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Recognizing the reactive sites of SnFe,O,4 for the
oxygen evolution reaction: the synergistic effect of
Sn" and Fe'' in stabilizing reaction intermediates+
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Among the reported spinel ferrites, the p-block metal containing SnFe,Oy is scarcely explored, but it is a
promising water-splitting electrocatalyst. This study focuses on the reaction kinetics and atomic scale
insight of the reaction mechanism of the oxygen evolution reaction (OER) catalyzed by SnFe,O,4 and ana-
logous FezO4. The replacement of Fegh sites with Sngh in SnFe,O4 improves the catalytic efficiency and
various intrinsic parameters affecting the reaction kinetics. The variable temperature OER depicts a low
activation energy (E,) of 28.71 kJ mol™ on SnFe,O,. Experimentally determined second-order depen-
dence on [OH] and the prominent kinetic isotope effect observed during the deuterium labelling study
implies the role of hydroxide ions in the rate-determining step (RDS). Using density functional theory, the
reaction mechanism on the (001) surface of SnFe,O4 and FezO4 is modelled. The DFT simulated free
energy diagram for the reaction intermediates shows an adsorbate evolution mechanism (AEM) on both
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the ferrites’ surfaces where the formation of *OOH is the RDS on SnFe,O4 while *O formation is the RDS
on FezOy4. In contrast to other spinel ferrites, where individual metal sites act independently, in case of
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Introduction

Spinel oxides with a common formula AB,O, exhibit a cubic
close-packed lattice with two basic crystallographic sites,
namely octahedral (Oh) and tetrahedral (Td) sites. The normal
spinel has a configuration of Al,(BYl),0, where A** ions
occupy the tetrahedral sites, while B*>" ions occupy the octa-
hedral sites, whereas in an inverse spinel with a configuration
of B (AL, B} )04, the divalent cations occupy half of the octa-
hedral sites." The presence of mixed-valence cations with
accessible multiple redox states results in high electronic con-
ductivity, favourable for electrocatalytic OER performance.” In
the last decade, cobaltite spinel-oxide MCo0,0, materials (M =
Mn, Co, Ni, Zn, etc.) were explored as the anode material for
the OER and the Cogy, sites were believed to be the reactive
sites for the OER.>” The inverse-spinel Fe;0, and metal fer-
rites such as NiFe,O, and CoFe,O, nanoparticles also exhibit
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SnFe,O,4, a synergy between Feg,, and the neighbouring Sn'(')h atoms is responsible for stabilizing the OER
intermediates, enhancing the catalytic OER activity of SnFe,O4 as compared to isostructural FezOg,.

remarkable OER activity.® Bimetallic spinel ferrites have been
shown to outperform their monometallic counterparts toward
the OER.” To manifest the experimental difference in the cata-
Iytic activity of the bimetallic and monometallic catalysts, com-
putational modelling and an atomistic level understanding of
the reaction mechanism are crucial. Theoretical studies per-
formed with NiFe,O, identified that the nickel sites exposed
on the (001) plane are active for the OER and follow a lattice
oxygen mechanism (LOM).® However, on the (001) surface of
CoFe,0,4, both the cobalt and iron sites participate indepen-
dently in the OER as individual reactive sites following the
adsorbate evolution mechanism (AEM).° In general, due to
poor covalency between the transition metal and oxygen, the
OER on the spinel oxides follows the AEM.® However, a recent
experimental study revealed the LOM as the dominant pathway
of the OER on NiFe,0,.° Tin ferrite (SnFe,O,) is another
important metal ferrite spinel that has been recently reported
as a bi-functional electrode material to perform electro-
chemical water splitting at very low overpotentials.'® The
SnFe,0, lattice exhibits three potent catalytic sites viz. Snf,
Felll and Felll | out of which Fe®" sites were predicted to facili-
tate the OER. However, to uncover the real OER mechanism
and to determine the possible effect of heteroatom doping, a
detailed electro-kinetics and computational study is very
important.

