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Orthorhombic phase BaFe2 O4 powder was synthesized by using a solid state reaction method and
investigated for its visible light photocatalytic properties. The crystallization of the structural phase
was found to occur at a temperature above 1000 ◦ C yielding a pure orthorhombic phase BaFe2 O4
(SG- B b21m) at 1100 ◦ C. The estimated band gap, as determined by UV-Vis diffuse reflectance
studies, was ∼1.9 eV (652 nm). A new material was designed and fabricated as Pt/RuO2 /BaFe2 O4
to enhance its photocatalytic activity. A very low (<1 wt% RuO2 ) co-catalyst doping over BaFe2 O4
was important for achieving high photocatalytic efficiency. The newly designed system was investigated for photo-decomposition of isopropyl alcohol (IPA) and of water under visible light (≥420 nm).
Its photocatalytic activity was significantly higher than that of platinized TiO2−x Nx . A mechanism
has been proposed to explain the photocatalytic behavior of the designed BaFe2 O4 photocatalyst.
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I. INTRODUCTION
Presently, the whole world is attempting to discover
an eco-friendly, stable and efficient visible-light photocatalyst for producing hydrogen by water splitting, as
it is one of the potential ways to generate the desirable renewable energy. The progress in the photocatalysis research during the last decade was limited to the
ultraviolet (UV) light region although the visible light
region of electromagnetic spectrum is far more abundant and useful for an efficient photocatalysis under solar light. Several research groups have developed visible
active oxide, sulfide and oxynitride photo-catalysts such
as PbBi2 Nb2 O9 , (Ga1−x Znx )(N1−x Ox ), Nix In1−x TaO4 ,
TaON, TiO2−x Nx , TiO2−x Cx , Sm2 Ti2 O5 S2 , AgGa1−x
Inx S2 , etc [1-9]. Recently, we discovered a few novel photocatalysts, viz. an Aurivillius-phase PbBi2 Nb2 O9 perovskite, its nano-composite, its modified form of a p-n
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junction nano-diode, etc. [10-14], as efficient photocatalysts working under visible light. However, there is still a
need for a highly efficient, small band gap (ca. Eg = 1.9
∼ 2.1eV) photocatalyst, that will absorbs visible light
photons from the solar spectrum. Barium mono ferrite
(BaFe2 O4 ), an orthorhombic phase, low-band-gap ferrite material, thus has become a crucial candidate for
visible light photo-catalysis. In past, its applications in
magnetism, paints and pigment and catalysis have been
demonstrated [15]. These properties are due to the existence of Fe ions in the lattice with tetrahedrally/ octahedrally coordinated ligands. This not only affects
the metal-ion spin dynamics but also renders visiblelight absorptivity to the material. Similar to CaFe2 O4 ,
this metal oxide is a p-type semiconductor and is thus
suitable for the photodegradation of organic pollutants
[16]. In order to explicitly confirm this, we have investigated the photocatalytic performance of this material. We have studied the CO2 production from the
photo-degradation of iso-propyl alcohol (IPA), it being a
role model pollutant. Further, we have also investigated
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the photo-reduction of water from water-methanol mixtures under visible light irradiation (λ ≥ 420 nm). As a
part of the above investigations, we have characterized
nanocrystalline BaFe2 O4 for its optical and structural
properties, respectively, by using an UV-vis diffuse reflectance spectrometer and an X-ray diffractometer. This
exploratory study demonstrate the feasibility of using
BaFe2 O4 for photodecomposition of C3 H7 OH and H2 O.

II. EXPERIMENTAL
The orthorhombic BaFe2 O4 photocatalyst was synthesized by using the conventional solid state reaction (SSR)
method. Stoichiometric amounts of BaCO3 (99.7%,
Aldrich) and Fe2 O3 (99.9%, Aldrich) were mixed and
ground in methanol to obtain a homogeneous mixture.
The pelletized powders were subjected to calcination at
various temperatures in the range of 1100 ◦ C - 1300 ◦ C
for 5 h in a static furnace. In an additional experiment,
nanoparticle TiO2−x Nx powder was also prepared as a
standard visible-light-active photocatalyst by using the
hydrolytic synthesis method (HSM) [17]. In this synthesis, an aqueous ammonium-hydroxide solution with
an ammonia content of 28 - 30% (99.99%, Aldrich) was
added drop by drop to a 20% titanium (III)-chloride solution (TiCl3 , Kanto, containing 0.01% iron as the major
impurity) for 30 min under N2 flow in an ice bath while
continuously stirring. Later, the suspension was further
stirred for 5 h to complete the reaction. After completion of the reaction, the precipitate was filtered in air and
washed several times with deionized water. The filtered
powder was dried at 70 ◦ C for 3 - 4 h in a convection
oven. The sample obtained at this stage was an amorphous powder containing ammonia and titanium species.
Further, this sample was calcined at 400 ◦ C for 2 h in
air flow in an electric furnace. This yielded the desirable
crystalline TiO2−x Nx powder.
The BaFe2 O4 samples were characterized by using an
X-ray diffractometer (Mac Science Co., M18XHF). X-ray
diffraction (XRD) results were compared with the Joint
Committee Powder Diffraction Standards (JCPDS) data
for phase identification. The optical properties, mainly
the band gap energies of the as-prepared materials, were
estimated by using an UV-Visible diffuse reflectance
spectrometer (Shimadzu, UV 2401). The particulate
morphology was characterized by using scanning electron microscopy (SEM, Hitachi, S-2460N). A detailed
structural characterization was carried out by using highresolution transmission electron microscopy (HR-TEM,
Philips, CM 200).
For all the samples, the photocatalytic degradation of
iso-propyl alcohol (IPA) was studied to estimate the photocatalytic activities under visible-light irradiation (λ ≥
420 nm). About 200 ppm of gaseous iso-propyl alcohol (IPA) was injected into a 500-mL Pyrex reaction cell
filled with air and 0.3 g of the catalyst. The concen-

