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Abstract: The correlation of the electrocatalytic activity with electrical conductivity, oxygen-vacancies,
and electronegativity have been studied in a series of isostructural oxides, having the so-called
Ruddlesden-Popper structure. The structures of these materials comprise transition metals that are
octahedrally coordinated to form a network of bilayer stacks. These materials are catalytically active
for both half-reactions of water-splitting, namely oxygen-evolution reaction (OER) and hydrogen-
evolution reaction (HER). They show a systematic increase in electrocatalytic activity in progression
from Sr3Ti; Oy to Sr3TiMnOy, Sr3TiFeOy_s, and Sr3TiCoO;_s. The kinetic studies using the Tafel
method indicate the same trend across the series, where the best catalyst also has the fastest kinetics
for both HER and OER. In addition, the same progression is observed in the concentration of oxygen-
vacancies, as well as the electrical conductivity in a wide range of temperatures, 25 °C-800 °C. The
material that shows the best electrocatalytic activity, i.e., Sr3TiCoOy_g, also has the highest electrical
conductivity and the greatest concentration of oxygen vacancies in the series. The correlations
observed in this work indicate that trends in electrocatalytic performance may be related to the
systematic increase in electrical conductivity, electronegativity, and oxygen-vacancies, as well as the
electron occupancy of eg orbitals, which can affect the strength of sigma interactions between the
catalyst and reaction intermediates.

Keywords: oxygen-evolution reaction; hydrogen-evolution reaction; water splitting; solid-state
structures; electrocatalysis

1. Introduction

Perovskite-based oxides show a variety of interesting properties, such as electrical
conductivity, magnetism, and electrocatalytic activity [1-4]. The quasi-two-dimensional
Ruddlesden Popper (RP) structure with formula Ap1A’;BrOs, + 1 (Figure 1) is derived
from perovskite, and consists of stacks of corner-sharing BOg octahedra, where B is often
a transition metal. The number of octahedral layers in each stack is represented in the
formula by n. The spaces between stacks are often occupied by lanthanide or alkaline-
earth metals (A’-site metals), which also reside in intra-stack spaces (A-site) between the
octahedra. Some applications of RP materials, such as energy storage, electrocatalysis,
and oxide/lithium-ion conductivity, have been studied, highlighting the significance of
this class of materials [5-7]. The A/A’ and B site modifications of RP oxides affect the
structural, physical, and chemical properties. Oxygen vacancies in these oxide materials
also have an impact on properties such as conductivity and electrocatalytic activity. It has
been demonstrated in various studies that the conductivity and electrocatalytic properties
are related to oxygen vacancies, structural changes, and compositional modifications [7-12].
The distinct properties of RP oxides are a result of a structural arrangement consisting of
wide inter-stack spaces between corner-sharing BOg octahedra [2], with possible oxygen
vacancies or interstitials.
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Figure 1. Crystal structure of Sr3TiMO; (M = Ti, Mn, Fe, Co). Green spheres represent La, and red

spheres show oxygens. The BOg octahedra are shown purple in color.

One area where RP oxides can be utilized is water electrolysis. Two fundamental
reactions in electrochemical water splitting are the generation of hydrogen and oxygen
gases in the two electrodes. The sluggish kinetics of these reactions require the utilization
of catalysts that can facilitate these processes. Discovering active catalysts that can help
these reactions occur at lower potentials is therefore essential [10,13]. The RP oxides have
shown great promise as efficient catalysts for water-splitting, drawing interest in the further
investigation of the activities of these oxides [7,13]. Various methods have been used to
enhance the catalytic activities of these materials. For example, the electrocatalytic activity
of the single-layered RP oxide, Lag55r1 5Nij_yFexOy 1 5 has been studied by changing
the degree of Fe substitution at the B-site, where all materials in the series crystallize
in the tetragonal 14/mmm space group. The two parent compounds, Lag55r; sNiO4 and
Lag5Sr; 5FeOy4, show OER overpotentials of ~500 mV and ~550 mV in 0.1 M KOH, re-
spectively, as compared to ~460 mV for Lags55r1 5Nij_yFexOy + 5 (x = 0.85) [14]. Another
example is the B-site substitution to study the improvement of the catalytic performance of
Laj 5519 5NiOy4. The catalytic activity of Laj 55rg 5Nip5Cog 504, with an OER overpotential
of ~470 mV, is better than that of the parent compound, La; 55r)5NiO,, which shows an
overpotential of ~510 mV in 0.1 M KOH [15]. Another example is Sr,LaCoMnO7, which
shows better electrocatalytic performance for both half reactions of water splitting, OER
and HER, compared to SryLaFeMnO; [7].

