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Solid state synthesis of two Sr-Fe-O systems viz. Sr;Fe;00,, and SrFe,,O,, was attempted and they were investigated for their
photocatalytic properties. Although, both the systems exhibited good cystallinity and optical properties, only Sr;Fe;(0,, was
found to be active for the photocatalytic decomposition of iso-propanol under visible light. It also yielded a significant quantum
yield (~1.7%) for photo-reduction of water under visible light irradiation, much better than titanium oxy-nitride samples. The
inactiveness of SrFe,;O;9 was due to its unsuitable band energetics. The Sr;Fe;(0,, acted more efficiently than TiO,..N; due
to its suitable band positions and high visible light photon absorptivity.
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Introduction display interesting optical properties. In the present study

we have identified these ferrites as possible visible active

Inspite of the fact, that visible light is far more abundant photo catalysts. These ferrites are known to exist in the
and useful for an efficient photocatalysis under solar light; form of orthorhombic (Sr;Fe (O,;) and hexagonal

there has been a remarkable progress of UV-active photo (StFe,0,9) crystal structures, and display low band gaps
catalysts during the last decade. Consequently, the (~2 eV) desirable for a visible light photocatalyst. These

development of visible light photocatalysts has become an systems can be formed under very high temperature
important topic in photocatalysis research today. To date, conditions. We synthesized two systems, and carried out
several research groups have developed visible active their photo catalytic characterization to confirm their
photocatalysts of oxides, sulfides and oxynitrides such as candidacy for visible light active pho-tocatalysis.
PbBi,Nb,Oy, (Ga;..Zn,)(N;.1Oy), BaFe,O4, BisTisFeOys, Accordingly we investigated the photocatalytic and the
TaON, TiO,N,, TiO,,C,, and Sm,Ti,OsS,, Fe-Cr co- photoelectrochemical performance of these ferrites for
doped TiO2 efc. [1-10]. In search of highly efficient photocurrent generation and CO, production from the
photocatalysts under visible light irradiation, we have photo-oxidation of iso-propyl alcohol (IPA), all under
recently discovered a novel single oxide PbBi,Nb,Oy visible light irradiation (A >420nm). The important
photocatalyst, and few of its proto-type designed oxides implication of photocatalytic hydrogen formation of these
[11-14]. But, we still need highly efficient, small band ferrites was also studied from an energy generation

gap (ca. 1.9~2.1eV) photocatalysts, which will not perspective. Consequently, we systematically studied

only efficiently absorb the visible light photons from photocatalytic hydrogen generation under visible light

the solar spectrum but also are “ecofriendly”. photons over these photocatalysts. Sr;Fe (O was found
Ferrite systems are seen as one of the most important to be a much more active photocatalyst than the recently

eco-friendly candidate photocatalysts [15-20]. The ferrite reported TiOx, Ny [5].

systems generally offer the advantage of yielding low

band gap materials which are desirable for visible light Experimental

active photo catalysts; additionally there abundance in

nature cannot be overlooked. Strontium ferrites viz. Crystalline Sr,Fe Oy and SrFe ;0,9 photocatalysts

Sr;Fe 0Oy and SrFe,0Oy9 are such ferrite systems which were synthesized by a solid state reaction (SSR)
method. Stoichiometric amounts of SrCO; (99.7%,

*Corresponding author: Aldrich) and Fe,O; (99%, Aldrich) powders were
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E-mail: phborse@arci.res.in ; hhgkim@kbsi.re kr were calcined at 1000-1300 °C for 5h in a static
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furnace. On the other hand, for the purpose of
comparison, TiO, Ny photocatalyst was also prepared
by the hydrolytic synthesis method (HSM) [21].
Accordingly, an aqueous ammonium hydroxide solution
(with an ammonia content of 28-30% (99.99%, Aldrich)
was slowly added dropwise, to 20% titanium (III)
chloride solution (TiCl;, Kanto, containing 0.01% iron
as the major impurity) kept in an ice bath, for
30 minutes under aN, atmosphere, while continuously
stirring the mixture. The suspension was stirred for 5 h
to complete the reaction. After the 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
precipitate powder containing traces of ammonia and
titanium. Further this sample was calcined at 400 °C
for 2 h under air in an electric furnace to obtain the
crystalline powder of TiO,Nj.

