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Fe Substituted SrTiOs as Visible Light
Active Photosensitive Material for Solar-
Hydrogen Generation

Radhika T " and Keerthi Kt

Abstract

Perovskite SrTiO; and Fe Substituted SrTiO; were
prepared by solid-state reaction route as visible light
active photosensitive materials for solar-hydrogen
generation applications. Powder X-ray diffraction pattern
confirms the formation of crystalline perovskite SrTiOs;
phase at sintering temperature of 1273 K. The pattern of
Fe substituted SrTiOs exhibits number of peaks with splits
and less crystalline indicating a lower symmetry structure
upon substation at Sr and Ti sites. Crystallinity and
crystallite size also finds decrease with increased Fe
substitution. The band gap of SrTiO; obtained by DR UV-
Vis absorbance analysis at various sintering temperature
approaches the theoretical value 3.06 eV. However, on Fe
substitution the band gap is reduced to ~ 2.0-2.5 eV
suggesting the materials can extend its absorption to the
visible range also. FT-IR spectra confirmed that the Fe
substituted SrTiO; is similar to that of pure phase with
bands corresponding to the hydroxyl and carboxyl
groups. Since the substituted materials show reduced
band gap, these materials can be wutilized for
photosensitive solar-hydrogen generation.
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1. Introduction

Combustion of fuels in automobiles and power plants generate
large number of the health and crop-damaging and global warming
air pollutants. There is an urgent need for developing renewable
energy resources that can be alternative to fossil fuels (oil, coal etc.)
[1]. Solar energy is the only available source of energy capable of
continually providing the vast quantities of carbon-free energy that
can meet the growing global energy demand. Hydrogen, generated
from water using solar energy, solar-hydrogen, is a renewable and
environmentally safe energy carrier due to several reasons such as;
1) sunlight and water are renewable 2) materials are inexpensive, 3)
solar-hydrogen technology is relatively simple and thus the cost of
such a fuel is expected to be substantially less than oil, 4) solar
energy is the only required energy source for solar-hydrogen
generation [2,3]. The most critical issue in the development of solar-
hydrogen is the development of a special class of new
photosensitive materials for efficient and clean conversion of solar
energy. Sunlight, an unlimited source of clean and renewable
energy which can be efficiently utilizes to produce hydrogen, the
fuel of the near future by water-splitting. Numerous studies
focused on photo electrochemical water-splitting reaction [4]. The
enhancement of efficiency of a solar-hydrogen production process
is of considerable importance because high efficiency translates into
lower costs. It is, therefore, important to search for a stable and
low-cost material for efficiently harvesting the solar energy. The
high living standard created in the world during the last century is
to a large extent due to easy access to cheap fossil fuels. These
resources are limited, and the ever increasing energy demands,
together with the CO, related climate problems, make the
development of sustainable energy technology one of the most
important problems of today. Direct harvesting and conversion of
solar light to electrical energy in photovoltaic (PV) cells or to
chemical energy by photo electrochemical (PEC) reactions are the
most obvious technologies to address this problem [5]. Hydrogen is
currently produced from fossil fuels on an industrial scale.
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However, much attention has been focused on the direct splitting
of water for H, generation [6]. Photosensitive overall splitting of
water using solar energy has been extensively investigated to solve
the energy and environmental issues at a global level.
Conventionally, both technologies rely on light collection in
semiconductor materials with appropriate band gaps that match
the solar spectrum in order to obtain high energy conversion
efficiency.

To use semiconductors as possible photosensitive material, their
viability depends on their ability to absorb enough sunlight as well
as their stability against photo corrosion [7]. The electronic
structure of a semiconductor plays a key role in its photo activity.
Unlike a conductor, a semiconductor consists of a valence band
(VB) and the conduction band CB). Energy difference between
these two levels is said to be the band gap (Eg). For efficient H»
production using a visible-light-driven semiconductor (Figure 1),
the band gap should be less than 3.0 eV, but larger than 1.23 eV [8].
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Band gap
hv 0,/ H.0 +1.23V
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Figure 1: Band gap structure of a semiconductor

Moreover, the conduction band (CB) and valence band (VB) levels
should satisfy the energy requirements set by the reduction and
oxidation potentials for H>O respectively. For H, production, the
CB level should be more negative than H» production level
E 12o/12 while the VB should be more positive than water oxidation
level Emos02 for efficient oxygen production from water by
photosensitive reaction.