In this study, we investigate the electrocatalytic activities of a series of bilayer RP mate-
rials, Ap_1A’2BnOsn41 (n = 2), for water electrolysis. Some other properties of these materi-
als have been previously studied. For example, the structure, thermoelectric, and dielectric
properties of Sr3Ti;O7 (ICDD # 11-663) have been investigated [16,17]. Mixed conductivity
and oxygen permeability have been studied for Sr3Tij_4CoxOy and Sr3Ti;_xFexOy [18-20].
Low temperature electrical conductivity, magnetic properties, and dielectric response
have been investigated for Sr3TiMnOy [21-23]. In this work, we focus on a different
property, namely electrocatalytic activity, and demonstrate systematic trends in the series
Sr3Tip_«MxO7_5 (M = Mn, Fe, Co; x = 0, 1). We also show the creation of oxygen vacancies
and their correlations with electrocatalytic and charge-transport properties.
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2. Results and Discussion
2.1. Crystal Structure and Oxygen Content

The crystal structures of the materials were verified by Rietveld refinements using
powder X-ray diffraction data. The refinement profiles are shown in Figure 2 and the refined
structural parameters are listed in Tables 1-4. The quasi-two-dimensional network of these
RP materials, A,_1A’2BrOspn41 (n = 2), consists of bilayer stacks of BOg octahedra, where
the B-site is occupied by transition metals. The spaces between the octahedra are occupied
by A and A’ metals, which reside on intra-stack and inter-stack sites, with coordination
numbers 12 and 9, respectively. In the materials studied here, both A and A’ sites are
occupied by Sr. On the other hand, the B-site is occupied by Ti in Sr3Ti, Oy [24]; and a mix
of Ti/Mn, Ti/Fe, or Ti/Co for Sr3TiMnOy [22], Sr3TiFeOy_s, [25], and Sr3TiCoOy_g [19],
respectively.
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Figure 2. Rietveld refinement profiles with powder X-ray diffraction data for (a) Sr3Ti,O7,

(b) Sr3TiMnOy, (c) Sr3TiFeOy;_5, and (d) Sr3TiCoOy7_s. The experimental data are represented
by black crosses. The red line shows the fit. The vertical blue tick marks and the lower pink line
correspond to the Bragg peak positions and difference plot, respectively.
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Table 1. Refined structural parameters of Sr3Ti;Oy from powder X-ray diffraction data. Space group:
14/mmm, a = b = 3.9009(1) A, ¢ = 20.3386(5) A, Rp = 0.0702, wRp = 0.0949.

Atom X y z Occupancy Ui, (A2)  Multiplicity
Srl 0 0 0.5 1 0.0327(18) 2
Sr2 0 0 0.31421(16) 1 0.0390(18) 4
Ti 0 0 0.09932(27) 1 0.0158(28) 4
01 0 0 0 1 0.090(8) 2
02 0 0 0.1882(12) 1 0.090(8) 4
03 0 05 0.0979(6) 1 0.090(8) 8

Table 2. Refined structural parameters of Sr3TiMnOy from powder X-ray diffraction data. Space
group: I4/mmm, a = b = 3.8481(1) A, ¢ =20.2024(6) A, Rp = 0.0446, wRp = 0.0585.

Atom X y z Occupancy U, (A2) Multiplicity

Srl 0 0 0.5 1 0.021(4) 2
Sr2 0 0 0.30097(12) 1 0.040(4) 4

Ti 0 0 0.11764(17) 0.5 0.034(4) 4
Mn 0 0 0.11764(17) 0.5 0.034(4) 4

01 0 0 0 1 0.039(5) 2

02 0 0 0.1897(7) 1 0.039(5) 4

03 0 0.5 0.0759(4) 1 0.039(5) 8

Table 3. Refined structural parameters of Sr3TiFeOy_s from powder X-ray diffraction data. Space
group: I4/mmm, a = b = 3.8904(1) A, ¢ =20.2788(7) A, Rp =0.0326, wRp = 0.0459.

