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Abstract: The use of water splitting has been investigated as a good alternate for storing electrical
energy. While the general interest in developing non-toxic, high-performance, and economically
feasible catalysts for oxygen evolution reaction (OER) is noteworthy, there is also significant interest
in water splitting research. Recently, perovskite-type oxides have performed as an alternative to
non-precious metal catalysts and can act as a new class of effective catalysts in water splitting systems.
Herein, a perovskite-structured FeTiO3 was prepared via a facile one-step solvothermal method
using ionic liquid as templates. The results of structural and morphological studies have supported
the formation of FeTiO3 perovskite. Furthermore, FeTiO3 perovskite demonstrated OER activity with
a lower onset potential of 1.45 V vs. RHE and Tafel slope value of 0.133 V.dec−1 at 1 M KOH solution
using mercury/mercurous oxide (Hg/HgO) were used as working electrodes.

Keywords: ionic liquids; solvothermal method; FeTiO3; hybrid electrocatalyst; OER; water splitting

1. Introduction

Hydrogen has long been considered as an alternative renewable energy carrier to
replace fossil-fuel-based energy, with its zero-emission energy source. The electrocatalytic
water splitting, which includes both an oxygen evolution reaction (OER) and a hydrogen
evolution reaction (HER), is regarded as a significant opportunity for the zero-carbon
hydrogen synthesis from the water [1]. CO2 radioactive forcing from fossil fuel ignition
exalted thermal discharge on large proportion due to its longer lifetime [2]. Considering
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environmental protection and in order to safeguard the depletion of non-renewable energy
resources, interest in clean alternative energies has been intensively focused. In recent
years, the carbon-neutral energy system received impressive advancements in the field of
renewable energy due to its clean repository. Attainment in the production of hydrogen
is directly proportional to the efficiency of hydrogen produced and the use of hydrogen
in energy conversion devices [3]. Comparably, electrochemical water electrolysis delivers
an eco-friendly method to produce hydrogen as one of the energy transporters in the
form of a chemical bond between two hydrogens and oxygen [4]. An alkaline condition
of water splitting results in large quantities of pure hydrogen production, where it can
be converted into storable combustible fuel in metal-air batteries and H2/O2 fuel cells to
produce energy [5,6].

The development of highly operative, noble metal-free and reliable OER catalyst is
a challenging one. A potent electrocatalyst relies on an increase in the reaction rate and
control of the electron transfer kinetic rate. So far, only a few potential catalysts such as
Pt, IrO2 and RuO2 were identified as efficient functional materials for OER activity cata-
lyst [7,8]. However, the inadequateness of noble metals and the high cost of the main blocks
affect practical development. Thus, it is important to develop an alternate electrocatalyst
with a lower cost, higher abundance and with greater efficiency [9]. Exceptional interest
in nanostructured spinel oxides has been found to be a favorable electrode material for
various electrochemical applications due to their superior electrochemical activity and
chemical stability compared to the monometal oxide counterparts [10]. A transition metal
ferrite, with a general formula of MFe2O4 (M = Co, Ni, Cu, etc.), constitutes an important
class of spinel oxides, due to the fascinating wide range of desirable surfaces, dimensions,
and chemical compositions, which can produce versatile catalytic, electrical, optical, and
mechanical properties for the electrocatalytic applications. The application of electrocata-
lysts is still faced with several limitations, among which the ferrites nanoparticles (NPs)
tend to aggregate in the electrochemical redox process, which decreases the number of
active sites for electrocatalysis and thereby causes an inadequate use of active materials.
As a result, the overall performance of the electrocatalysts and their long-term structure
stability is diminished [11].

Recently, perovskite-type oxides have obtained the significant consideration due to
their solid crystal structure and have high electronic conductivity and catalytic activity.
Perovskite materials are arranged in the matrix of crystalline structure with ABO3, where
A is a large cation usually an alkali or alkaline earth metal and B is a small cation of tran-
sition metals [12]. Titanium dioxide (TiO2) has received great interest due to its superior
chemical stability, nontoxicity, low cost and abundant nature. These properties also tend to
produce conceivable material for photocatalytic degradation of organic dyes, solar cells,
drug carriers, sodium-ion capacitors, sensors [13–17]. However, TiO2 is inactive for OER
due to lack of oxidation species, but it can be support for ilmenite type mixed oxides. The
MTiO3 nanomaterials can be synthesized via thermal treatment, solvothermal, chemical
precipitation methods using various templates such as zeolites, ionic liquids. Obviously,
ionic liquids (ILs) are preferred in the field of green chemistry due to their distinctive
features such as recyclability, substantial temperature, considerable thermal stability and
superior ionic conductivity. The recent advancement in ILs is desirable for the synthesis
of nanomaterials with unique morphology via the solvothermal method [18]. Iron-based
titanium oxides with formulating Z-scheme heterostructures of anodes have received great
importance due to their strong electronic, magnetic and catalytic behaviors [19,20]. More-
over, the FeTiO3 group of the crystalline structure is similar to corundum (Al2O3), which
has trigonal symmetry and an R3 ilmenite crystal structure. This structure is distinguished
by its ferroelectric properties, results from the degree of distortion experienced by octahe-
dral clusters and the asymmetry between both the cations A and B along with the c axis.
This will lead to a high active surface area of the material and superior electrochemical
oxidation of water. In this present study, FeTiO3 perovskite was formulated via a simple
solvothermal reaction, the physical and chemical characteristics of the obtained samples
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were tested using analytical techniques. Their electrocatalytic activity was also calculated
towards OER in an alkaline media, the response of TiO2 nanorod, α-Fe2O3 NPs and FeTiO3
perovskite measured in order to attain ideal electrocatalytic activity.