The photosensitive material must be stable in aqueous solutions
under photo irradiation. Oxide semiconductors are generally
highly stable against photo corrosion and have thus been
extensively used as heterogeneous photosensitive materials.
However, Scaife noted in 1980 that it is intrinsically difficult to
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develop an oxide semiconductor photosensitive material that has
both a sufficiently negative conduction band for H> production and
a sufficiently narrow band gap (i.e., <3.0 eV) for visible light
absorption because of the highly positive valence band (at ca. +3.0
V vs. NHE) formed by the O 2p orbital. Indeed, most visible-light-
responsive oxide photosensitive material, such as tungsten oxide
(WOs3) or bismuth vanadate (BiVO,), cannot produce H» from water
due to their conduction bands being too low for water reduction
[9]. Although some non-oxide semiconductors, such as sulfides and
nitrides, posses appropriate band levels for water-splitting under
visible light these are generally unstable and readily become
deactivated through photo corrosion or self-oxidation, rather than
evolving O,. For example, cadmium sulfide (CdS) has appropriate
band levels for water reduction and oxidation as well as a narrow
band gap that permits visible light absorption [10].

Ever since Fujishima and Honda reported photo electrochemical
water-splitting using a TiO. electrode in 1972 [11], numerous
researchers have intensively studied water-splitting using
semiconductor photo electrodes or photosensitive materials. In
such systems, light energy is converted into chemical energy and
the Gibbs free energy increases greatly. Since photosensitive or
photoelectrochemical water-splitting resembles photosynthesis in
green plants it is regarded as being a form of artificial
photosynthesis [12]. Heterogeneous photosensitive systems that
use semiconductor powders have several advantages over
photoelectrochemical systems, including greater simplicity and
lower cost. Consequently, extensive efforts have been made to
develop efficient heterogeneous photosensitive materials by
investigating new semiconductor materials. Although more than
100 photosensitive systems based on metal oxides have been
reported to be active for “overall” water splitting (i.e., simultaneous
generation of both H and O), most of these materials active only
under ultraviolet (UV) light (A <400 nm) because of the large band-
gap energy of semiconductor materials. Since nearly half of the
solar energy incident on the Earth’s surface lies in the visible region
(400 < A < 800 nm) it is essential to use visible light efficiently to
realize practical H> production on a huge scale by photosensitive
water-splitting. The maximum solar conversion efficiency for
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photosensitive water-splitting with a quantum efficiency of 100 %
can be calculated using the standard solar spectrum. Even if all UV
light up to 400 nm were utilized, the solar conversion efficiency
would be only 4%, which is similar to the maximum conversion
efficiencies of photosynthesis in green plants under normal
environmental conditions (1-2%). However, the utilization of
visible light up to 600 nm can drastically improve the efficiency to
16%; a further extension up to 800 nm would give a conversion
efficiency of 32 % [13].

Over the past several decades many photosensitive materials
reported to exhibit high photosensitive activities for splitting water
into a stoichiometric mixture of H, and Oz [14]. Among the vast
majority of active photosensitive materials perovskite type
compounds such as SrTiOs [15], KzLa2TisO10 [16], NaTaOs [17], and
RbNdTaxO7 [18] have been proven to be active for water-splitting.
Unfortunately, their practical applications have been restricted to
the ultraviolet region due to their large band gap (>3.0eV), which
occupies only about 4% of the solar spectrum. In recent years
substituting foreign elements into a semiconductor with a wide
band gap to extend to the optical absorption edge has been known
to be one of the effective strategies for developing photosensitive
materials available for visible light-driven water-splitting [19].
Recently various cation or anion doped perovskite type
compounds have been synthesized and activities under visible light
have been investigated experimentally [20].

Generally photosensitive materials require high surface area, high
optical absorption capability and chemical stability in addition to
being non-toxic. Another important thermodynamic factor for
water-splitting is that the photosensitive materials have higher
reduction and oxidation potentials of its valance and conduction
band edges compared to those of pure water [E(o./m0) = +1.23 eV ,
Emo/m= 0 eV ]. Among these properties, the optical absorption
properties and band positions are the most important factors for

the photosensitivity and are strongly related to the crystal structure
[21].

It has been reported that some metal oxides show reasonable
activities for water-splitting into H> and O» in a stoichiometric ratio
under UV light irradiation [22]. However the number of
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photosensitive material is still limited and active materials being
employed are mainly titanates [23]. Therefore further investigation
of photosensitive material for water-splitting is indispensable for
revealing essential factors of active photosensitive materials and
getting a guiding principle of development of new photosensitive
materials. In particular, photosensitive water-splitting has attracted
much interest as a method of producing hydrogen (H) under light
illumination and has been studied extensively [24].