Atom X y z Occupancy Ui, (A% Multiplicity
Srl 0 0 0.5 1 0.0083(13) 2
Sr2 0 0 0.31585(9) 1 0.0148(10) 4
Ti 0 0 0.10014(20) 0.5 0.0010(9) 4
Fe 0 0 0.10014(20) 0.5 0.0010(9) 4
o1 0 0 0 1 0.0542(17) 2
02 0 0 0.1980(6) 1 0.0542(17) 4
O3 0 0.5 0.0963(4) 1 0.0542(17) 8

Table 4. Refined structural parameters of Sr3TiCoOy_s from powder X-ray diffraction data. Space
group: I4/mmm, a = b = 3.8682(1) A, ¢ =20.2349(8) A, Rp =0.0361, wRp = 0.0545.

Atom X y z Occupancy Ui, (A% Multiplicity
Srl 0 0 0 1 0.031(6) 2
Sr2 0 0 0.18493(21) 1 0.052(6) 4
Ti 0 0 0.4010(5) 0.5 0.050(6) 4
Co 0 0 0.4010(5) 0.5 0.050(6) 4
o1 0 0 0.5 1 0.080(8) 2
02 0 0 0.3126(13) 1 0.080(8) 4
03 0 0.5 0.0940(11) 1 0.080(8) 8
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Iodometric titrations were carried out to examine the oxygen stoichiometries, which in-
dicated 7 oxygens per formula unit for Sr3Ti;O7 and Sr3TiMnOy, but 6.76 and 6.62 oxygens
per formula unit for Sr3TiFeO7_s and Sr3TiCoOy_s, respectively. We note that all materials
were synthesized under similar conditions in air, and no reduction experiment was con-
ducted on any of these materials. It appears that the latter two materials have a tendency
to accommodate cations with a lower oxidation state, possibly due to the relative stability
of trivalent iron and cobalt. These findings are consistent with the observation of larger
unit cell volumes for Sr3TiFeO7_5 [25] and Sr3TiCoOy7_s, [19], indicating more reduced
transition metals due to the lower oxygen stoichiometry. We note that ionic radii [26] of
Fe3* (0.645 A) and Co®* (0.61 A) are considerably larger than those of Fe** (0.585 A)and
Co** (0.53 A), respectively.

As shown in Table 5, the BOg octahedra in these materials are distorted, where the axial
bond lengths are dissimilar. The distortions are also evident from the B-O-B bond angles,
which deviate from the ideal 180°. Sr3TiMnOy exhibits the highest distortion of angles,
while Sr3Ti;O7 exhibits the lowest, as indicated by the bond angles reported in Table 5.

Table 5. B-O bond distances and B-O-B angles for the synthesized structures.

Sr3Tir Oy Sr3TiMnOy
Ti-O1 2.020(6) Ti/Mn-O1 2.3766(35)
Ti-O2 1.808(23) Ti/Mn-02 1.456(12)
Ti-O3 x 4 1.95065(20) Ti/Mn-O3 x 4 2.1006(31)
Average Ti-O 1.9384(19) Average Ti/Mn-O 2.0391(29)
Ti-O1-Ti 180.0(0) Ti/Mn-O1-Ti/Mn 180.0(0)
Ti-O3-Ti 178.3 (8) Ti/Mn-O3-Ti/Mn 132.7(4)
Average Ti-O-Ti 179.2(6) Average Ti/Mn-O-Ti/Mn 156.35(3)
Sr3TiFeOy_g Sr3TiCoOy_5
Ti/Fe-O1 2.031(4) Ti/Co-0O1 2.003(11)
Ti/Fe-02 1.984(13) Ti/Co-02 1.788(25)
Ti/Fe-O3 x 4 1.9468(4) Ti/Co-O3 x 4 1.9367(13)
Average Ti/Fe-O 1.9670(6) Average Ti/Co-O 1.9229(15)
Ti/Fe-O1-Ti/Fe 180.0(0) Ti/Co-O1-Ti/Co 180.0(0)
Ti/Fe-O3-Ti/Fe 175.4(6) Ti/Co-0O3-Ti/Co 174.0(15)
Average Ti/Fe-O-Ti/Fe 177.7(4) Average Ti/Co-O-Ti/Co 177.0(11)

Moreover, scanning electron microscopy data (Figure S1) show that Sr3TiCoOy_s has
larger grains than the other three materials.