2. Results and Discussion

Figure 1 illustrates the powder XRD patterns of TiO2 nanorod, α-Fe2O3 NPs and
FeTiO3 perovskite. The planes of TiO2 is clearly seen at a 2θ of 35.3◦, 38.6◦, 40.3◦, 53.0◦,
63.2◦, 70.2◦, and 76.0 corresponding to (1 0 1)-TiO, (2 0 0)-Ti, (1 1 1)-TiO, (2 1 1)-Ti, (3 1 0)-Ti,
(3 1 1)-Ti and (2 0 2)-TiO planes, respectively, as shown in Figure 1a [15]. Figure 1b shows
the major XRD peaks presented at 24.1◦ (0 1 2), 33.1◦ (1 0 4), 35.5◦ (1 1 0), 40.7◦ (1 1 3), 49.2◦

(0 2 4), 53.8◦ (1 1 6), 57.4◦ (1 3 1), 62.2◦ (2 1 4) and 63.8◦ (3 0 0) of α-Fe2O3 NPs (JCPDS data
Card No.: 00-001-1053). Furthermore, the XRD peaks of FeTiO3 perovskite are obtained as
displayed in Figure 1c. In the perovskite, the α-Fe2O3 NPs peak of 24.1◦ shifted toward
24.4◦ (0 0 2), and the intensity of 40.7◦ and 62.2◦ peaks were decreased due to composite of
TiO2 with α-Fe2O3 (JCPDS data Card No.: 00-047-0465) [21].
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Figure 1. XRD patterns of TiO2 nanorod (a), α-Fe2O3 NPs (b), and FeTiO3 (c).

In order to investigate compositional and oxidation information, the XPS analysis
was carried out for the FeTiO3. Here, Figure 2 represents the high-resolution spectra of
Ti, Fe and O for FeTiO3. The doublet peaks at 458.6 eV (Ti 2p3/2) and 464.4 eV (Ti 2p1/2)
as shown in Figure 2a [22]. The additional peaks of Ti 2p1/2 at binding energies of 460.2,
461.3 and 462.4 eV are corresponding to Ti3+ in FeTiO3. This designates the presence of
TiO2 in the film. The high-resolution spectrum of Fe is shown in Figure 2b. The peaks are
appeared at 710 and 715 eV for Fe 2p3/2 and Fe 2p1/2, respectively. The binding energy
at 714.5 and 711.5 eV proceeded with the formation of Fe2+, and the peaks appeared at
715.2 eV for Fe3+ in FeTiO3 perovskite. Hence, the result confirmed the formation of Fe2O3
in the perovskite. Figure 2c shows the high-resolution spectrum of O 1S. The deconvolution
peaks are presented at 530.2, 531.5 and 533.5 eV correspond to Ti–O–Ti, Fe–O–Ti and O–C,
which further confirmed the formation of FeTiO3 perovskite.
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Figure 2. Represents high resolution XPS spectra of (a) Ti2p, (b) Fe2p and (c) O1s of FeTiO3 perovskite.

Figure 3 shows the surface morphology and microstructure analysis of the TiO2
nanorod, α-Fe2O3 NPs and FeTiO3 perovskite. Figure 3a reveals that TiO2 is formed in the
rod shape, Fe2O3 is formed as microspheres structure (Figure 3b), and FeTiO3 showed a
mixed structure of rods and spherical particles (Figure 3c). The energy dispersive X-ray
analysis (EDAX) spectra for TiO2 nanorod, α-Fe2O3 NPs and FeTiO3 show the presence of
Ti, Fe and O Figure 3a1–c1. Figure 3a1 confirmed the presence of Ti and O in TiO2 nanorods.
Further, the EDAX spectrum of α-Fe2O3 NPs showed the presence of Fe and O elements
(Figure 3b1). Moreover, Fe, Ti and O elements are observed in the EDAX spectrum of
FeTiO3 (Figure 3c1), which confirmed the formation of NPs.
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Figure 3. Shows FE-SEM images of (a) TiO2 nanorod, (b) α- Fe2O3 NPs, (c) FeTiO3 NPs, and (a1–c1)
their corresponding EDAX spectrum.

