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ZnFe2 O4 with a spinel crystal structure was synthesized by using the solid-state reaction method.
A single-phase ZnFe2 O4 was obtained in the temperature range of 900 { 1200  C. The as-synthesized
particles were agglomerates of crystals with an average size of 51.9 nm, as estimated from X-ray
di raction analysis. The band gap of the n-type semiconducting metal oxide, as determined by
using UV-vis di use re ectance spectroscopy (UV-DRS) was found to be 1.90 eV (657 nm). The
photocatalytic activity of ZnFe2 O4 was investigated by using the photo-decomposition of isopropyl
alcohol (IPA) under visible light (420 nm) and was found to be much higher than that of the
well-known TiO2 x Nx photocatalyst.

PACS numbers: 81, 61.66.Fn, 81.05.Zx, 85.40.Zx
Keywords: Calcium ferrites, Nano-particles, Polymerized complex method, Visible light, Photocatalytic
activity
nanocomposite showed unprecedented high activity for
photocatalytic oxidation of water under visible light irradiation (  420 nm). Thus, exploring the photocatalytic activity of a nanocrystalline ternary metal-oxide,
as well as bulk material, is of prime importance and of
speci c interest for the development highly-ecient single or composite photocatalysts under visible light irradiation. Hence, we report here a study on the synthesis,
the characterization and the application of a nanocrystalline ternary metal-oxide.
In this paper, we describe the synthesis of ZnFe2 O4 ,
viz . an n-type photocatalyst with spinel crystal structure and we characterize the optical properties of the
nanocrystalline ZnFe2 O4 by using UV-vis di use reectance spectroscopy and X-ray di raction. We also
investigate here the photocatalytic and the photoelectrochemical performances of the material for photocurrent
generation and for CO2 production from photo-oxidation
of iso-propyl alcohol (IPA) under visible light irradiation
(  420 nm). It is found to be much a more active photocatalyst than the recently reported TiO2 x Nx [18].

I. INTRODUCTION

High-eciency photocatalysts have been actively
sought due to their potential applications in the decomposition of toxic and hazard gases [1{3], in water splitting
for hydrogen energy production [4{8] and in photoelectrochemical or solar cell devices [9{11]. There have been
various kinds of e orts to develop more ecient versions
of photocatalysts than the well-known TiO2 [12]. However, the remarkable progress of last decade in photocatalysis has still been limited to ultraviolet (UV) light
photons, instead of the useful visible light photons. The
development of visible light photocatalysts, therefore,
has become one of the most important topics in photocatalysis research today.
Very recently, we observed that photocatalysts consisting of nanocomposites are ecient in utilizing visible light photons [13{17]. We also observed that such
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II. EXPERIMENT

2 4

1. Characterization and Preparation of ZnFe O
Crystals

ZnFe2 O4 was synthesiszed by using the conventional solid-state reaction (SSR) method. Stoichiometric
amounts of ZnO (99.9 %, Aldrich) and Fe2 O3 (99 %,
Aldrich) were mixed and ground in methanol. The pelletized powders were calcined at 600 { 1200  C for 4 h
in a static furnace. In addition, for purposes of comparison, TiO2 x Nx nanoparticles were also prepared by using the hydrolytic synthesis method (HSM) [19], in which
aqueous ammonium hydroxide solution with an ammonia content of 28 { 30 % (99.99 %, Aldrich) was slowly
added drop by drop to 20 % titanium (III)-chloride solution (TiCl3 , Kanto, containing 0.01 % iron as the major impurity) for 30 min under N2 ow in an ice bath
while continuously stirring. The suspension was stirred
for 5 h to complete the reaction. After the completion
of the reaction, the precipitate was ltered and washed
several times using deionized water. The ltered powder
was further dried at 70  C for 3 { 4 h in a convection
oven. Thus, an amorphous powder containing impurities
of ammonia and titanium ions was obtained. This amorphous powder was further calcined at 400  C for 2 h in
air by using an electric furnace to obtain a free-standing
powder of TiO2 x Nx particles.