Among the vast majority of metal oxide photosensitive materials,
perovskite oxides are prominent for their diversity of properties
[25]. SrTiOs (STO) is a promising perovskite type photosensitive
material for water decomposition under sunlight, because of its
optical and electrical properties, chemical stability and non-toxicity.
At room temperature it exists in the cubic form, but transforms into
the tetragonal structure at temperatures less than 105 K. STO is a
dielectric material, and is used as a photosensitive material to
degrade organic pollutants or split water to produce H> and O, [26].
Perovskite type STO provides a higher potential and facilitates the
formation of H> and O, [27]. STO as a photosensitive material could
be used to produce hydrogen under UV light. Pure STO without an
additive shows a very low photosensitive activity. It has been
active only under UV light irradiation owing to its wide band gap
(389 nm). This limitation can be overcome by substituting other
elements. Transition metals such as Fe, Co, Mn, Pt, Ru have been
substituted into STO to allow visible light absorption [28], which
effects the lattice structure, electronic configuration, surface
morphology and surface area of photosensitive material etc. It is
reported that STO co-doped with N> and La exhibit high
photosensitivity due to the decrease of the oxygen vacancies, which
may act as electron-hole pair recombination centers, because co-
doping with La* and N?* ions maintained the charge balance [29].
Another report suggests that Cr substitution in STO introduces d
state within the band gap [30] and investigates the synergistic effect
of some non-metal and metal on N-substituted STO [31]. It is also
reported that transition metals [Mn, Fe and Co] substitution in STO
introduce d states within the band gap [32]. According to a study,
the transition metals such as Fe/Co substitution in STO introduce d
states within the band gap [33]. Some 3d states of Co appear below
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the bottom of the conduction band, and some 3d states of Fe are
located above the top of the valance band, which results in the
decreased band gap with respect to the perfect STO and thus the
visible light absorption is observed [34].

For most of the photosensitive materials, it is necessary to load
transition metal co-catalysts for overall water-splitting. The yield of
H> gas by these catalysts still settles in magnitude of micromole
h-g1, which renders the overall process impractical [35]. Therefore
it is still very important to find new photosensitive materials with
high photo activity inorder to make the water-splitting a viable
method to provide clean and renewable source for H», fuel in the
future.

The present work deals with an initial stage of visible light active
perovskite materials preparation for solar-hydrogen generation
applications. STO and Fe substituted STO were prepared via solid-
state reaction method. The materials were characterized using
various physico-chemical techniques such as X-ray Diffraction, DR
UV-Visible spectroscopy and FT-IR spectroscopy etc inorder to
apply as photosensitive materials for solar-hydrogen generation.

2. Experimental

All the chemicals used in this study were analytical grade and used
as received. The materials used for the preparation of the
photosensitive materials are; SrCOs (99.9%; Merck Ltd., Mumbeai),
TiO, (Sigma Aldrich, Anatase, Merck Ltd., Mumbai), and
Fe(NOs)3.9H20 - (98%, Merck Ltd., Mumbai). Distilled water was
used as the solvent in all the preparations.

The materials were prepared by employing solid-state reaction
method. In this method, the required amount of SrCO; and TiO»
were mixed through an agate mortar with the addition of suitable
amount of distilled water as solvent. The resulted white color
slurry was dried under an infra-red lamp. The dried solid material
was sintered at the required temperature in a programmed muffle
furnace.

The same procedure was followed for the preparation of
SraoMxTiO2 and StMxTigO2 (M = Fe) where the solid-state
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mixing was carried out using various concentrations (x = 0.2, 0.4,
0.6, 0.8, 0.5, 1.0) of the substituent. The solid mass obtained after
drying under infra-red lamp was subjected for sintering at required
temperature. After sintering the powder obtained was grounded
and used for further studies. The materials prepared with notations
are presented in Table 1.

SI. No. Materials Notations

1. SrTiOs (Calc. at 1173, SrTiO3(1173K)
1273, 1373 and 1473 K)

2. SrooFensTiOs
3. Sr substituted with Fe Sro4FepsTiO3
4. SI‘o_5Fe(),5TiOQ,
5. SrFeO‘zTio,go‘v,
6. Ti substituted with Fe SrFe4Tip 603
7. SrFeosTi0503
8. SrFeOs

Table 1: Materials prepared with notations

2.1 Characterization

All the materials were characterized by various techniques. The
Powder X-ray diffraction pattern of the materials were obtained on
an AXS Bruker D5005 X-ray diffractometer (Germany) with a
vertical goniometer- ray generator operated at 40 kV and 30 mA,
CuKa (A = 1.5418 A°) radiation with Ni filter. The absorbance and
reflectance spectra were recorded on DR UV-Visible-NIR
spectrometer (Varian\ cary 5000). The FT-IR spectra were recorded
on Perkin Elmer over the range 400-4000 cm-1.