This journal is © The Royal Society of Chemistry 2024
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To validate the experimentally obtained electro-kinetic data
(intrinsic reaction parameters) and to understand the reaction
mechanism of the OER, theoretical studies are also important.
Recently, Goddard’s group proposed that during the OER, Fe'
and Ni" synergistically act in stabilizing the reaction inter-
mediates, to impart excellent activity to NiFe(O)OH."
Temperature-dependent and electrolyte concentration-depen-
dent electrokinetics on NiFe LDH studied by Hu and co-
workers also yielded several intrinsic parameters.'* Carter and
co-workers also studied the effect of temperature on the
activity of NiFe(O)OH, with a hundred-fold increase in the cata-
Iytic current at a fixed potential.'® Driess’s group substituted
Co"™ with redox inactive Zn" in Co;0, and found that zZn"
stabilized Co", which are the main active sites during the
OER.' Pan and coworkers reported the effect of temperature
on the performance of Co;0,."> Additionally, Boettcher and
his group have shown that during alkaline electrolysis, hydrox-
ide anions get adsorbed on the catalyst surface as the major
reactant for the OER, and their concentration in the electrolyte
determines the overpotential and Tafel slope, i.e. activity and
kinetics, respectively, of the OER process.'®'” Besides, certain
variables affecting the OER activity of the spinels are the elec-
trolyte, pH, and temperature, which in turn, directly affect the
kinetics of the catalytic reaction. Different intrinsic electro-
chemical parameters like activation energy (E,), the magnitude
of the anodic transfer coefficient (a,), reaction order (m), etc.,
determine the individual electrokinetic properties of the cata-
lyst, which collectively hints at the reaction mechanism and
kinetics on the catalyst surface. Although Chakraborty and co-
workers have demonstrated SnFe,O, as a promising bifunc-
tional electrocatalyst for the OER, the role of tetrahedral and
octahedral sites, particularly the role of the p-block metal Sn™,
and the operating mechanism for the OER on the SnFe,O,
surface is still conspicuous.
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Herein, two structurally related inverse-spinels, SnFe,O,
and Fe;0,, have been taken as electrocatalysts to perform the
alkaline OER, while temperature-dependent electrocatalysis is
performed to obtain important intrinsic parameters that can
establish the reaction mechanism. The correlation of tempera-
ture-dependent and variable concentration studies provides
information about the activation energy, reaction order, and
the charge transfer coefficient during the OER. Accompanied
by the labelling study with D,O and the kinetic isotope effect
(KIE) on the OER, a detailed theoretical study helps to deter-
mine the energetics of different reaction steps of the operative
AEM for the OER. The introduction of electron-rich Sn in the
spinel Fe;O, and its effect on the OER are understood by per-
forming detailed electrokinetics and in-silico studies. In con-
trast to the extensive experimental studies, theoretical research
on the atomistic OER mechanism in spinel oxide catalysts is
still rare, which is a prerequisite to designing efficient electro-
catalysts. This study thereby addresses the gap through a com-
bined experimental and theoretical study of the OER mecha-
nism on two isostructural spinels, SnFe,0,4 and Fe;0,.

Experimental section
Electrokinetic measurements

To study the electrocatalytic activity, a potentiostat (Gamry
Interface 1010E) instrument controlled by Echem Analyst™
software was used. The electrochemical study was done in a
three-electrode system using a 1 M KOH electrolyte (pH 13.6)
where nickel foam (NF) loaded with catalyst was used as a
working electrode (WE), a graphite rod was used as a counter
electrode (CE) and an Hg/HgO electrode (E° = 0.098 V vs. RHE)
was used as a reference electrode (RE). CV and LSV were per-
formed to study the electrochemical OER. The manual iR com-
pensation (R = resistance of the solution including the test
electrode) was 85%, in which the value of uncompensated re-
sistance was obtained from the impedance study. In 1 M KOH,
the reference potential with respect to Hg/HgO was converted
to potential with reference to the Reversible Hydrogen
Electrode (RHE). To study the OER, linear sweep voltammetry
(LSV) was performed within a potential range of 1.0 V to 1.8 V
(vs. RHE) with a scan rate of 1 mV s™*. The obtained polaro-
graphs were used to calculate the overpotential at a fixed
current density. A temperature-dependent study was per-
formed by varying the temperature from 303 to 343 K. For the
temperature-dependent electrochemical study, the cell temp-
erature was recorded with a thermometer dipped into the cell,
and the cell was kept in an oil bath to control the temperature.
To determine E, from the temperature-dependent study, the
slope of the Arrhenius plot of j, vs. temperature was found,
and the apparent electrochemical activation energy (E,) was
calculated using the Arrhenius relation:

i?ﬁ3):i; (1)
T
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where E, is the activation energy, R is the gas constant, and T
is the absolute temperature. Furthermore, the change in the
rate of the reaction when moving from lower to higher temp-
eratures was calculated using the Arrhenius formula. The
charge transfer coefficient (@) can be determined from the
temperature dependence of the Tafel slope according to the
following relationship."®"°

2.303RT. ([
= 1 = 2
NoEr anF og Q{) (2)

where R is the gas constant, F is the Faraday constant, and 7 is
the number of transferred electrons in the rate-determining
step. For a multistep reaction mechanism, the relationship
between symmetry factor (f) and a, is given using the follow-
ing equation:*°

n—s

Ay = —rp (3)
where 7n is the number of electrons involved in the OER (= 4), r
is the electrons involved in the rate-determining step (RDS), s is
the number of electrons involved in the reaction steps occurring
before the RDS, and v is the stoichiometric number for the OER
(= 1) At a fixed temperature, the electrocatalytic study was also
performed at different concentrations of KOH, and the concen-
tration was varied from 0.5 to 2 M. The reaction order m at a
constant cell voltage was determined using the equation:

_( Olog(j) B (31(%6[?)1‘1])/
’"[OH]—(W)E—‘W v
010g]) pu

The kinetic isotope effect (KIE) was investigated to identify
the RDS of the electrocatalytic OER process. For investigating
the KIE, 25% D,O solution in water was used for the prepa-
ration of the KOH solution, and the resultant electrolyte was
used for the electrocatalytic OER study. Substitution of a proton
with an isotope (D) has a significant effect on the reaction rate
due to the two-fold increase in mass.** KIE is defined as the
ratio of the reaction rate constant when protons are available to
the reaction rate constant when deuterium ions are available.