The Sr,Fe; 0 and SrFe;;019 samples were
characterized using X-ray diffraction (XRD) using a
Mac Science Co. M18XHF X-ray diffractometer. The
XRD results were compared with the Joint Committee
Powder Diffraction Standards (JCPDS) data for the
phase identification of different samples. The optical
properties viz. the band gap energy of the as-prepared
powders was studied by a UV-Visible diffuse reflectance
spectrometer (Shimadzu, UV 2401). The detailed
structural characterization was carried out using high-
resolution transmission electron microscopy (HR-TEM,
Philips, CM  200). Further the photocatalytic
characterization was carried out in the manner described
below. About 200 ppm of gaseous IPA was injected into
a 500-ml Pyrex reaction cell filled with air and 0.3 g of
catalyst. The concentration of the reaction product
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Fig. 1. XRD patterns of SrFe;,0;9 samples calcined at various
temperatures in the range of 1100 °C-1300 °C.

(CO,) was determined by a gas chromatograph
equipped with a thermal conductivity detector (CTR 1
packed column).

The photo-reduction reactions of water were carried
out at room temperature in an upper-irradiation type
Pyrex reaction vessel hooked up into a closed gas
circulation system. Photocatalytic reduction was carried
out by irradiating suspended powders using a Hg-arc lamp
(500 W) equipped with a cutoff filter (A > 420 nm). The
H, evolution was examined in an aqueous methanol
solution (distilled water 80 ml and CH;OH 20 ml) by
stirring 0.3 g of the catalyst loaded with 0.1 wt% Pt.
Before photocatalytic reactions, all the catalysts were
loaded with 0.1 wt% Pt using a conventional impregnation
method using aqueous PtCl,. The concentration of the
reaction product (Hp) was determined by a gas
chromatograph equipped with a thermal conductivity
detector (a molecular sieve 5-A column and Ar carrier).

For photocurrent measurements, 25 mg of photocatalyst
was suspended in distilled water (75 ml) containing
acetate (0.1 M) and Fe** (0.1 mM) as an electron donor
and as an acceptor, respectively, and the suspension pH
was adjusted to 1.4 with HCIO,. A platinum plate
(1x1cm? 0.125mm thick, both sides exposed to the
solution), a saturated calomel electrode (SCE), and a
platinum gauze was immersed in the reactor as
working (collector), reference, and counter electrodes,
respectively. With continuous N, purging of the
suspension, photocurrents were measured by applying
a potential (+ 0.6 V vs. SCE) to the Pt electrode using a
potentiostat (EG&G).

Results and Discussion

Figs. 1 & 2 show the XRD spectra of the corresponding
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Fig. 2. XRD patterns of Sr;Fe ;05 samples calcined at various
temperatures in the range of 1100 °C-1300 °C.
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Table 1. Energy band gap, calcination temperature and crystallite
size of materials.

Material Tem(;())eé?mre Cryst(all]lll;[)e size Ba&c{/ %ap
SrFe ;019 1300 23.56 1.8
SrFei00n 1300 54.23 1.8
TiO»Ng 400 133 2.73

Absorbance (a. u.)

A: Sr,Fe,0,,-1300C
B: SrFe,,0,,-1300C
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Fig. 3. UV-Vis diffuse reflectance spectra of (A) Sr;Fe; 005, and
(B)SrFe ,04 calcined at 1300 °C for 5 h. The point of inflection
indicates the band gap of the sample.

strontium ferrite samples, which were calcined in the
temperature range of 1000-1300 °C in the SSR method.
Fig. 1, clearly indicates the existence of a pure
hexagonal SrFe;,0,9 phase (JCPDS Card No: 84-1531)
for the case of the 1300 °C sample. Similarly, Fig. 2
does confirm the formation of the orthorhombic
Sr,Fe;g0, phase (JCPDS Card No: 26-0980) in the
present study. The figures reveal that in either case, the
crystallinity improved with an increase in the calcination
temperature and finally acquires highly crystalline phases
during the SSR syntheses.

