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A new nanocomposite material ZnFe,O,4/TiO, is prepared by a colloid chemistry method and characterized
through X-ray diffraction (XRD) and transmission electron microscopy. The corresponding photocatalytic
activity in the mineralization of phenol is evaluated in comparison with pure ZnFe,0,4 and TiO, nanomaterials.
From XRD measurements, it is found that when annealed at relatively low temperature, ZnFe,O4 and TiO,
crystallite phases in the composite separate from each other, and when annealed at high temperature a solid
reaction between ZnFe,O4 and TiO, takes place. In addition, it is observed that the ZnFe,0,4 nanoparticles
seem to play a role in inhibiting the anatase-to-rutile phase transformation of TiO,. According to the phenol
degradation, the ZnFe,04/TiO, nanocomposite is more effective as a photocatalyst than pure TiO,, showing
that the nanocomposite approach could be an excellent choice to improve the photoactivity of TiO,.

Introduction

The applications of TiO,-based materials in the photocatalytic
oxidation of organic pollutants and in photoelectrochemical
conversion of solar energy have been extensively studied in the
past decades owing to its excellent (photo)chemical stability,
low cost and non-toxicity.!® However, for such applications
titania exhibits at least two disadvantages: low photoactivity
and poor efficiency in the conversion of solar energy.*°!!

The low photoactivity of TiO, is thought to be due mainly to
the fast recombination of photogenerated electrons and
holes.'>! Several transition metal ion dopings in titania can
promote the separation of photogenerated charge-carriers, and
thus improve its photoactivity.'*!” The addition of some
oxides (e.g. SiO,, WO3, Al,O3, SnO,, Nb,Os, etc.) to the TiO,
matrix has been found to be beneficial for its photoactivity.'2!
However, in most cases, such dopings or additions are
unsuccessful 224

Titania, with a wide band-gap energy (anatase ca. 3.2 ¢V,
rutile ca. 3.0 eV), is a UV absorber yet utilizes only a very small
fraction of the solar spectrum (<5%). There have been some
successful efforts in improving the efficiency of using solar
energy by organic dye sensitization:*>*® among them, the first
efficient example was reported by Gritzel and O’Regan?’
through a trimeric ruthenium complex dye, for which an
efficiency of 12% was observed. However, from a practical
point of view, it is necessary to increase the thermal- and photo-
stability of organic sensitizers.?®?® Recently, there has been an
increasing interest in the use of inorganic sensitizers. A coupled
semiconductor system consisting of TiO, and another semi-
conductor with a relatively small band-gap energy, such as
CdS, CdSe, FeS, or RuS,, can extend the photoresponse of
TiO; into the visible range and thus increase its efficiency in
utilizing solar energy.’** Unfortunately, these sulfides and
selenides are both sensitive to photoanodic corrosion.

Zinc ferrite (ZnFe,0y), with a spinel structure, is well known
to be an anomalous antiferromagnetic substance as demon-
strated in previous works.**** Recent studies have shown that
ZnFe,0,4, with a relatively small band-gap®® (ca. 1.9 eV),
especially nanometer-sized ZnFe,O,, is a potentially useful
solar energy material for photoelectric conversion and photo-
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chemical hydrogen production from water,’’>° whose advan-

tages are to absorb visible light and to not be sensitive to
photoanodic corrosion. Since both ZnFe,O4 and TiO, are
promising solar energy materials with respective advantages
and disadvantages, it is expected that their nanocomposites
should exhibit useful characteristics, making them suitable for
far-reaching applications in photocatalysis and photoelectric
conversion. Based on these considerations we studied the
possibility of the preparation of a ZnFe,O4/TiO, nanocompo-
site. For the preparation of ZnFe,O4 and TiO, alone, many
reports have been published.***® Usually, the former is
prepared in alkaline media, whereas the latter is carried out
under acid conditions — the difficulty in synthesizing the
nanocomposite results from this incompatibility in their
preparation procedures. In a recent work, we have successfully
synthesized the nanocomposite by surface modification of their
respective nanoparticles using a surfactant. Preliminary results
have shown that the ZnFe,O4/TiO, nanocomposite is a more
effective photocatalyst for the photodegradation of organic
compounds than TiO, alone.

Experimental

The colloid chemistry method was adopted to synthesize the
ZnFe;04/TiO, nanocomposite by the following procedure.
First, the ZnFe,O4 and TiO, nanoparticles were prepared,
respectively, by coprecipitation and controlled hydrolysis
methods. Details of their preparations have been described
elsewhere. 44! Briefly, ZnFe,O,4 and TiO, were coprecipitated
or precipitated, respectively, from a mixed solution of
0.1 mol dm 3 of Zn(NO3), and 0.2 mol dm™3 of Fe(NO;);3 at
a pH value of 13 and at a temperature of 100 °C, or from a
mixed solution with a volume ratio of Ti(OC4Hy),:
C,HsOH:H,O=1:10:100 at pH 2 under vigorous stirring.
Both products were filtered and washed with deionized water,
in sequence. Then they were introduced into 0.01 mol dm*
dodecyl benzene sulfonic acid (DBS) under stirring, where
ZnFe,O4 or TiO, nanoparticles were capped with a layer of
DBS. (The capped ZnFe,0,4 and TiO; nanoparticles are readily
dispersed in organic solvents such as toluene and benzene,
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which are suitable for the composite materials.) The capped
ZnFe,O4 and TiO, nanoparticles were mixed with various
molar ratio mixtures of Zn:Ti=0.01, 0.05, 0.1 and 0.2 in
toluene under vigorous stirring, followed by extraction into
toluene. The obtained organic phase was, in sequence, refluxed
for 1 h, washed with deionized water several times, and distilled
to remove the residual water. At the end of this process, a
mixed organic sol of ZnFe,04/TiO, was obtained. This sol was
then distilled to remove the toluene solvent, followed by a heat-
treatment at ca. 400 °C in air for 2 h to fire the DBS. Finally,
the obtained ZnFe,04/TiO, nanoparticles were annealed at
different temperatures for 2 h. In addition, pure TiO, and
ZnFe,04 nanoparticles were also prepared by the same method
for comparisons.