3. Results and Discussion

The Figure 2 shows the diffraction pattern of STO calcined at
different temperatures. In solid-state method, most heating energy
was consumed for transportation and rearrangement of Ti, O and
Sr atoms until cubic STO nuclei form. The pattern of STO calcined
at high temperatures is confirmed with that of STO JCPDS (JCPDS
No:35-0734). The temperature of 1273 K is required to form the
perovskite structure when the oxide is prepared by solid-state
method. The STO calcined at temperatures of 1273 K and 1373 K is
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identical. No other impurity phases were observed. The pattern of
STO (1273K) was indexed on an orthorhombic cell with pm3m
space group. The strongest diffraction peak located at 32.40°
belongs to (110) plane. All the pattern were compared with JCPDS
of STO (No:35-0734). Following the observations, 1273 K was
selected as the sintering temperature for further treatment of the
substituted materials.
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Figure 2 : Powder X-ray diffraction pattern of STO calcined at different temperatures.

The powder diffraction patterns of the Fe substituted STO are
presented in Figure 3. As shown in the pattern, the main peaks of
STO remain the same with Fe substitution for both Sr and Ti sites in
the host lattice. The perovskite nature of the materials is retained
even after substitution but there are some changes in the degree of
crystallinity depending on the metal and site of substitution. The
ionic radius of Ti4* is 0.060 nm and that of Fe3+* is 0.061 nm, which
indicates that Fe3* ion can be easily substituted into the lattice. As
the amount of Fe substitution increased, pattern becomes less
crystalline in nature.
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Figure 3: Powder X-ray diffraction patterns of Fe substituted STO.

The pattern of Fe substituted in the Sr site shows almost all
perovskite peaks. A reduction in the crystallinity may arise due to
the difference in ionic radius of Fe3* and Sr2*. The ionic radius of
Sr2+ (0.118 nm) is greater than that of Fe3* (0.064 nm). The (110)
plane indicates that the existence of perovskite structure. Low
intense peak were disappeared due to high substitution on Sr2* and
also the ionic radius was different. The pattern of SrFeOs reveals its
perovskite structure.

The XRD pattern consists of several low intensity peaks
corresponding to pure phase. The observed peaks were correlated
to JCPDS file. The higher intensity of (100) plane can be attributed
to a sintering effect that boosts the crystallinity and specific
orientation of crystallites. Significantly there are a number of peaks
with clear splits, indicating the transformation of the cubic
perovskite structure of STO into a low symmetry. This lowered
symmetry, due to the addition of Fe at Ti site could induce no-
centrosymmetry. The addition of Fe can induce strains in the lattice
due to the slight mismatch in the ionic radius [36]. The lattice defect
depends on Sr/Ti atomic ratio. When Sr/Ti atomic ratio is smaller
than 1, Sr deficient STO might be formed, whereas when Sr/Ti
atomic ratio was greater than 1, Ti deficient STO might be formed
[37]. The XRD patterns (figures 3) confirm that the Fe substitution
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in the STO crystal lattice does not change the basic perovskite
structure (position, intensity), although some change is observed in
the crystallinity.

Crystallite size of the prepared materials was calculated using
Scherrer equation. The obtained crystallite sizes are presented in
Table 2. The crystallite size of STO (~ 47 nm) did not change much
with various sintering temperatures (1173-1473 K).

The substitution of Fe both in the Sr and Ti sites reduced the
crystallite size. As the amount of Fe substitution increases, the
crystallite size found to be decrease considerably. This may arise
due to the difference in ionic radius of the substituted Fe.

Sl. No. Materials Crystallite size (nm)
1. SrTiO3(1173K) 448
2. SrTiO3(1273K) 47 4
3. SrTiO3(1373K) 47 4
4. SrTiO3(1473K) 494
5. Sro,zFEo,gTiOg, 19.7
6. Sr0,4F6046TiO3 29.1
7. SI‘(],5F€045TiO3 344
8. SrFe(],zTio,gog, 409
9. SrFeo‘4Tio‘603 28.4
10. SrFeo,5Tio,503 274
11. SrFeO3 37.3

Table 2: Crystallite size of prepared materials

The DR UV-Visible spectra of synthesized STO through solid state
reaction method are shown in figure 4. According to the plot of
wavelength (nm) versus absorbance, the band gap of STO obtained.
According to the theoretical approach, the energy band of the STO
materials is estimated to about 3.2 eV [38].

