy, and the
results are shown in Figure 3. As seen here, the crystallites in LaCa>Fe2GaOg are much larger than
those of LazFe;GaOy (LaFeo.67Gao3303). The oxygen contents of the materials were confirmed by
iodometric titrations. The results were consistent with formulas LaCaFe>GaOg and LasFe.GaOo

(LaFeo.67Ga03303).

(b)

Figure 3. Scanning electron microscopy (SEM) images of (a) La3Fe>GaO9 (LaFeo7Gao3303) and
(b) LaCazFe2GaOs.



3.2. Electrical Conductivity

The electrical conductivity measurements were done in the temperature range of 25 °C to 800 °C.

The conductivity is related to resistance (R) through o = é , where / and A4 denote the length and

cross-sectional area of the rectangular pellet.[!® 3¢]

In the direct current (DC) method, the resistance (R) is obtained from the material’s current
response (I) to the applied voltage (V), described by R = V/I. In the alternating current (AC)
method, the total resistance is achieved from the intercept with the real axis (Z’) of the Nyquist
plot. The conductivity values from both DC and AC methods were close to each other.

According to our conductivity data at variable temperatures, LaCa;Fe.GaOg exhibits substantially
higher conductivity than LasFe,GaOog (LaFeo.67Gao.3303) in the whole temperature range, as shown
in Figure 4a. The electrical conductivities of both materials increase as a function of temperature,

similar to the typical behavior of semiconductors.[!5 18]
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Figure 4. (a) Electrical conductivity as a function of temperature for LazFe2GaOg (LaFe67Gao 3303,
red) and (b) LaCaFe>GaOgs (blue). (b) Arrhenius plots to determine the activation energies (Ea) for
the temperature-activated increase in conductivity.



The activation energy for the temperature-dependent changes in the conductivity can be obtained

by using the Arrhenius equation. 373

_Ea
oT = o% 7kt

Where 6° is a pre-exponential factor that is a characteristic of each material. E., K, and T are the
activation energy for the electrical conductivity, Boltzmann constant, and absolute temperature,
respectively. The activation energy (E.) can be obtained from the slope of the line of best fit in the
log oT vs 1000/T plot, as shown in Figure 4b. The activation energy values are consistent with the
conductivity trend in the two materials. LaCa;FeoGaOg, which shows higher conductivity, has
lower activation energy, compared to LazFe>GaOo (LaFeos7Gao3303) which has lower

conductivity and higher activation energy.

3.3. Electrocatalytic Activity for Hydrogen Evolution Reaction

Production of Hydrogen via electrochemical water splitting is a sustainable and low emission
process as an alternative to natural gas and fossil fuel-based methods. [*°#3! In the present study,
both materials were examined as electrocatalysts for hydrogen evolution reaction (HER). The
vacancy-ordered material LaCa>Fe2GaOg shows superior electrocatalytic performance compared
to LasFe,GaOy (LaFeo.67Gao3303). The HER overpotential (n10) at 10 mA/cm? for the latter is 0.62
V, as compared to 0.47 V for the former in 0.5 M H2SOg4 (Figure 5a). The current density of 10
mA cm is the expected current density in a 10% efficient integrated solar-to-fuel system. 4% 44431
These overpotentials are clearly higher than that of Pt/C (n10=~0.1 V) which is the state-of-the-
art electrocatalyst for HER.[** 4% 4647) However, the clear impact of vacancy order on the

enhancement of the HER activity is noteworthy. Chronopotentiometry experiments for the best

performing material, LaCaxFe,GaOg, show a stable response for at least 10 hours (inset of Figure

10



5a). Also, X-ray diffraction data before and after the HER experiment (Figure 5c¢) shows little

change, indicating that the material has retained its structural integrity upon the HER process.
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Figure 5. (a) Polarization curves for HER in 0.5 M H2SO4. The inset shows chronopotentiometry
data for LaCa;Fe,GaOs. (b) Tafel plots and slopes. (¢) and (d) show X-ray diffraction data and
SEM images before and after chronopotentiometry experiments for LaCaxFe;GaOs.