2.2. Electrical Conductivity

The variable-temperature electrical conductivity of the synthesized materials was
studied from the measured resistance (R) using the following equation at a constant
applied potential:

c=L/RA 1)

In the above equation, ¢ is the conductivity, L is the average thickness, and A (A = rtr?)
is the average cross-sectional area of the pellet. The conductivity values obtained for the
materials from 25 °C to 800 °C are given in Figure 3a. The insets in Figure 3a show a mag-
nified view of the conductivity variations for Sr3Ti;Oy and Sr3TiMnOy. The conductivity of
all materials increases as a function of temperature, a behavior typical of semiconducting
materials. For Sr3TiCoO7_s and Sr3TiFeOy_g, this increase is observed from 25 °C to
500 °C, followed by a decrease in conductivity as the temperature is raised to 800 °C.
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Figure 3. (a) Electrical conductivity variation as a function of temperature. The dotted box has been
magnified in the inset to show the conductivity variations for Sr3TiO; and Sr3TiMnOy. (b) Arrhe-
nius plots for determination of the activation energies (E,) for the temperature-activated increase
in conductivity.

The behavior of these materials can be described by Equation (2), where 7, 1, ¢, and pn
are conductivity, concentration of electrons/holes, charge of the electron, and mobility of
the charge carriers, respectively [27]:

= neu 2)

The characteristic feature of a semiconductor is an increase in the number of charge
carriers as a function of temperature, leading to an increased electrical conductivity. The
metallic behavior, i.e., decrease in electrical conductivity as a function of temperature, is
explained by an increase in collisions between phonons and charge carriers with increasing
temperature, which will decrease the relaxation time; hence, lowering the charge-carrier
mobility and the electrical conductivity.

The electron/hole hopping in oxides requires the B-site metal to have a variable
oxidation state [8]. Considering that Mn, Fe, and Co have multiple stable oxidation
states, it is expected that their presence in Sr3TiMO; (M = Mn, Fe, Co) leads to a higher
electrical conductivity compared to Sr3TiOy. As shown in Table 6, Sr3Ti;O7 has a room
temperature conductivity that is at least five orders of magnitude lower than those of the
other three materials.

Table 6. Room temperature electrical conductivities and activation energies.

Material Conductivity at 25 °C (S/cm) Activation Energy (eV)
0.1372 (298-573 K)

. —-10
Sr3Ti,O7 1.88719 x 10 1.2327 3731073 K)
Sr3TiMnO; 1.2445 x 105 0.2966 (298-773 K)
Sr3TiFeOy_s 1.72 x 1073 0.2714 (298-773 K)

St;TiCoOy_s 2.843 x 1072 0.1883 (298-773 K)
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The electrical conduction in perovskite oxides occur through the B-O-B pathways [8],
facilitated by the overlap of the transition metal 3d orbitals with oxygen 2p orbitals. Shorter
B-O bonds and greater B-O-B angles facilitate the conductivity by increasing the orbital
overlap [28,29]. Therefore, the degree of structural distortion in the structure has an
impact on the conductivity [30]. As shown in Table 5, Sr3TiMnOy; exhibits the largest
distortion of B-O-B angles. Distortions can hinder the overlap of B-site metal 3d orbitals
with oxygen 2p orbitals, leading to lower conductivity. Greater distortions and longer B-O
bonds in Sr3TiMnO; may cause the material to be less conductive. As shown in Figure 3a,
Sr3TiCoOy_s shows the highest conductivity in the entire temperature range, followed by
Sr3TiFeOy_5. Oxygen vacancies were found for both materials by iodometric titrations,
which indicated that Sr3TiCoO7_ 5 has more oxygen vacancies than Sr3TiFeOy_5. Although
B-O-B bond angles in the two materials are similar, Sr3TiCoO7_s, has a greater conductivity
than Sr3TiFeO7_s, which may be, in part, related to its shorter average B-O bond length
(Table 5), facilitating the orbital overlap [28,29].