Fig. 1. XRD spectra for the ZnFe2 O4 samples calcined at
various temperatures for 4 h: (a) 600  C, (b) 700  C, (c) 800
 C, (d) 900  C, (e) 1000  C, (f) 1100  C and (g) 1200  C.

of Pt was deposited on photocatalysts by using a photodeposition method under visible light (  420 nm).
III. RESULTS AND DISCUSSION

2. Characterization

The ZnFe2 O4 samples prepared by using the conventional SSR method were characterized by using Xray Di ractometer (Mac Science Co., M18XHF). X-ray
di raction (XRD) results were compared with the Joint
Committee Powder Di raction Standards (JCPDS) data
for the phase identi cation. The band-gap energy and
the optical property of the as-prepared material were
measured by using an UV-Visible di use re ectance
spectrometer (Shimadzu, UV 2401). The morphology
and the crystallinity were characterized by using scanning electron microscopy (SEM, Hitachi, S-2460N) and
high-resolution transmission electron microscopy (HRTEM, Philips, CM 200), respectively.

3. Photocatalytic Reaction Procedure

About 200 ppm of gaseous isopropyl alcohol (IPA) was
injected into a 500-mL Pyrex reaction cell lled with air
and 0.3 g of catalyst. The concentration of the reaction
products (CO2 ) was determined by using a gas chromatograph equipped with a thermal conductivity detector and
a molecular sieve 5-
A column. Before the reaction, 1 wt%

Figure 1 shows the XRD spectra of ZnFe2 O4 fabricated by sintering the ground mixture of ZnO and Fe2 O3
at various temperatures in air. The gure clearly indicates the formation of a spinel ZnFe2 O4 cubic phase in
the temperature range of 900 to 1200  C, yielding the
lattice parameters a = b = c = 8:441 
A(JCPDS-221009). The samples calcined at temperatures 800  C
contained di erent impurity phases and no pure ZnFe2 O4
phase formation was observed. The crystallite size of the
ZnFe2 O4 samples was estimated from the FWHM of the
main peak, i.e., the (311) XRD peak (see Figure 1 for a
typical sample prepared at 900  C) by using Scherrer's
equation [20]:
D

= 0:9=B cos ;

(1)

where  is the wavelength of the X-ray radiation ( =
0.154 nm), B is the FWHM of the peak (in radians) corrected for instrumental broadening,  is the Bragg angle
and D is the crystallite size (
A). The average particle size
was found to be 51.9 nm for the samples prepared at 900
 C and 1200  C. The average particle size of TiO2 x Nx
was found to be ca. 20 nm [18]. The scanning electron microscopy (SEM) image of the fracture surface of
sintered ZnFe2 O4 powders is shown in Figure 2. The
powder sintered at 700  C showed an average particle
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Table 1. Energy band gap and crystallite size of ZnFe2 O4
prepared at various temperatures and of TiO2 x Nx .
Catalyst
ZnFe2 O4
ZnFe2 O4
ZnFe2 O4
ZnFe2 O4
TiO2 x Nx

Fig. 2. SEM images of ZnFe2 O4 samples calcined at (A)
700  C for 4 h and (B) 900  C for 4 h.

Fig. 3. UV-Vis di use re ectance spectra of (a) TiO2 x Nx
and (b) ZnFe2 O4 calcined at 1100  C.

size in the range from 0.1 to 0.2 m (see Figure 2(a))
whereas for the powder sintered at 900  C, the average
particle size was in the range from 0.3 to 0.6 m (see
Figure 2(b)). The particle size correlation of the results
obtained by XRD and SEM indicates that the agglomerates are made of 51 nm sized particles. Thus, the above
discussion con rms the formation of pure ZnFe2 O4 phase

Temperature
( C)
900
1000
1100
1200
400

Crystallite size
(nm)
51.9
52.5
53.0
53.4
13.2

Band gap
(eV)
1.90
1.90
1.90
1.90
2.76

Fig. 4. HR-TEM image of a 1 wt% platinum-loaded
ZnFe2 O4 . 1 wt% of Pt was deposited on photocatalysts by
using a photodeposition method under visible light (  420
nm). ZnFe2 O4 was prepared by using solid state reaction
method at 1100  C for 4 h.