The catalytically inactive alkali and alkali earth metal
cations in the electrolyte may affect the activity of the catalyst
during the OER. In a different set of experiments, the electro-
lyte was also varied from 1 M LiOH, 1 M NaOH to 1 M KOH.
The double layer capacitance (Cq;) of the catalyst was deter-
mined by recording the cyclic voltammogram (CV) of each
catalyst in a non-faradaic region of 0.8953 V to 0.9953 V (vs.
RHE) in 1 M KOH at varying scan rates (i.e., 10, 25, 50, 100,
150, and 200 mV s™!). To determine Cy, the charging current
was measured from each redox half of the CV curve at midway
potential, which was then plotted against the scan rate to
obtain a linear slope. This slope represents Cq at the elec-
trode-electrolyte interface.

The free energy change in these electrochemical oxidation
reactions (i.e., the adsorption-free energies of intermediates)
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has been calculated using the equation proposed by Ngrskov
and co-workers.*

where AE represents the reaction (adsorption) electronic
energy computed using DFT; AEzpg denotes the difference in
zero-point energies; AS is the entropy change obtained from
standard tables for gas-phase molecules (NIST database). The
term ‘e’ refers to the charge of an electron, and U is the elec-
trode potential relative to the reversible hydrogen electrode
(RHE) model.

Results and discussion

The cubic phase inverse spinel-type SnFe,O, and Fe;0, were
synthesized by a well-established method using the appropri-
ate stoichiometry of metal salts. The crystallinity of SnFe,O,
and Fe;0, has been confirmed by PXRD and other spectro/
microscopic techniques.’® The major PXRD reflections were
assigned according to JCPDS 11-0614, which confirmed the
presence of a cubic phase with the space group Fd3m (Fig. 1a).
The bulk morphology and size of the catalysts were viewed
through high-resolution transmission electron microscopy
(HR-TEM). The SnFe,0, particles appeared as irregular frag-
ments with an average size of ca. 5 nm (Fig. 1b) and the
exposed (311) plane with an interplanar distance of 0.25 nm
(Fig. 1b inset). The bulk morphology and composition of the
as-synthesized SnFe,0, particles were verified by field emis-
sion scanning electron microscopy (FESEM) imaging and

Fe,0,
SnFe,0,
)
@i = S

JCPDS 11-0614
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Fig.1 (a) PXRD pattern of as-synthesized SnFe,O, and FeszO,. (b)
HRTEM images of SnFe,O, along with atomic fringes for the exposed
planes in the inset. (c) A polyhedral unit cell of the SnFe,O, lattice and
the 2 x 2 supercell of the SnFe,O4 layer showing top and side views of
the lattice.
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FESEM-energy dispersive X-ray (EDX) elemental mapping. The
bulk morphology shows randomly agglomerated semi-spheri-
cal nanoparticles (Fig. S1a-Sict). The FESEM-EDX elemental
mapping indicated that composite elements are uniformly dis-
tributed over the surface of the catalyst (Fig. S1d-S1ft). The
FESEM-EDX elemental ratio for Sn:Fe was also found to be
~1:2, whereas O was found to exceed slightly the expected
ratio which is possibly due to the surface adsorbed O from the
air (Fig. S1gt). The crystal lattice of inverse spinel SnFe,0, is
composed of [Sn"Oglon, [Fe™Oglon, and [Fe™O,]rq units,
where [Sn"Og]on, occupies half of the octahedral sites, while
[Fe™Oglon and [FeO,]rq occupy another half of octahedral
and tetrahedral sites, respectively (Fig. 1c). The adjoining mul-
tiple-unit cells along the three axes of the cell build up the
bulk structure (Fig. 1c). The (001) surface can be created by
placing a 2 x 2 supercell of SnFe,O, layers. The side or top
view of the (001) surface points out that the [Sn"Og]o, and
[Fe™Oglon sites are exposed on the surface and positioned
alternatively to each other via p,-oxo bridging. In the case of
the isostructural ferrite Fe;O, (001) surface, [Sn"Oglon sites
will be replaced by the [Fe"Og]or, sites.®™®

Temperature-dependent OER and activation energy (E,)

During the OER-LSV study at room temperature (303 K), the
polarization curve of the cathodic scan with SnFe,O,/NF and
Fe;0,/NF displayed a large current density (j > 300 mA cm™?)
at the switching potential (Fig. 2a and S2at). At a current
density of 10 mA cm™>, SnFe,04 showed an overpotential (1) of
285 mV, while the reference material Fe;O, showed a larger
overpotential of 301 mV (Fig. 2a and S2aft). The effect of temp-
erature on the electrocatalytic OER activity was studied in a 1
M KOH electrolyte with a temperature variation from 303 to