The activation energy for the rise in thermally activated conductivity was examined
using the Arrhenius equation below:

_ Eq
O-T — 0-06 2.303 KgT (3)

In this equation, o, 0y, T, E;, and Kp represent conductivity, pre-exponential factor,
temperature, activation energy, and the Boltzmann constant, respectively. Figure 3b shows
the Arrhenius plots for the four materials. The calculated activation energies using slopes
of the best line of fits in the Arrhenius plots are listed in Table 6. It is noted that here,
the activation energy indicates the energy barrier for the temperature-dependent rise
in conductivity.

2.3. Electrocatalytic Properties for HER and OER

The HER electrocatalytic activities of the synthesized materials were investigated,
showing a systematic change. The overpotential, 7719, which is the difference between the
experimentally observed potential and the thermodynamic potential at 10 mA cm~2, is one
of the important parameters used to assess the electrocatalytic activity of a catalyst. While
the overpotentials of these catalysts are not as low as those of state-of-the-art HER catalysts,
they show a systematic trend in their performance. As illustrated in Figure 4a, Sr3TiCoO7_j
shows the lowest overpotential, 1719 = —424 mV, indicating better activity compared to
the other materials. It is followed by Sr3TiFeO7_;5, which shows #19 = —452 mV. The
polarization curves for Sr3TiMnOy and Sr3Ti;O7 do not even reach 10 mA cm 2, indicating
the low HER activities of these two compounds. The overpotential of the state-of-the-art
Pt/C, [7,10] as well as those of some oxides, such as CaSrFeMnOg_5 (1719 = 390 mV) [29]
and LaCayFe3Og (1719 = 400 mV) [31], are lower than those found in this work. However,
the HER overpotentials for the two best materials in this work are smaller than the values
reported for some oxides such as TiO,_4 (119 = 630 mV) [32]. The overpotentials for some
other Sr-based oxides are listed in Table S1. X-ray diffraction data before and after the
HER experiment (Figure 4c) show that, while some deterioration of the material might be
happening, the bulk of the catalyst retains its crystalline structure. As shown in Figure 4d,
chronopotentiometry measurements show a stable current response, indicating that the
catalyst remains active for at least 12 h.

The kinetics of the reaction was evaluated using the Tafel equation 7 = a + b logj,
where 7 is the overpotential and j is the current density. Further information about the
Tafel equation is provided in the supporting information. The kinetics of electrocatalytic
reactions is dependent on the electron and mass transfers, which are indicated by the
Tafel slope. Smaller slopes indicate faster reactions. Among the materials studied here,
Sr3TiCoOy_s shows the smallest Tafel slope (Figure 4b), consistent with its higher HER
electrocatalytic activity. The trend in kinetics is similar to that of the HER overpotential,
where Sr3TiFeO7_ 5 and Sr3TiMnOy; have the next lowest Tafel slopes, followed by Sr3Ti;O5.
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Figure 4. HER activity in 0.1 M KOH (a) polarization curves; (b) Tafel plots; (c) X-ray diffraction
data of Sr3TiCoOy_s, before and after 100 cycles of OER; (d) chronopotentiometry response of
Sr3TiCoOy7_s using a two-electrode cell consisting of nickel foam electrodes.