The further observations reveal that the samples
consist of nanocrystallites, as is evident from the
Scherrer analysis for particle size determination. Table
1 shows the crystallite sizes of the respective systems,
as estimated from the full width at half maxima
(FWHM) of the main XRD peak in Figs. 1 and 2 using
the Scherrer’s equation [22]:

D=0.9A/B cosd )

where A is the wavelength of the X-ray radiation
(A=0.154nm), B is the FWHM of the peak (in
radians) corrected for instrumental broadening, @ is the
Bragg angle, and D is the crystallite size (A).

Fig. 3 shows the UV-visible diffuse reflectance

Fig. 4. HR-TEM image of a 1 wt% platinum- loaded Sr7Fe;40y;;
1 wt% of Pt was deposited on the base photocatalysts by a photo-
deposition method under visible light (A > 420 nm). Sr;Fe; o0,
was prepared by a solid state reaction method at 1300 °C.
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Fig. 5. The generated photocurrents under visible light (A > 420 nm)
irradiation for various material suspensions with acetate (electron
donor) and Fe**, (electron acceptor), respectively; (A) St-FeinOn;
(B) TiO,.\Ny; (C) SrFe;,049 and (D) TiO,. Experimental conditions:
photocatalysts = 0.025 g/75 ml; acetate =0.1 M; Fe'* =0.1 mM;
continuous N, purging; pH=1.4; E,,,=0.6 V (vs SCE); Pt plate
(10 x 10 x 0.125 mm), Pt-gauze as working and counter electrodes
respectively.

spectra for SrFe ;09 and Sr;Fe (O, which were used
for the estimation of band gaps (see Table 1). Both the
systems showed a very good absorptivity for visible
light photons and a small band gap indicating their
semiconducting nature. This enabled us to utilize these
systems for visible light photocatalysis.

To investigate the photocatalytic ability of the
samples we tested them for visible light photo-
degradation of IPA, a common model compound. In
order to facilitate an efficient electron transfer, Pt was
deposited on all the samples, prior to photocatalytic
degradation. Fig. 4 displays the existence of the Pt
particles over the base photocatalysts of the Sr-Fe-O
system. The HR-TEM image (Fig. 4) of a 1wt%
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Fig. 6. Time course of CO, evolution from TPA decomposition
over various materials under visible light irradiation (A > 420 nm)
inthe presence of 1 g photocatalyst (a) Sr;Fe 05, (-Il-) , (b) TiO,.
Nx (-a-)and SrFe;,049;(-O-); IPA concentration, 200 ppm in air.
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Fig. 7. Time course of H, gas evolution from Sr;Fe 02, (-l --),
StFe;,019(- @ -);, and TiO, N, (- --) under visible light
irradiation, in an aqueous solution by stirring 0.1 g of catalyst
loaded with Pt. The reaction system was evacuated every 5 h in
order to remove gaseous products from the gas phase.
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platinum-loaded Sr;Fe;jO,, displays the presence of
well-dispersed > 5 nm platinum particles on the surface
of Sr;Fe 40y. This indicates that platinum is mostly
deposited on the surface of the Sr;Fe 0, base catalyst.

Visible light active photocatalysts should generate
photocurrents upon absorption of photons. To investigate
the photocurrent generation, aqueous suspensions of the
materials containing acetate (donor) and Fe®" (acceptor)
were illuminated with visible light (A > 420 nm) photons.
Fig. 5 shows the photocurrents generated over Sr;Fe Oy,
SrFe,0y9, TiOy N, and TiO, samples. The Sr;Fe (O
sample generated a photocurrent approximately 3 times
faster than TiO, N, sample, while the others did not

generate any photocurrent. The generation of a
photocurrent means the critical initial step of
photocatalytic reactions upon light irradiation. Thus,
the photocurrent results can be directly correlated with
the photocatalytic activity of the photocatalyst. The
present study clearly indicates that Sr;Fe; 0Oy is a
much better visible-active photocatalyst than the others.