Fig. 1. (Color online) XRD patterns of BaFe2 O4 samples
calcined at (A) 1100, (B) 1200, and (C) 1300 ◦ C.

tration of the reaction products (CO2 ) was determined
by using a gas chromatograph equipped with a thermal
conductivity detector (TCD) and CTR 1 packed column.
Before the reactions, 0.5 wt% of Pt was deposited on the
photocatalysts by using the photo-deposition method under visible light (λ ≥ 420 nm). In addition, the photoreduction of water was studied under visible-light photons. We estimated the rate of hydrogen evolution from
the half cell reaction of water splitting in the watermethanol solution. The H2 concentration was analyzed
by using gas chromatography.

III. RESULTS AND DISCUSSION
Structural characterization of the samples was carried
out for phase identification, to estimate the particle size
and to analyze the crystallization behavior of the samples
prepared at various calcination temperatures. Figure 1
shows the XRD patterns of the samples calcined at various temperatures. An orthorhombic BaFe2 O4 phase, as
indicated by the open circles (see Fig. 1), was found to be
formed at the temperatures ≥1100 ◦ C. The cystallinity
was found to increase with increasing calcination temperature, thereby retaining the pure phase (space group
Bb21m) with lattice parameters as a = 19.05, b = 5.39,
and c = 8.4480 Å. Higher crystallinity is well known
to yield a high density of active catalytic sites, thereby
yielding efficient photocatalysts [17].
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Table 1. Crystallite size and band gap energy of BaFe2 O4
particles prepared at various temperatures. TiO2−x Nx is included as reference system.
Catalyst
BaFe2 O4
BaFe2 O4
BaFe2 O4
TiO2−x Nx

Temperature
(◦ C)
1100
1200
1300
400

Crystallite
size (nm)
52.33
52.21
50.08
13.2

Band gap
(eV)
1.90
1.85
1.85
2.76
Fig. 3. HR-TEM image of Pt(0.5 wt%)/RuO2 (0.5 wt%)
co-doped BaFe2 O4 (calcined at 1300 ◦ C. Pt was deposited
on photocatalysts by using a photo-deposition method under
visible light (λ ≥ 420 nm). Arrows indicate the homogeneous
existence of Pt over the photocatalyst.

Fig. 2. (Color online) UV-Vis diffuse reflectance spectra of
(A) TiO2−x Nx ; and BaFe2 O4 calcined at: (B) 1100 ◦ C, (C)
1200 ◦ C, (D) 1300 ◦ C. Inset shows the colors for respective
samples.

Table 1 shows the crystallite sizes and the respective
band gaps (described in next section) of the BaFe2 O4
samples synthesized by calcination at different temperatures. The crystallite sizes were estimated from the full
width at half maxima (FWHM) of the main XRD peak
(Fig. 1) with a (212) orientation by using the Scherrer’s
equation [18]
D = 0.9λ/β cos θ,

(1)

Where λ is the wavelength of the X-ray radiation (Cu Kα
with λ = 1.54 Å), β is the FWHM of the peak (in radians)
corrected for instrumental broadening, θ is the Bragg angle, and D is the crystallite size (Å). The crystallite sizes
for all the samples displayed in Fig. 1 are nearly the same
(∼52 nm), revealing their nanocrystalline dimension.
Figure 2 shows the UV-vis diffuse reflectance spectra
for BaFe2 O4 prepared at 1100/1200/1300 ◦ C and for the