The electrocatalytic OER activities of the materials were also assessed. As evident
from the polarization curves in Figure 5a, the electrocatalytic activities for OER show the
same trend as HER, where Sr3TiCoOy_5 shows the lowest overpotential, 119 = 456 mV
at 10 mA cm 2, followed by Sr3TiFeO7_s, Sr3TiMnOy, and Sr3Ti;O;. The difference in
activity between the four materials is significant, where the OER responses obtained from
the latter three materials do not even reach 10 mA cm 2. However, the systematic change
in current density is evident from Figure 5a. The overpotential (7719) value obtained for
Sr3TiCoOy_s is lower than those of several oxides that have been reported before, such as
La0.58r0,5C00.8Feo,203 (1710 = 600 mV) [33] and La0_68r0.4C003,5 (7710 =590 mV) [34], but
higher than those of some other oxides, such as CaSrFeMnOg_; (1719 ~ 370 mV) [29] and
LaCayFe30g (1719 = 360 mV) [31]. The OER kinetics was also studied, where the smallest
Tafel slope (Figure 5b) was obtained for Sr3TiCoOy_s, indicating the fastest kinetics among
the series, and consistent with its better OER activity. Chronopotentiometry experiments
(Figure 5¢) for Sr3TiCoOy7_s indicate a consistent response for at least 12 h. This is consistent
with X-ray diffraction results after the OER, which show the retention of the structural
integrity of the material (Figure 5d).
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Figure 5. OER activity in 0.1 M KOH (a) polarization curves; (b) Tafel plots; (c) X-ray diffraction data
of Sr3TiCoOy_ s, before and after 100 cycles of OER; (d) chronopotentiometry response of Sr3TiCoO7_s
using a two-electrode cell consisting of nickel foam electrodes.

We also obtained the double-layer capacitance (Cy4;) based on the equation Cyj =javg /v,
using cyclic voltammograms acquired in the non-Faradaic region. Here, jayg is the average
of the absolute values of janodic and jeathodic at middle potential of the CV, and v is the
scan rate [35,36]. In the non-faradaic region, the current is primarily from the electrical
double-layer charge and discharge where the electrode reactions are insignificant. The
importance of Cgqj is that it is proportional to the electrochemically active surface area [4,37].
The cyclic voltammograms obtained for the four compounds in the non-Faradaic region are
shown in Figure 6a-d. Moreover, the plot of jayg versus v is depicted in Figure 6e, where
the slope indicates the Cy4; value. Among the four materials, Sr3TiCoOy_gs shows the largest
Cgqy, followed by Sr3TiFeOy_s, Sr3TiMnOy, and Sr3Ti;O;. This is the same trend observed
for the electrocatalytic activity for HER and OER, as well as the reaction kinetics.
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Figure 6. (a-d) cyclic voltammetry in non-Faradaic region in 0.1 M KOH; (e) javerage Obtained from
these CV plotted as a function of scan rate.

The active sites for oxide catalysts are often the metal sites [4,10,38]. Given that
OER and HER mechanisms both involve electron transfer processes, the ability of the
metal to change oxidation state during the electrochemical process will affect the catalytic
activity [38,39]. This may be one of the reasons for better catalytic activities of Sr3TiMnOy,
Sr3TiFeOy_s, and Sr3TiCoO7_s compared to Sr3TipO7. The two compounds, Sr3TiCoO7_
and Sr3TiFeO7_ s, which have better catalytic activities than the rest of the series, were found
to contain oxygen vacancies by iodometric titrations, with Sr3TiCoOy7_ 5 showing the highest
concentration of oxygen vaccines (6 = 0.38). Some previous studies on perovskite oxide
electrocatalysts have indicated that oxygen vacancies can enhance the OER by increasing
the adsorption energy of the reaction intermediates [40]. In some cases, oxygen vacancies
may also lead to structural changes, which can enhance the electrocatalytic properties [35].

However, a number of other parameters may also have an impact on the electrocat-
alytic activity [39,41-44]. The electronegativity of the B-site is one of the descriptors studied
before [45,46]. The higher electronegativity of Co relative to Fe, Mn, and Ti results in a
decrease in the energy of the metal-to-ligand charge transfer [45,46], and an increase in
bond covalency between the metal and oxygen [43], which can contribute to the improved



Inorganics 2023, 11,172

110f15

electrocatalytic properties of Sr3TiCoO7_5 compared to the other materials in this series.
Some other descriptors studied before are the number of 3d electrons [41] and the eg orbital
occupancy [42]. Some studies have suggested that the ez orbital occupancy of 1 is optimum
for enhancing the electrocatalytic properties [4,10,44]. The presence of oxygen-vacancies
in Sr3TiCoOy_s and Sr3TiFeO;_s indicates partial reduction of the transition metals into
the trivalent state. While Fe>* in oxides is often in a high-spin state (t2g3 eg2) [47], an
intermediate spin state has been suggested for Co®* (t2g5 ey ') [44,48], which contains one
electron in eg orbitals. Finally, a correlation between the electrical conductivity and electro-
catalytic activity has been suggested before [9,49]. For the materials studied in this work,
the trend in electrical conductivity matches that of the electrocatalytic performance, where
Sr3TiCoOy7_s has the highest electrical charge transport and best catalytic activity.