300 —303K R?=0.92
—313K E, =28.71 kJ mol’'
250 —323K
o —333K
g 200 33K
2 150
NG

1.2 13 14 15 1.6 1.7 2.9 3 3.1 3.2 33

Potential (V vs. RHE) 1000/T (K1)
(© 4 303K (@)
0.34 49 mV dec Temperature %a a, (Fe;0,
47 mV dec”! " (snFe,0,) | % M)
N 0321 46 mV dec™ LCR LCR
< 45 mV dec”
3 03 43 mV dec? 303 1.22 1.33
g / 313 131 14
€ 0.28 oo
g‘ o 323 1.39 1.42
& 026 333 146 143
024 343 1.57 1.57
Av. 0, 1.39 143
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Fig. 2 (a) Temperature-dependent OER in 1 M KOH (scan rate 1 mV s™%)
catalyzed by SnFe,O,. (b) In(jjy) vs. 1000/T plot to determine the acti-
vation energy of the reaction catalyzed by SnFe,O4. (c) Tafel slope
values for SnFe,O4 in 1 M KOH over the temperature range of
303-343 K. (d) Table showing the value of the anodic transfer coeffi-
cient (a,) calculated from Tafel slope values for SnFe,O4 and FesO4,.
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343 K (30 to 70 °C) (Fig. 2a). The effect of temperature on
SnFe,0,/NF was compared with Fe;O,/NF as a control material
(Fig. S27). Upon examining the effect of temperature on the
OER activity of the catalysts, it could be established that 7 is
inversely proportional to an increase in temperature (Fig. S37).
A plot between overpotential () vs. 1/T at different higher
current densities of 10, 50, 100, and 200 mA cm™2 shows that a
linear relationship holds for Fe;O, at all temperatures, while
for SnFe,0,, a deviation from the linear relationship could be
observed (Fig. S3a and S3bt). At a high current of 200 mA, a
higher slope of 216 V K for SnFe,0, indicates greater depen-
dence of SnFe,0, activity on the temperature (Fig. S3ct). The
exchange current density (j,@V =~ 1.23 V vs. RHE) at different
temperatures was calculated from the experimental LSV
curves. The E, values of both catalysts were found using eqn
(1). The E, value of Fe;O, turns out to be 3 times larger than
that of SnFe,0, (Fig. 2b and S2a inset}). For SnFe,0,, an E,
value of 28.71 k] mol™* was comparable to other reports like
25 + 12 k] mol™ for NiFeO,,>* while it is considerably lower
than 75 kJ mol™" reported for spinel NiCo,0, by Davidson
et al®

E, can be further used to find the change in the rate of the
reaction upon varying the temperature. The increase in the
rate of the reaction on moving from 303 K to 343 K was 3.7
times, clearly exhibiting the role of temperature in improving
the activity of SnFe,O,. With the increase in temperature, the
charge transfer resistance (R.) decreases, while it is shown to
increase below —10 °C to such an extent that R.. becomes a
predominant factor during an electrochemical reaction.>®
Upon increasing the temperature, the R, value decreases in
the case of SnFe,O, as well as Fe;0,, but the effect was more
pronounced in the case of SnFe,0,, with a decrease of 1.81 Q,
while only 1.00 Q for Fe;0, (Fig. S47).

The Raman study done after OER-LSV of SnFe,O, and
Fe;0, at 343 K showed that the prominent Raman peak at
672 cm™' corresponding to the (A;,) mode of spinels is
retained, and no new phase could be observed (Fig. 3f and
S6dt). In an earlier report on NiCo,O, by Zhou et al, it was
found that the Raman spectra or the structure of the catalyst
was unchanged after 45 °C until the potential was not
increased.”” Similarly, Zhang et al. found spinel CozO, to be
structurally stable up to 75 °C during the oxygen evolution
reaction.” It is found that at lower potentials, the spinel struc-
tures serve as the active species of the OER,'**” unlike the elec-
trochemically (in situ) formed oxyhydroxide active phases in
other transition metal-based catalysts.**7>°

Tafel analysis and charge transfer coefficient (a,)

The Tafel slope values of the OER within the temperature
range of 303-343 K were calculated according to eqn (2). The
average Tafel slope of 46 = 3 mV dec™" for SnFe,0, signifies
peroxide bond formation as the RDS and 2 electron transfer
before this electrochemical step;*" alongside, a small variation
of the Tafel slope by 6 mV dec™ upon temperature variation
indicates that the RDS does not change with the temperature
(Fig. 2c). The Tafel slope value for SnFe,O, decreased from

Nanoscale, 2024, 16, 21388-21397 | 21391
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Fig. 3 (a) Polarization curves obtained at variable concentrations of the electrolyte from 0.5 to 2 M KOH (scan rate 1 mV s™%) for SnFe,O,. (b) Plot of
the overpotential vs. logarithmic of hydroxide concentration at a constant current. The slope of the linear fit divided by the Tafel slope gives the
reaction order (m). (c) Corresponding Tafel slope at the variable concentrations of the electrolyte from 0.5 to 2 M KOH. (d) Polarization curves for
SnFe,O4 in the presence of 1 M KOH in 100% H,O and 1 M KOH in 25% D,O. (e) Tafel slopes for SnFe;O4 in the presence of 1 M KOH in 100% H,O
and 1 M KOH in 25% D,O. (f) Comparative Raman spectroscopic study of as prepared SnFe,O,, after the temperature-variation study, and after the

deuterium labeling study.