The TEM image of TiO2 nanorod is revealed in Figure 4a and the subsequently
selected area electron diffraction (SAED) pattern is shown in Figure 4a1. The SAED pattern
represents a highly crystalline TiO2 nanorod with 10 nm thickness and few micrometers
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in length. For α-Fe2O3 NPs, a fine surface with ~100 nm size as shown in Figure 4b and
polycrystalline directly envisioned in the SAED pattern (Figure 4b1), while in FeTiO3 a
mixed structure of rod and spherical with aggregate morphology is observed as shown
in Figure 4c. Furthermore, the SAED pattern confirmed the formation of polycrystalline
(Figure 4c1).
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Figure 4. Shows TEM images of (a) TiO2 nanorod, (b) α- Fe2O3 NPs, (c) FeTiO3 perovskite, and
(a1–c1) their corresponding SAED pattern.

The OER activities of TiO2 nanorod, α-Fe2O3 NPs and FeTiO3 perovskite were inves-
tigated using linear sweep voltammetry (LSV) in a three-electrode system as shown in
Figure 5. The FeTiO3 perovskite nanoparticles coated on Toray carbon sheet, platinum
(Pt) rod, and mercury/mercurous oxide (Hg/HgO) were used as working, counter, and
reference electrodes, respectively. In all the measurements, the potential of Hg/HgO was
converted into reversible hydrogen electrode (RHE) using the formula [23],

E(RHE) = E0
(Hg/HgO) + E(observed)+ 0.059pH V (1)

η = E(RHE) − 1.23 V (2)

Noticeably, FeTiO3 perovskite exhibits superior OER performance than TiO2 nanorod
and α-Fe2O3 NPs (Figure 5a). The FeTiO3 shows the lowest onset potential of 1.45 V and
the current density of 30 mA/cm2 (Figure 5a). Furthermore, the overpotential (η) of FeTiO3
is 0.22 V, which is very low potential compared to α-Fe2O3 NPs (1.55 V), and TiO2 nanorod
is inactive. FeTiO3 also displays less Tafel slope value of 0.133 V·dec–1 compare to α-Fe2O3
NPs (0.240 V dec−1) (Figure 5b). Besides, TiO2 nanorod and α-Fe2O3 NPs as supports have
less activity as shown in Figure 5a. The onset potential of 1.55 V is gradually increased and
no further activity is observed for α-Fe2O3 NPs and TiO2 when using the single-channel
electrocatalysts, as shown in Figure 5a,b. It is clear from this finding that the formation is
inherently more efficient at improving the electron transport and improving the interaction
between Fe and TiO2 by the higher electronic conductivity of Ti and surface area [24]. The
better performance of FeTiO3 is due to Ti, which can be supported to avoid the further
oxidation of Fe during the OER process. Figure 5c represents the comparison plot of onset
potential, over potential and Tafel slope value for α-Fe2O3 NPs and FeTiO3. Moreover, the
stability test was measured by the chronoamperometry technique at 1.5 V. FeTiO3 shows
high stability for 6 h which is comparable for IrO2 as shown in Figure 5d [24,25]. After
6 h, the catalyst current was slightly declined due to the disturbance of catalyst surface
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morphology. The evolution of O2 was disturbed the interaction between nanoparticles and
nanorods. Table 1 shows a comparison of OER activity for various catalysts in an alkaline
medium.
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Figure 5. Shows (a) LSV of TiO2 nanorod, α-Fe2O3 NPs and FeTiO3 perovskite, (b) Tafel slop
values of α-Fe2O3 NPs and FeTiO3, (c) comparison plot TiO2, α-Fe2O3 and FeTiO3 perovskite and
(d) chronoamperometry study FeTiO3 perovskite.

Table 1. Comparison of onset potential of various catalysts for OER.

S. No. Catalyst Medium Onset Potential
(V vs. RHE) Reference

1. g-C3N4@Ni-NiO 0.1 M NaOH 1.55 [23]

2. FeTiO3 hollow spheres 1 M KOH 1.65 [26]

3. CoTiO3/NrGO 0.1 M NaOH 1.53 [27]

4. B-doped graphene 0.1 M NaOH 1.70 [28]

5. FeTiO3 1 M KOH 1.45 This work

3. Materials and Methods
3.1. Materials

Ferric chloride hexahydrate (FeCl3·6H2O), ferrous sulfate (FeSO4·7H2O), titanium
(IV) isopropoxide Ti(OCH(CH3)2)4 (TIP) were supplied by Sigma-Aldrich Bengaluru,
Karnataka 560099, India, 1-butyl-3-methylimidazolium bromide (C8H15BrN2) (IL) was
purchased from TCI Chemicals (Chennai, Tamil Nadu 600045, India) and, ethylene gly-
col (HOCH2CH2OH) (EG) and sodium hydroxide (NaOH) were obtained from Merck
(Mumbai- 400079, India). All of the chemicals used were of the highest analytical quality,
and no further purification was required.