3. Materials and Methods
3.1. Synthesis

Syntheses were performed using the solid-state method. Powders of SrCOs3, TiO,,
Mn;03, Fe,0O3, and Coz0O4 were used to synthesize Sr3TipO7, Sr3TiMnOy, Sr3TiFeOy_s,
and Sr3TiCoOy_s. Stoichiometric amounts of oxides/carbonates were weighed and mixed
thoroughly using agate mortar and pestle. The powder mixtures for Sr3Ti;O7, Sr3TiMnOy,
and Sr3TiCoOy_s were initially pelletized and calcinated in air at 1250 °C for 24 h. Pure
products of Sr3Ti,O7 and Sr3TiCoO7_5 could be obtained after one additional grinding,
palletization, and heating at the same temperature, 1250 °C, for 24 h. On the other hand,
for Sr3TiMnOy, after the initial heating at 1250 °C, three additional re-palletization and re-
heating were required, at 1250 °C for 24 h each, to obtain a pure product. For Sr3TiFeO7_s,
a lower temperature (1180 °C) was needed to obtain a pure product. Synthesis efforts at
1250 °C led to an impure product. However, heating at 1180 °C for 10 h in air, followed by
grinding, re-palletization, and re-heating under the same conditions, 1180 °C for 10 h in air,
resulted in a pure product of Sr3TiFeOy_5. The heating and cooling rates of furnaces for all
samples were 100 °C/hour.

3.2. Characterization

The synthesized polycrystalline oxides were studied using a high-resolution Cu Ka1 X-
ray diffractometer (A = 1.54056 A). Rietveld refinements for the X-ray diffraction data were
carried out using GSAS software [50] and EXPGUI interface [51]. The electrical conductivity
measurements were conducted using the two-probe technique on circular pellets, with an
applied potential of 0.01 V in the temperature range of 25 to 800 °C. lodometric titrations
were performed to examine the oxygen contents of the materials [35]. Excess KI (2 g) and
50 mg of the sample were dissolved into 100 mL of argon-purged 1 M HCl, and the mixture
was left overnight to react. Then, 5 mL of the reacted mixture (where iodine had been
generated) was pipetted out and titrated against 0.025 M Nay5S,03. A volume of 0.6 mL
of a starch solution was used as an indicator near the endpoint of the titration. All steps
of titration were conducted under argon. The excess KI causes the reduction of metal
cations into ions that have the lowest stable oxidation state. Based on the concentration and
titration volume of Na5,03, the number of moles of titrant (NayS,03) required to titrate
5 mL of the titrand is calculated. The quantity of I, that is titrated by NayS,O3 is directly
related to the amount of oxygen lost as a result of the metals being reduced. The amount of
oxygen in total is therefore equal to the sum of the oxygen that is still available (to maintain
the charge balance with the reduced cations) and the oxygen that is lost (as a result of the
reduction of metal ions).