49 mV dec™" (at 303 K) to 43 mV dec™" (at 343 K), which was
three times higher than Fe;0,4, which shows a change of only
2 mV dec™" on moving from 303 to 343 K (Fig. 2¢ and S2b¥).
These results indicate a greater kinetic dependence of SnFe,0,
activity on temperature. Another kinetic parameter, i.e. «, the
fraction of potential at the electrode-electrolyte interface, is
used to increase the rate of the reaction by lowering the energy
barrier of the reaction. Specifically, during the OER, a can be
replaced by an anodic charge transfer coefficient (a,), which
can be related to the Tafel slope. a, was calculated at the indi-
vidual temperature in the low current regions (LCR). The
average value of a, = 1.35 + 0.04 was calculated for SnFe,0y,,
while 1.4 + 0.03 was calculated for Fe;0,, respectively (Fig. 2d).
The knowledge of a, also enables the determination of the
symmetry factor p according to eqn (3).*°

Effect of [OH™] and order of the reaction ()

The change in the reactant concentration at a constant voltage
determines the reaction order (m). To elucidate the order of
the OER (m) in the case of SnFe,O, and Fe;0,, OER-LSV was
performed in varying concentrations of KOH solution (Fig. 3a
and S5at). The water activity ((OH™]) was varied between 0.5 M
and 2 M, and the OER polarization curves were recorded at
303 K. The m value was determined using eqn (4), where the
denominator part of the equation is the Tafel slope, and the
numerator part is the slope shown in Fig. 2b and c. With a

21392 | Nanoscale, 2024, 16, 21388-21397

decrease in the reactant, [OH ], the cell voltage increased, and
the limiting current density decreased (Fig. 3a). The logarith-
mic plots of the overpotential at high current against the logar-
ithmic [OH ] gave a slope of —76.8, yielding a reaction order of
~2 for SnFe,0, (Fig. 3b) while ~1 for Fe;0, (Fig. S5b1)."* In
the case of SnFe,0, as well as Fe;0,4, concentration-dependent
Tafel slopes have a linear relationship with an increase in
[OHT], and a small change in the Tafel slope from 0.5 M KOH
to 2 M KOH indicates that the RDS essentially remains the
same, with the numerator part being constant in eqn (4)
(Fig. 3c and S5ct).

Kinetic isotope effect (KIE) and involvement of protons in the
RDS

The difference in the vibrational energies of H and D bonds
gives rise to the KIE. The OER-LSV curves of SnFe,O, and
Fe;0, were studied in a 1:4::D,0: H,O mixture of 1 M KOH,
and the LSV polarogram was compared with the OER-LSV
curve in 1 M KOH (Fig. 3d and S6at). The KIE was calculated
for SnFe,0, and Fe;0, in the overpotential ranges of
0.35-0.45 mV and 0.35-0.4 mV, respectively (Fig. Sécf). The
variation of the isotope effect (IE) with varying potentials indi-
cates that the IE is a kinetic phenomenon.*” The KIE of
SnFe,0, and Fe;0, yielded average values of 1.29 and 3.5,
respectively. The obtained value (1 < KIE < 2) for SnFe,0, sig-
nifies the secondary KIE where the RDS does not directly

This journal is © The Royal Society of Chemistry 2024
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involve the breaking of the D-O/H-O bond, while a higher
value (2 < KIE < 7) in the case of Fe;0, indicates the primary
KIE, i.e., the bond involving the isotope (D) is being formed or
broken.>” In Fe-containing catalysts, the decrease in the OER
activity accompanied by an increase in the Tafel slope during
alkaline OER in deuterated water may be due to the effect on
the interactions of intermediates with adsorbed water. The
increase in the Tafel slope observed for SnFe,O, as well as
Fe;0, on moving from H,0 to D,O indicates the variation in
the enthalpy of formation of the intermediate in the RDS, i.e.,
the interaction between *O---HO™ (the formation of O-O bond)
(Fig. 3e and S6b7).** The exchange of hydrogen with deuter-
ium does not significantly affect the electronic structure or the
energetics of the catalyst surface. It primarily affects the reac-
tion rates rather than the surface of the catalyst. To validate
this fact, the Raman study of SnFe,O, and Fe;O, was done
after OER-LSV at 343 K, and the structure of the catalysts was
found to be unchanged after the KIE study (Fig. 3f and Sedf).