The reaction kinetics was evaluated using the Tafel equation %1y = g + b log j, by plotting the
overpotential () as a function of log j (where j is current density) in Figure 5b. The slope of this
plot 439 is indicative of the reaction kinetics. A smaller slope implies a faster reaction since less
overpotential is required to start the HER at the same current density increment. !> This is

associated with faster electron-transfer kinetics which is consistent with enhanced electrocatalytic
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performance. The Tafel slope for LaCaxFeoGaOg is significantly smaller than that of LasFe>GaOo,

as shown in Figure 5b. This trend matches the electrocatalytic activities of these compounds, where

a lower Tafel slope belongs to the catalyst with better HER activity, [1524 44 54]
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Figure 6. (a) and (b) Cyclic voltammetry (CV) data in non-Faradaic region in 0.5 M H2SOs4. (c)
Plot of javersge Obtained from the above CVs as a function of scan rate, where the slope is the
double layer capacitance.

The Tafel slope denotes the overpotential difference needed to change the current density by 10-

fold in the HER process.*! Therefore, it indicates the rate-determining step in the HER reaction

12



mechanism.*®! The HER process can happen by either Volmer-Heyrovsky or Volmer-Tafel
steps.>?! If the Volmer step becomes the rate-determining step, the Tafel slope should be around
116 mV/dec. When the Heyrovsky step and Tafel step are rate-determining steps, the Tafel slope
should be around 39 mV/dec and 29 mV/dec, respectively. [*81 Also, there can be different Tafel
slope values that indicate more than one rate-determining step. For instance, some perovskite
oxides, such as Ca2FeMnOg.s, show a larger Tafel slope (178 mV/dec),?* indicating a mixed HER
mechanism in an acidic medium. Also, the larger Tafel slopes in some other catalysts, such as
MoxC film (Tafel slope 166 mV/dec),'*> and P-doped NiMoOj (Tafel slope 174 mV/dec)* have
been assigned to having more than one rate-determining steps in the HER mechanism. Here, the
Tafel slope of 131 mV/dec for LaCayFe>GaOs is close to that expected for a mechanism where the
Volmer step is the rate-determining step. The larger Tafel slope for LasFe;GaOo (283 mV/dec) can
indicate more than one rate-determining step.

We have determined the double-layer capacitance (Car)***>>" using the average current densities
(Jave) at different scan rates, obtained from cyclic voltammograms at non-faradic regions (Figure
6). The slope of the plot of jave versus v gives the double layer capacitance *°! according to the
equation jg,q = Cg v. Some studies have correlated the double layer capacitance with the
electrochemically active surface area,l* which represents the area of the catalyst that is accessible
to adsorbates during the reaction.[*! Here, LaCa,Fe,GaOs, which is a more active catalyst, also

shows a higher value of Cq compared to LasFeoGaO9 (LaFeo.67Gao3303), as shown in Figure 6.

Conclusions
The electrocatalytic activity for HER can be improved by creating an ordered array of oxygen

vacancies, as demonstrated by LaCaxFe>GaOs, where oxygen vacancies appear in every third layer

13



of the structure, converting the octahedral geometry into tetrahedral. The effect of oxygen
vacancies is evident when the electrocatalytic performance of this material is compared to that of
LasFe,GaO9 (LaFeo67Gao3303), which has the same Fe/Ga stoichiometry but no oxygen-
vacancies, since it contains only La*" on the A-site. Since the catalytically active metals in oxide
HER catalysts are transition metals, the role of A-site metal is to modify the concentration of
vacancies and the structural features of the materials. The vacancy-ordered oxide LaCaxFe,GaOsg
shows a significantly better electrocatalytic performance for HER compared to LasFe2GaOo

(LaFeo.67Gao3303). The former also shows greater electrical conductivity and faster HER kinetics.
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The presence of an ordered array of oxygen vacancies in LaCasFe>GaOg leads to a significant
improvement of the electrocatalytic properties for hydrogen-evolution reaction, as compared to
LasFe>GaO9 (LaFeo.67Gao3303), which lacks oxygen-vacancies.
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