The band gap of the materials was calculated using the formula
and are presented in Table 3.

Band gap = hc/A

The band gap energies of the as prepared STO materials can be
obtained from the wavelength values corresponding to the
intersection point of the vertical and horizontal parts of DR UV-VIS
spectra using the equation.
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Figure 4: DR-UV-Visible spectra of Fe substituted STO

S1.No. Materials Band Gap (eV)
1 SrTiO3(1173K) 3.06
2 SrTiO3(1273K) 3.00
3. SrTiO3(1373K) 3.06
4, SrTiO3(1473K) 3.09
5 Sro,sFeo,5TiO3 2.65
6 SrFeO‘sTi(J‘sO;—; 2.48
7 SrFeO3 2.29

Table 3: Band gap of the materials

The pure STO prepared shows an absorbance at 405 nm indicating
that the band gap is 3.06 eV. There is not much changes observed in
the band gap with various sintering temperature (figure not
shown). The Fe substituted STO shows bathochromic shift in
absorption. Band gap energies of the prepared materials are
summarized in Table 3. As noted in the table, the pure material
shows a band gap value of 3.06 eV. The band gap energy of Fe
substituted STO materials shows a decrease. Upon Fe substitution,
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the band gap energy is decreased to 2.65, 2.48 and 2.29 (eV) for
SrosFeosTiOs, SrFeosTiosOs SrFeOs respectively. This suggests the
effect of element substitution in altering the band gap energy of the
semiconductor STO.

It can be seen that the band gap of STO at different sintering
temperatures are nearly at the theoretical value. On Fe substitution
the band gap is reduced so that the materials become visible light
active, the efficiency of the photosensitive material become
increased. This extended absorbance of Fe substituted STO
materials into the visible region (2.0-2.5 eV) provides a possibility
of enhancing the photosensitive behavior of STO for water-splitting
to produce solar hydrogen applications as well.

The FT-IR spectra recorded for STO and Fe substituted STO are
shown in figure 5.
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Figure 5: FT-IR spectra of the prepared materials

The FT-IR spectra of pure STO prepared by the solid state reaction
method shows an intense peak at 643 cm?, which is attributed to
the vibration of the Ti-O units in anatase phase [39]. The peak at
1454 cm! indicates the bending mode of OH or the adsorbed water
on the STO surface [40].
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On Fe substitution, corresponding peak at 643 cm! observed in less
intense and as very broad in SrFeOs;. However, the peak at
1454 cm is less intense in Fe substituted STO while appears more
intense in SrFeOs;. This result indicates that on substitution
crystallinity has changed but the crystal structure is almost
identical. The band in the region 1600 to 3000 cm?, is almost flat in
STO and also in Fe substituted phase, but in SrFeOs it is not. The
characteristic change may observe due to the CO; evolution and
OH action in SrFeOs. This red-shift may be due to electron
donating effect of the alkaline earth metal ion, Sr2*. The low
frequency band at 3403 cm? can be assigned to either Ti-OH
perturbed at nearby Sr atom or to Sr-OH groups [41]. The extra
peak in SrFeO; at 2366 cm? , may due to the CO, comes from the
environment. In short it can be observed from FT-IR spectra that
crystallinity changes with substitution and Ti backbone plays a
significant role in the material structure.

The further study will be conducted for hydrogen generation by
water-splitting under a source of visible light. Later the same
materials will be used for hydrogen generation under solar light to
produce solar-hydrogen, the fuel of the near future.

4. Conclusion

The powder X-ray diffraction evidenced the formation of highly
crystalline perovskite STO phase at sintering temperature of 1273
K. The pattern of Fe substituted STO exhibits a number of peaks
with splits, indicating the transformation of the cubic perovskite
structure of STO into a lower symmetry. Crystallinity was
decreased with increased Fe substitution. Crystallite size
calculation suggests that as the substitution increases, the crystal
size decreases. The band gap by DR UV-Vis absorbance analysis for
STO at various sintering temperature approaches the theoretical
value 3.06 eV. However, a reduction in band gap was observed
upon Fe substitution to ~ 2.0-2.5 eV suggesting that the materials
can absorb in the visible range also. The absorbance spectra
analysis of the Fe substituted STO is promising towards visible
light active photosensitive applications especially for solar-
hydrogen generation. FT-IR spectra confirmed that the substituted
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STO is similar to that of pure phase with bands corresponding to
the hydroxyl and carboxyl groups. The materials prepared using
this simple solid-state method is found to be highly crystalline.
Further studies of these materials for solar-hydrogen generation in
a photoreactor set up is under progress.
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