Effect of the electrolyte cation on the OER activity

The OER-LSV curves of Fe;0, and SnFe,O, were recorded in 1
M KOH, NaOH, and LiOH, where the metal ions K", Na*, and
Li*, respectively, have ionic radii of 1.38 A, 1.02 A, and 0.76 A
(Fig. 4a and b). In the case of SnFe,0,, a significant anodic
shift in the onset potential of ca. 100 mV was observed from
KOH to LiOH, accompanied by a decrease in the limiting
current value. As the size of alkali metal cations decreases, the
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overpotential increases in the order, KOH (282 mV), NaOH
(327 mvV), and LiOH (380 mV), which leads to the conclusion
that bigger cations help in enhancing the OER activity
(Fig. 4a). A similar trend of activity was previously observed in
the literature.****> The choice of metal ions in the electrolyte
affects the OER process in terms of the electrochemical surface
area (ECSA), reaction mechanism, intermediate formation,
kinetics, etc. Boettcher and co-workers found out that during
the OER on the NiO(OH) surface, other alkali earth metals like
Mg”* and Ca®" in the electrolyte were found to inhibit the
activity due to their higher Lewis acidity and strong affinity
towards the OER intermediates.>* It is assumed that the elec-
trolyte cation interacts with the peroxo species formed during
the acid-base reaction step of the OER process, as shown
below:*°

M-00O-H +C" < M-00 -C" 4+ H"

where M represents the active metal centre of the catalyst and
C" represents the metal cation in the electrolyte. The non-
covalent interaction between the metal cations in the electro-
lyte and the adsorbed species on the electrode surface may
provide stabilization to the intermediate peroxo species, with
bigger cations (K' in this study) providing better stabiliz-
ation.*” According to a theoretical study by Boettcher and co-
workers, among K and Na', the distance of the M-O bond
(Na*.--OH") is shorter than that of KOH, accompanied by the
less O-centered Bader charge in the case of K-O, thereby weak-
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Fig. 4 (a) Polarization curves of SnFe,O, recorded with 1 M KOH, NaOH, and LiOH electrolytes (scan rate 1 mV s%). The inset shows a bar plot of
the overpotential (@ 10 mA cm™2) vs. electrolyte. (b) Polarization curves of Fez0, in 1 M KOH, NaOH, and LiOH (scan rate 1 mV s™3). The inset shows
a bar plot of the overpotential (@ 10 mA cm™2) vs. electrolyte. Corresponding Tafel plots in 1 M KOH, NaOH, and LiOH for (c) SnFe,O,4 and (d) FesO..
A Nyquist plot from the EIS data obtained in 1 M KOH, NaOH, and LiOH for (e) SnFe,O4 and (f) FesO4. The inset shows the equivalent circuit fitting
(Ru = R = solvent resistance; R, = R.¢ = charge transfer resistance; and C; = Cy, = double layer capacitance).
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ening the K-O bond and allowing more water molecules to
interact with the adsorbed species on the catalyst surface and
boosting the OER.** This again explains the less OER overpo-
tential in the 1 M KOH electrolyte. The Tafel slopes calculated
for SnFe,0, as well as Fe;0, in various electrolytes came in the
order KOH < NaOH < LiOH, where the least Tafel slopes of
43.2 mV dec™" and 46.4 mV dec " were displayed in 1 M KOH
for SnFe,0, and Fe;0,, respectively (Fig. 4c and d).*>*® The
lower Tafel slope in the case of KOH can be attributed to the
weak K'---OH~ bonding, which promotes the OH,q4s dis-
sociation and O,qs adsorption and accelerates the reaction
kinetics (ads = adsorbed).>® The order of the Tafel slope also
concludes that the ionic resistance decreases, and in turn, the
transport of interfacial OH™ intermediates increases in the
order of KOH > NaOH > LiOH.

The resistance in various electrolytes can also be verified by
the electrochemical impedance study (EIS) done with SnFe,0,
and Fe;0, in 1 M each of KOH, NaOH, and LiOH. EIS was also
used to determine the capacitance value by the fitting of the
equivalent circuits. The EIS study was performed for SnFe,0,
in KOH, NaOH, and LiOH at fixed potentials of 1.54 V, 1.58 V,
and 1.62 V (vs. RHE), respectively, and the low-frequency impe-
dance increased in the order, Li > Na > K (Fig. 4e). The charge
transfer resistance of the catalyst was the least in the case of
KOH (1.9 Q), followed by NaOH (2.4 Q) and LiOH (2.66 Q). The
constant phase element (CPR) model was used to fit the
corresponding circuits since it also represents the capacitor
(double layer) formed at the electrode-electrolyte interface
(Fig. 4e inset). The double layer capacitance (Cg4;), which is a
way to evaluate the electrochemically active surface area, was
calculated using the R value from the CPE fitting (Fig. S77).
The maximum Cg; value of 9.05 mF was attained for SnFe,O,
in 1 M KOH, which is also validated by the Cq4; values obtained
by the CV cycles in non-faradaic regions (Fig. S8%). As antici-
pated, the highest Cy4 value of 0.86 mF was obtained for
SnFe,0, in 1 M KOH and a comparable Cy, in NaOH and LiOH
using the cyclic voltammetry curves in the non-faradaic region
(Fig. S8T). A similar trend of impedance and Cy, was observed
in the case of Fe;0, in 1 M each of KOH, NaOH, and LiOH
(Fig. 4f and S9%).