TiO2−x Nx sample. From these spectra, we estimated the
band gap energies of these materials as summarized in
Table 1. The BaFe2 O4 showed a clear absorption edge
around a wavelength of ∼680 nm, yielding a band gap in
the range of 1.8 - 1.9 eV. TiO2−x Nx showed two absorption edges, consisting of the main edge due to the oxide
at 390 nm and another at 351nm due to the nitride [17].
The colors of these materials (see the inset of Fig. 2) were
dark brown (BaFe2 O4 ) and yellow (TiO2−x Nx ); thus,
these materials, indeed, can absorb visible light. The
band gap energies of the BaFe2 O4 samples are greater
than the theoretical energy required for water splitting
(λ > 1.23 eV); thus, they are a suitable candidats for the
role of a visible-light photocatalyst.
These samples were further used for photocatalytic
characterization. Before the photocatalytic reaction,
platinum nanoparticles and RuO2 nanoparticles were deposited on all the BaFe2 O4 samples. Figure 3 shows
HR-TEM images demonstrating that well-dispersed ∼5
nm platinum/RuO2 nanoparticles were deposited over
the surfaces of the BaFe2 O4 particles. It is noteworthy that the existence of a layered structure an observed
in HRTEM is an additional advantage in a perovskite
photocatalyst, being responsible for yielding enhanced
photocatalytic sites.
To investigate the photodecomposition ability of the
BaFe2 O4 samples, we tested them for the photodegradation of IPA and the photo-reduction of a watermethanol mixture under visible-light irradiation. Figure
4 shows the rate of CO2 evolution, and Fig. 5 shows the
amount of hydrogen evolution from the photo-catalytic
reaction over the TiO2−x Nx and the BaFe2 O4 samples.
The concentration of CO2 increased steadily with increasing irradiation time, indicating a rather larger decomposition rate of IPA under visible light irradiation
for BaFe2 O4 than for the oxynitride reference. The production of CO2 gas stopped when light was turned OFF
and restarted at the same rate when the light was turned
ON again. The photocatalytic activity of BaFe2 O4 for
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Table 2. Photocatalytic H2 gas evolution from a water-methanol mixture over various photocatalysts containing Pt (0.5 wt%)
as a co-catalyst and RuO2 (0.5 wt%) as a co-dopant on BaFe2 O4 .

Catalyst

Energy band gap Eg (eV)

Pt/BaFe2 O4
Pt/RuO2 /BaFe2 O4
Pt/TiO2−x Nx

1.85
1.85
2.74

Fig. 4. Time courses of CO2 evolution from IPA decomposition over various materials under visible light irradiation (λ
≥ 420 nm) in the presence of 0.3 g of photocatalyst: (A)
Pt(0.5 wt%)/RuO2 (0.5 wt%) co-doped BaFe2 O4 , (B) Pt
(0.5 wt%)/BaFe2 O4 , (C) Pt (0.5 wt%)/N-doped TiO2 , (D)
BaFe2 O4 , (E) RuO2 (0.5 wt%)/BaFe2 O4 , and (F) N-doped
TiO2 . The IPA concentration was 200 ppm in air.

IPA decomposition was about 4 times higher than that
of TiO2−x Nx . This clearly demonstrated the superiority of BaFe2 O4 over the oxynitride reference photocatalyst. Further, as shown in Fig. 5, the H2 production over
Pt/RuO2 /BaFe2 O4 was highest, and it was lowest in the
case of the oxynitride sample. In all cases, the H2 production steadily increased with increasing reaction time.
The photo reactor was evacuated for 5 h before the next
run to remove the gaseous products from the gas phase.
Interestingly, the H2 evolution rate was found to be reproducible in the following run. It can be concluded that
H2 evolution over these particles occurred photocatalytically. The photocatalytic quantum yield (QY) of the
photocatalyst was calculated using the following equation [19,20]:
QY = H2 evolution rate/12.639
× [(I1 − I3 ) − (I1 − I2 )] × A1 /A2 × 100

(2)

where I1 is the blank light intensity, I2 is the scattered

H2 evolution (mmol/gcat.hr)
UV light irradiation
Visible light irradiation
(λ > 210 nm)
(λ > 420 nm)
35
4
47
13
9
Trace

Fig. 5. Time courses for the photocatalytic reaction over
various samples under visible light irradiation (λ ≥ 420 nm)
in an aqueous solution by stirring 0.3 g of photocatalyst. H2
evolution: (--): Pt (0.5 wt%)/RuO2 (0.5 wt%) co-doped
BaFe2 O4 , (- -): Pt (0.5 wt%)/BaFe2 O4 , and (-N-) : Pt
(0.5 wt%)/N-doped TiO2 .

•

light intensity, I3 is the photocatalyst light intensity, A1
is the lighted area of the photo reactor, A2 is area of the
sensor face, and 12.639 is the mole number of photons
with λ ≥ 420 nm emitted from the lamp for 1 h. The
estimated quantum yields (QY) of ferrite samples were
interestingly high, for the samples displayed in Table 2.
Further studies were carried out for two different photon
sources, one being under UV light and other being under
visible light. Under UV light, all samples displayed significant QY for H2 production (respective Table 2 samples QY ∼4.65, 6.24, and 1.2%). Under visible-light photon irradiation, only the BaFe2 O4 samples yielded a significant QY value (∼1.73%) and a trace an hydrogen
evolution for oxynitride sample. The enhanced photocatalytic QY of the Pt/RuO2 /BaFe2 O4 sample is the
important achievement in the present study.
To understand the photocatalytic performance of the
new modified BaFe2 O4 , we propose a mechanism based
on the results of our physical and physico-chemical
studies. Accordingly, the schematic diagram shown in
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Fig. 6. (Color online) Schematic diagram explaining the
mechanism of photodecomposition of iso-popanol and water
over the modified photocatalyst of Pt/RuO2 /BaFe2 O4 .

Fig. 6 describes the possible reason behind the IPA photodegradation over modified BaFe2 O4 . In addition to
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