3.3. Electrochemical OER/HER Measurements

The catalyst ink of each material was prepared by mixing 35 mg of the powder sam-
ple, 7 mg of carbon black powder, 40 pL Nafion® D-521 solution (5% w/w in water and
1-propanol) with 7 mL of THF (99%). The mixture was then sonicated for 30 min. Glassy
carbon electrode (GCE, 5 mm diameter, 0.196 cm? area) was used as the working electrode
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and was thoroughly cleaned prior to use. In the cleaning process, the GCE was furbished
using an aluminum oxide polishing suspension on a polishing cloth and sonicated for
2-3 min in ethanol. At the end of the cleaning steps, GCE was washed with deionized
water before use. After sonication, the prepared catalyst ink was drop-casted on the glassy
carbon electrode by placing two 10 uL coats (total of 20 uL) with a 2-min interval be-
tween the coats. Total catalyst mass loading on the GCE was 0.1 mg. Subsequently, the
loaded GCEs were air-dried overnight before the OER/HER electrochemical measurements.
Both acidic and basic electrolytes were tested. The electrochemical OER/HER measure-
ments were performed in a standard three-electrode cell using a rotating disk electrode at
1600 rpm. A platinum electrode and a carbon electrode were used as counter electrodes
in the OER and HER measurements, respectively. A commercial Hg/HgO electrode (1 M
NaOH) was used for the OER/HER measurements in the basic medium as the reference
electrode. The potential versus mercury/mercury oxide (Epg,/ng0) was converted to be
expressed against RHE using the equation Eryg = Eyg/pgo +0.059 pH + EO Hg/HgO, Where
E? Hg/Hgo = 0.097 for 1 M NaOH [52]. A commercial Ag/AgCl electrode (4 M KCl) was
used as the reference electrode for OER/HER experiments in the acidic medium. The
equation Erpg = Eag/agcr + 0.059 pH + E0 Ag/AgCl Was used to convert the potential vs. sil-
ver /silver chloride (E Ag/AgCl) to be represented against RHE where E? Ag/agcl =0.197V for
4 M KCI [53,54]. Chronopotentiometry tests were conducted using two-electrode cells, with
applied current of 10 mA. Each electrode was comprised 1 cm? of nickel foam, on which
100 pL of the catalyst ink had been drop-casted in 20 pL increments, followed by overnight
air-drying. The two electrodes, which had been separated by two layers of glass fiber filter
paper, were connected to gold leads and gold wires. The two electrodes were soaked in the
electrolyte solution for least 12 h before performing the chronopotentiometry experiments.

Further experimental details, descriptions of analyses, and comparisons to the litera-
ture [55-69] is provided in the Supporting Information.

4. Conclusions

The trends in electrocatalytic activities of the Ruddlesden-Popper oxides studied in
this work indicate the impact of several parameters on catalytic properties. The most active
material in the series, Sr3TiCoOy7_ s, which shows the best catalytic performance for both
HER and OER, also exhibits the highest electrical conductivity. In addition, it has the
largest concentration of oxygen vacancies in the series. The oxygen vacancies lead to the
reduction of metal ions, creating cations that have an optimum eg electron occupancy for
electrocatalytic activity. Furthermore, the higher electronegativity of cobalt, compared to
Fe, Mn, and Tij, leads to enhanced bond covalency between the metal and oxygen, which
can enhance the electrocatalytic properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11040172/s1, Figure S1: Scanning electron microscopy
images; Figure S2: EDX mapping analyses of (a) Sr3TiCoO7_g, (b) Sr3TiFeO;_s, (c) Sr3TiMnOy,
and (d) Sr3TipO7; Figure S3: X—ray photoelectron spectroscopy data showing the Ti spectra for
all compounds (a), Mn for Sr3TiMnOy7 (b), Fe for Sr3TiFeO7_5 (c), and Co for Sr3TiCoO7_; (d).
Figure S4: Impedance spectroscopy data to evaluate charge transfer resistance under (a) OER condi-
tions, and (b) HER conditions. These data indicate that the trend in resistance is consistent with the
trend in electrocatalytic activity, where the most active material has the smallest resistance; Figure S5:
Polarization curves for OER in 0.1 M KOH with C4; normalized current densities; Figure S6: X—ray
diffraction data for (a) Sr3Ti, Oy, (b) Sr3TiFeO;_s, and (c) Sr3TiMnOy, before and after 100 cycles of
OER in the 0.1 M KOH; Figure S7: X—ray diffraction data for (a) Sr3Ti; Oy, (b) Sr3TiFeO;_s, and (c)
Sr3TiMnOy, before and after 100 cycles of HER in the 0.1 M KOH; Figure S8: The electronegativity
increases from Mn to Fe and Co. The concentration of oxygen—vacancies increases from Sr3TiMnOy
to Sr3TiFeOy_s and Sr3TiCoOy7_s. The overpotential decreases from Sr3TiMnOy to Sr3TiFeO;_s and
Sr3TiCoOy_s; Table S1: OER and HER overpotentials at 10 mA cm 2 (111¢) for some Sr—based oxides;
A description of Tafel equation.
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