DFT study

DFT calculations were carried out within the (001) plane using
a 2 x 2 supercell of inverse spinel SnFe,O, (a = 17.44 A, b =
17.44 A, ¢ = 30.00 A, and a = § = y = 90°) (Fig. 1c) to study the
OER Kkinetics. The oxygen evolution reaction (OER) is com-
prised of the following four elementary steps, each involving
the transfer of an electron until OH™ is oxidized to water
(H,0).234°

OH™ +* — *OH + e~ (1)

*OH + OH™ — *O +H,0 + e~ (2)
*O+OH — *OOH + e~ (3)
*OOH + OH™ — *+H,0+ 0, + e~ (4)
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Here, * represents the active sites on the surface of the electro-
catalyst (in this case, an inverse spinel). The adsorption of
OH™ and the formation of OER intermediates on the (001)
surface of SnFe,0, is shown in Fig. 5. The reaction in an alka-
line medium commences by direct adsorption of OH™ ions on
Fe sites to form *OH by one e~ oxidation (step I). In the second
step, another OH™ group attacks, and accompanied by the
coupled H' and e~ removal, the *O intermediate is formed at
the bridging sites of the SnFe,O, surface (step II). The *O inter-
mediate is typically positioned between two surface atoms (Sn
and Fe) at the active site. In the third step, the *OOH (hydro-
peroxyl) intermediate forms after the attack of another OH™.
The *OOH molecule is also adsorbed on top of the surface,
suggesting a direct interaction with the surface Sn and Fe
atoms at the active site. Finally, the reaction with another OH™
leads to the formation of O, and H,O.

The active site preference during alkaline OER was com-
pared between Fe;O0, and SnFe,0, spinels. The energy profile
diagram (Fig. 5) illustrates an OER pathway at 0 V, 1.23 V, and

()
>
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>
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o
i3
SnFe,0, (001)
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Fig. 5 (a) The free energy diagram of the OER of the SnFe,O, (solid
line) and FesO, (dotted line) on the (001) surface at potentials of U = 0 V
(black line), 1.23 V (red line), and 1.62 V (green line) (vs. RHE). Shown
below are the optimized OER intermediates on the SnFe,O, (001)
surface. Colour code: brown balls = Fe; red balls = O; and gray balls =
Sn. (b) Schematic representation of the OER mechanism under alkaline
conditions facilitated by the synergistic action of M—p,-O—-M metal
atoms.
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1.62 V, the OER overpotential, where the adsorption-free ener-
gies of intermediates were calculated using eqn (5). Between
SnFe,0, and Fe;0,, the lowest overall OER free energy change
was shown by SnFe,O, at different potentials (Table S1%). In
the case of SnFe,0,, the energetically uphill reaction step, or
the RDS, leads to the formation of *OOH, with endothermic
free energy of 1.93 eV for an applied overpotential of 1.62 V.*!
Fe;0, exhibits a higher overall OER free energy change with
endothermic free energy of 2.89 eV for its rate-determining
step of *O formation with an applied overpotential of 1.62 V.

Proposed OER mechanism

The OER is a complex multistep reaction. After prolonged
experimental and computational studies, three different OER
intermediates, namely O,qs, OHaqs, and OOH,qs, have been
identified during the catalytic mechanism. Rossmeisl et al.*>
performed DFT calculations for rutile RuO,, IrO,, and TiO,.
The DFT calculations considered the concerted proton-
coupled electron transfer (PCET) steps, i.e., one H' and one e~
are transferred in a single kinetic step. Contrary to other
mechanisms,”® Rossmeisl’s peroxide path (RPP) involves per-
oxide formation in the third step due to a lesser activation
barrier than the direct formation of O, from 0,4.**** For a
multistep reaction, the overall rate of the reaction is limited to
the rate of its slowest step, and the overall rate cannot exceed
the rate of the slowest step. Generally, during heterogeneous
electrocatalytic reactions, the reaction step involving a single
intermediate species and a single type of active site is con-
sidered to be the RDS. Either the deprotonation of OH,g
(OH,gs = Oaqs + H + €7) or the O-O bond formation (0,4 +
OH™ = OOH,q + €7) is often found to be the RDS for hetero-
geneous systems.””> From the results of the calculated Tafel
slope (46 + 3 mV dec_1) over a temperature range and a reac-
tion order close to 2, the RDS of the metal peroxo bond can be
acknowledged. The results of the symmetry factor also comp-
lement the hypothesis that step 3 of RPP, ie. metal peroxo
bond, is the rate-determining step of SnFe,O,.