particles between temperatures of 900 and 1200  C.
Figure 3 shows the UV-vis di use re ectance spectra
for the ZnFe2 O4 prepared at 1100  C, along with that for
TiO2 x Nx . From these spectra, we estimated the band
gap energy of these materials. The ZnFe2 O4 showed a
steep absorption edge while TiO2 x Nx showed broad absorption along with a shoulder; the main edge being due
to the oxide at 390 nm and the shoulder being due to
the nitride at 451 nm [18]. The dark brown and paleyellow colors of ZnFe2 O4 and TiO2 x Nx , respectively,
did demonstrate the visible light absorption ability of
these materials. The band gaps estimated from the UVvis spectra of ZnFe2 O4 and TiO2 x Nx were 1.90 eV and
2.76 eV, respectively. Table 1 shows the estimated values
of the band gasp and the corresponding crystallite sizes
as estimated from UV spectrophotometry and XRD analysis, respectively. These band-gap energies are greater
than the theoretical energy required for water splitting
( > 1:23 eV), thus, they are suitable for the role of a
visible light photocatalyst. In Figure 4, the HR-TEM
image of a 1 wt% platinum-loaded ZnFe2 O4 shows the
presence of well-dispersed 3 nm platinum particles on
the surface of ZnFe2 O4 . This indicates that platinum
is mostly deposited on the surface of the ZnFe2 O4 base
catalyst.
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Fig. 5. The generated photocurrents under visible light
(  420 nm) irradiation for TiO2 x Nx and ZnFe2 O4 material suspensions with acetate and Fe3+ , as an electron donor
or acceptor, respectively: (A) TiO2 x Nx and (B) ZnFe2 O4
calcined at 1100  C. Experimental conditions are as follow:
photocatalysts = 0.025 g/75 ml; acetate = 0.1 M; Fe3+ =
0.1 mM; continuous N2 purging; pH = 1.4; Eapp = 0.6 V (vs
SCE); Pt plate (10  10  0.125 mm3 ), Pt-gauze as working
and counter electrode.

Visible-light active photocatalysts should generate
photocurrents upon absorption of the photons. To investigate the photocurrent generation, aqueous suspensions
of photocatalysts containing acetate (donor) and Fe3+
(acceptor) were illuminated with visible light (  420
nm). Figure 5 shows the photocurrents generated over
TiO2 x Nx and ZnFe2 O4 calcined at 1100  C and over
TiO2 . TiO2 (band gap 3.2 eV) and all other photocatalysts are not expected to show any dark current,
but should generate photocurrents upon visible light illumination. ZnFe2 O4 generated a photocurrent approximately 3 times faster than TiO2 x Nx did. The generation of a photocurrent is a critical initial step in photocatalytic reactions with light and the rate of photocatalytic
reaction can be directly correlated with the photoelectrochemical property of the material.
To investigate the photocatalytic ability of the asprepared samples, we tested them for photo-degradation
of a common model compound, i.e., isopropanol (IPA).
Figure 6 shows the rate of CO2 evolution from the photodegradation reaction for ZnFe2 O4 and TiO2 x Nx samples under visible light irradiation. The concentration
of CO2 increased steadily with irradiation time and the
decomposition rate of IPA was ca. 5.6 { 10 3 mol/h under visible light irradiation. The production of CO2 gas
stopped when the light was turned o and was restarted
at the same rate when the light was turned on again.
The photocatalytic activity of TiO2 x Nx for IPA decom-
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Fig. 6. Time courses of CO2 evolution from IPA decomposition over various materials under visible light irradiation
(  420 nm) in the presence of 1 g of photocatalyst: (A)
TiO2 x Nx ( N ) and (B) ZnFe2 O4 (  ); the IPA concentration was 200 ppm in air.

position was about 50 % lower than that for ZnFe2 O4 .
The superiority of ZnFe2 O4 , as expected from the small
band gap, high crystallinity and its photocurrent generation ability, is thus demonstrated. The higher eciency of ZnFe2 O4 in comparison to TiO2 x Nx can be
correlated to its ability to absorb a larger fraction of visible light than the oxy-nitride, as demonstrated in Figure 3. Accordingly, the superiority of the visible light
photocatalyst, i.e., ZnFe2 O4 , over titanium oxynitride
is thus demonstrated. Collectively, the optical property
(small band gap, large visible light absorption, etc.), the
high crystallinity and the photocurrent generation ability
make ZnFe2 O4 a more ecient system than TiO2 x Nx .

IV. CONCLUSIONS

Spinel zinc ferrite, i.e., ZnFe2 O4 , was successfully synthesized by using a solid state reaction method. The
nanocrystalline ZnFe2 O4 was formed at 900  C by using the SSR method. The photocatalytic activity of the
nanocrystalline ZnFe2 O4 was much higher than that of
TiO2 x Nx for IPA photodegradation under visible light.
Therefore, this ternary oxide material may be used as
an active component of a single or a composite system
for the decomposition of toxic or hazardous gases under
visible light irradiation.
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