3.2. Preparation of TiO2 Nanorod

The pure TiO2 was synthesized by an effortless solvothermal process. In brief, 0.1 M
of Ti (OCH(CH3)2)4 as a source of TiO2 was first dissolved in 50 mL of ethylene glycol and
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0.015 M of C8H15BrN2 was mixed with the above solution under continuous stirring for
2 h. Then, 1.0 M/L NaOH solution was added dropwise to adjust pH to 12.0. The solution
was transferred into 100 mL volume of a Teflon-lined stainless-steel autoclave and then
it was heated at 180 ◦C for 24 h. Subsequently cool down to room temperature, then the
resultant suspensions were washed several times with water and ethanol to remove the
unreacted species, and then the final product was dried at 100 ◦C for 2 h. Finally, TiO2
nanorods were obtained by calcined in air at 850 ◦C for 5 h.

3.3. Synthesis of FeTiO3 Perovskite

α-Fe2O3 NPs and FeTiO3 perovskite were prepared by facile solvothermal method.
The detailed process is explained as follows: 0.050 M of FeCl3·6H2O and 0.050 M of
FeSO4·7H2O (α-Fe2O3 sources) were dissolved in ethylene glycol under magnetic stirring
for 30 min at room temperature, additionally 0.1 M of Ti (OCH(CH3)2)4 was further added
to form the homogenous solution. Thereafter, 0.015 M of C8H15BrN2 was added to the
above mixture under vigorous stirring. The pH value was adjusted to 12 by using NaOH.
Subsequently, the mixture was transferred into a Teflon-lined stainless-steel autoclave and
heated in an electric oven at 180 ◦C for 24 h. The resultant suspensions were washed
several times with water and ethanol to remove the unreacted species in the final product
and then dried at 60 ◦C for 12 h. Finally, FeTiO3 perovskite was obtained by calcination in
air at 850 ◦C for 5 h as shown in Scheme 1. The same producer was used for the synthesis
of α-Fe2O3 NPs without adding titanium sources.
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Scheme 1. Schematic representation of TiO2 nanorod, α-Fe2O3 NPs and FeTiO3 synthesis via a
one-step solvothermal method.

3.4. Electrochemical Studies

The electrochemical studies were investigated using a Bio-Logic instrument (Seyssinet-
Pariset, France) with the three electrode systems for OER in 1 M KOH. Linear sweep
voltammogram (LSV) was observed at 10 mV s−1 to reduce the capacitive current, which is
directly proportional to the scan rate. The stability test was measured by the chronoam-
perometry technique at 1.5 V. FeTiO3 perovskite nanoparticles coated on a Toray carbon
sheet, platinum (Pt) rod, and mercury/mercurous oxide (Hg/HgO) were used as working,
counter, and reference electrodes, respectively.

3.5. Characterization

The X-ray diffraction (XRD) was measured for all the samples using Cu-Kα radiation
with the wavelength of 1.54060 Å by PAN analytical (Malvern Panalytical, Malvern, Eng-
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land) (XPERT-PRO) diffractometer in the 2 theta range from 10◦ to 80◦. The morphology
of prepared samples was recorded using field emission scanning electron microscopy
(FE-SEM: Model Hitachi S–4500, Carl Zeiss NTS Ltd. Jena, Germany) equipped with
the energy-dispersive X-ray spectroscopy (EDAX). The transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) were carried out to investigate the
morphology and crystalline nature of the samples (Tecnai Instruments). The X-ray photo-
electron spectroscopy (XPS) was carried out using the XPS instrument (Carl Zeiss). The
spectra were at pressure using an ultra-high vacuum with Al Kα excitation wavelength at
250 W. The electrochemical studies were investigated by using a Bio-Logic instrument with
the three electrode systems for OER in 1 M KOH.

4. Conclusions

FeTiO3 perovskite was developed using a one-step solvothermal method. The pro-
posed method facilitated in reducing the onset potential and increased the current density
for OER in an alkaline solution. The formation of FeTiO3 was confirmed using XRD, XPS
and TEM studies. FeTiO3 demonstrated a high OER activity compared to the bare TiO2
nanorod and α-Fe2O3 NPs. The onset potential of FeTiO3 was 1.45 V with a current density
of 30 mA/cm2, which were comparable to the benchmark catalyst of IrO2. Furthermore,
the catalyst was highly stable for 6 h in 1M KOH solution. Therefore, the prepared FeTiO3
perovskite could be considered as an effective catalyst for water electrolyzer technology in
the future.
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