To understand the improved OER activity of SnFe,O, in
comparison with Fe;O,4, DFT calculations were carried out to
understand the atomic scale OER mechanism on the Fe active
sites of the (001) surface (Fig. 5a and S10af). The adsorbed
intermediates during the OER, ie., *OH, *O, and *OOH are
stabilized on the (001) catalyst surface by hydrogen bonding
with solvent water molecules. The OER process on Fe;0, (001)
was limited by the oxidation of *OH to *O, perhaps due to the
weak binding between *O and Fe atoms (Fig. 5b and S10bt).
Replacing Fe' with Sn" ions in the Fe;0, lattice improves the
OER activity of the (001) surface of SnFe,O, due to the syner-
gistic effect of Fe and Sn in stabilizing the OER intermediates.
As a consequence, the rate-limiting step for SnFe,O, changes
to the conversion of *O to *OOH (Fig. 5b). The formation
of OOH* on the SnFe,0, surface is an endothermic process
(AH; = 3.547 eV) and is facilitated by the applied potential
during the electrochemical OER. The direct involvement of the
isotopically labelled species in the RDS of Fe;0,, i.e., the deu-
teration of *OD to form *O, was supported by the primary KIE
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shown by Fe;O,. Moreover, the secondary KIE shown by
SnFe,0, supported the indirect involvement of O-H/O-D in
the RDS.

From the literature studies, it is evident that for spinel fer-
rites, the (001) surface is most suited for the OER DFT study.
Piccinin and coworkers found that on the (001) surface of
Fe;0,4, both terminal oxygen and bridging oxygen atoms can
participate in the OER. While considering the distorted bulk
truncated (DBT) model, the OER in Fe;O, was found to
proceed via the terminal oxygen, and the RDS was the dehydro-
genation of the *OH group. Upon considering the subsurface
cation vacancy (SCV) model, the OER proceeded via the brid-
ging oxygen, and the RDS was the formation of the hydroper-
oxo species.*® Similarly, a DFT study was performed to under-
stand the OER process on the (001) surface of inverse spinel
NiFe,0, and CoFe,0,. For NiFe,0,, Fe is the main catalytic site
where the OER happens preferably by the LOM pathway with
0-0 as the RDS. In the case of CoFe,0,, Co and Fe can partici-
pate in the OER as the active catalytic site. Fe-site favoured the
LOM pathway whereas the Co sites preferred the AEM pathway,
thus concluding the coexistence of two active sites in
CoFe,0,.° Likewise, in a DFT study performed by Peng et al.
on spinel undoped, and Fe- and Ni-doped Co;0, (001) sur-
faces, the octahedral Co sites were found to be OER active in
all cases. However, the RDS changed from *OH formation in
the case of Ni-doped Co3;0, to *OOH formation in the case of
Fe-doped Co;0,."® Interestingly, unlike other metal ferrites,
where individual metal sites can act independently in assisting
the catalytic OER, in the case of SnFe,0,, Fe™ and Sn" act in
synergy to facilitate the OER on the (001) surface.

Conclusion

Currently, the rational design of electrocatalysts for the OER is
limited by the vague understanding of the in-depth kinetic
analysis and reaction mechanism, particularly for the OER. In
this research, the experimental results, coupled with the com-
putational modelling, could enlighten a path to the detailed
understanding and designing of the electrocatalysts, eventually
leading to a more efficient electrocatalytic OER. As a contri-
bution towards understanding the OER on the spinel surface
and the role of heteroatom substitution in the lattice, the reac-
tion mechanism and electrokinetic parameters were studied
on two isostructural inverse spinels, SnFe,O, and Fe;O,. The
experimentally obtained E, values from the temperature-
dependent study of SnFe,0, and Fe;0, suggest that the substi-
tution of Fe™ with Sn" in the Fe;0, lattice decreases the acti-
vation energy of the OER by as much as three times.
Alongside, the reaction order also changed from 2 in the case
of SnFe,0, to 1 in the case of Fe;0,. These experimental find-
ings were the primary evidence of the change in the RDS
during the OER as a result of the substitution of Fe'' by a
heteroatom in the catalyst lattice. A slight change in the Tafel
slope with temperature in the case of SnFe,0, and Fe;0, sub-
stantiated that the rate-determining step, albeit different, was
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independent of the change in the cell temperature. The DFT
study on the (001) surface of SnFe,0, and Fe;0, validated that
the reaction on both catalysts was limited to the AEM pathway,
which was also supported by the experimentally determined
intrinsic parameters. On the (001) surface of Fe;O,, the for-
mation of *O was the rate-limiting step, while on SnFe,0,, the
metal-peroxo (*OOH) formation became the RDS. From the
current research, it can be discerned that the presence of a
heteroatom in the spinel ferrite may drastically affect the reac-
tion pathway and, hence, the RDS during the electrocatalytic
OER. Conclusively, the change in the reaction mechanism and
the RDS upon p-block metal doping in Fe;O, is the key
finding. Therefore, analysis of the role of each catalytic site
during the reaction mechanism is critical for engineering the
catalyst to further enhance its OER efficiency. Unlike other
DFT-modelled spinel catalysts, where individual 3d transition
metal centres act independently to catalyze the OER, the Felll
centre in inverse-spinel SnFe,O, acts synergistically with the
Sn{l, unit to facilitate the catalytic OER.

Data availability

Characterization of the catalysts by spectroscopic, microscopic,
PXRD, and analytical techniques along with the details of the
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