Following the above discussion, it is imperative that
the Sr-Fe-O system can be utilized for the photocatalytic
decomposition of a pollutant. Fig. 6 shows the rate of
CO, evolution from the photo-degradation reaction over
ST7F€10022, SrFeuOlg and TiOz_xNx samples. ST7F€10022
displayed efficient photocatalytic performance, whereas
SrFe ;019 showed negligible CO, evolution.TiO, <Ny
was considered as a standard visible light active
photocatalyst for comparison. In the case of Sr;Fe;¢Op,
the concentration of CO, increased steadily with the
irradiation time. The decomposition rate of IPA was
significantly larger than the TiO,.\N, sample under
visible light irradiation. The production of CO, gas
stopped when light was turned OFF and restarted at the
same rate when light was turned ON again. The
photocatalytic activity of TiO,(Ny for IPA decomposition
was less than that of Sr;Fe;gO. Therefore, we
investigated the superiority of the Sr;Fe;¢O5,, as analyzed
in the following section.

We performed the photo-reduction reaction of water-
methanol mixtures under visible light (> 420 nm). Fig.
7 shows the photocatalytic activity of different samples
under the study indicating that Sr;Fe| (O yielded
significant H, evolution in contrast to trace (TiO,4Ny)
and no (SrFe;;Op9) evolution from the others. The
hydrogen production over the Sr;Fe;(Oy, sample increased
steadily with the reaction time, following this the
photoreaction system was evacuated for Sh in order to
remove gaseous products as seen from Fig. 7. Thus one
can conclude that H, evolution over the photocatalysts
occurred photo-catalytically. The photocatalytic quantum
yield (QY) of the photocatalyst was calculated using the
following equation [23, 24]:

QY = H, evolution rate/12.639x[(1;-13)-(11-1,)|xA1/A,x 100
2)

where I, is the blank light intensity, I, is the scattered
light intensity, 15 is the photocatalyst light intensity, A,
is the lighted area of the photo reactor, A, is the area of
the sensor face, and 12.639 is the mole number of
photons with A >420 nm emitted from the lamp for
1 h. Estimation of QYs indicate that the Sr;Fe ;O
sample shows a significant value of 1.77% . This is an
important achievement with respect to the standard
reference photocatalyst of the titanium oxynitride sample.

Further, fig. 8 shows the schematic of band energetics
for the Sr;Fe g0,y SrFe;;0y9 and TiO, N, systems as
derived from the flat band potential measurements.
Although the conduction/valence band edges of TiO,.
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Fig. 8. A schematic band structures of Sr;Fe;0O,, , StFe;,0y9 and
TiO,«Ny as derived from flat band potential measurements. The
estimated electrochemical potentials (vs. NHE) and the band
positions at pH = 7 for different materials, displayed along with
the respective calculated band gaps measurements.
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Fig. 9. Schematic diagram displaying the photocatalytic hydrogen
production mechanism from methanol-water solution over
Sr7Fe;00,, base photocatalyst.

N, are well suited for redox reactions, it is clear that
St,Fe 0O,; offers the advantage of not only possessing
well suited conduction/valence band positions, but also
it has a smaller band gap. In the case of the SrFe ;019
system, the conduction band is not suited for photo-
reduction of water, but only useful for photo-oxidation of
water. Thus Fig. 9 clearly demonstrates the photocatalytic
superiority of Sr;Fe;qOx over others. Based on the
aforesaid analysis we have also predicted the schematic of
the working of the photocatalyst under visible light
irradiation. Accordingly in order to photo-decompose
IPA, the electron-holes generated in the Sr;Fe;jOa, are
found to be effective during the reaction. Pt promotes the
efficient transfer of electrons for the reduction reaction.
Thus it is demonstrated that the Sr;Fe;cO,, photocatalyst
is an efficient visible light photocatalyst than TiO,.(N,.

Conclusions

We have synthesized Sr;Fe Oy and SrFe;;Oy9, two

Sr-Fe-O ternary oxide systems, by a simple solid state
reaction method. Only Sr;Fe (O, was found to be active
for the photocatalytic decomposition of iso-propanol and
photo-reduction of water, under visible light. This is due
to its semiconducting nature and appropriate band
positions. The inactiveness of SrFe ;0,9 was due to its
unsuitable physico-chemical properties. The Sr;Fe (O,
was more efficient than TiO, N, due to its suitable
band positions and high visible light photon absorptivity.
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