XRD measurement was performed with a Philips PW-1700
X-ray diffractometer with Cu-Ka incident radiation. The
average crystallite sizes of the spinel phase of ZnFe,O,, and
anatase as well as rutile phases of TiO,, were estimated from
the full width at half-maximum of their most intense diffraction
peaks using Scherrer’s formula. The particle morphology was
observed by transmission electron microscopy (TEM; Jeol
JEM-200CX). The compositions of the ZnFe,0,4/TiO, nano-
composites were further characterized through inductively
coupled plasma emission spectroscopy (IL-plasma 100), and
the measurement results revealed that the molar ratios in the
composites are approximatively equal to those of the original
mixture.

The photocatalytic activity was evaluated by phenol
photodegradation. Photocatalytic reaction was performed
directly under sunlight irradiation using bubbled air instead
of pure O,. As there was found to be a variation in the sunlight
intensity during irradiation, the photocatalytic apparatus was
designed into a system with multiple parallel photoreactors.
These parallel photoreactors were simultaneously used in order
to ensure that the photocatalytic reactions were performed
under identical irradiation conditions. One of the reactors was
always loaded with undoped TiO, catalyst as a comparison.
The reagents and conditions for the photocatalytic reactions
were the same: 500ml of the suspension, 0.5gl™' of
photocatalyst, initial concentration of 5x 10 *moll™!
phenol, and neutral pH solution; reactions lasted for several
hours. Samples (ca. 5 ml) for analysis were withdrawn through
pipettes and immediately centrifugated. The phenol concentra-
tion in the supernatant solution was determined by UV-Vis
spectrophotometry (Cary-SE, Agee. 270 nm). Calibration was
carried out using phenol solutions of known concentration.

Results and discussion

X-Ray diffraction analysis can provide detailed information on
crystallite structure characteristics (i.e. crystallite phase for-
mation and phase transformation). Fig. 1(a) gives the XRD
pattern of ZnFe,O4/TiO, composite after annealing at 400 °C,
a temperature at which the surfactants can just be fired. The
XRD pattern shows the presence of TiO, (anatase phase) and
ZnFe,0, (spinel phase) with respective broad diffraction
peaks. This indicates that in the composite, TiO, and
ZnFe,O,4 crystallite phases separate from each other. The
broad peaks show that the crystallite size is small. According to
Fig. 1(b) and 1(c), the rutile phase of TiO, in the composite
begins to form at ca. 600 °C. This temperature is higher than
that for the pure TiO, nanoparticles obtained by the sol-gel
method.*? This difference might be due to different preparation
methods used or to the retarding effect on the anatase-to-rutile
(A—R) transformation resulting from the presence of ZnFe,O4
nanoparticles in the composite, or both. From Fig. 1(d) and
1(e), it is noted that when the composite is annealed above ca.
700 °C, the strongest peak (20=25.3°) of the anatase phase
disappears, and simultaneously, the peaks of two new phases
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Fig. 1 XRD patterns of the ZnFe,04/TiO, composite with a molar
ratio of Zn:Ti=0.1 after annealing at various temperatures for 2 h.
(A =anatase; R =rutile; S=spinel; $=Fe,TiOs; #=7nTiO3).

(ZnTiOj3 and Fe,TiOs) appear in the XRD patterns. This shows
that a solid reaction of ZnFe;O,4+2Ti0O,—ZnTiO3+ Fe,TiOs
has taken place at the high annealing temperature.

The relations between the annealing temperature and the
average grain size of these crystallite phases in the composite
are tabulated in Table 1, together with those of pure TiO, and
ZnFe,O4 samples for comparison. From Table 1, the following
observations can be made:

(1) With an increase of the annealing temperature, the grain
sizes of TiO, (including anatase and rutile) rapidly increase,
especially when the A—R transformation occurs, whereas the
ZnFe,O,4 grains grow relatively slowly. This rapid increase of
the grain size during the transformation is thought to be due to
an enhancement of the A—R transformation in the TiO, grain
growth.*’

(2) In the composite, an increase in temperature has the
same effect on the growth of ZnFe,O, grains as it does on the
ones of pure ZnFe,0,4, while the growth rate of TiO, grains is
obviously lower than that of the pure TiO,. This suggests that
the ZnFe,04 component in the composite can play a role in
inhibiting the grain growth of TiO,.

TEM observations for a typical ZnFe,04/TiO, composite
after annealing at different temperatures are shown in Fig. 2. It
can be seen that the TiO, and ZnFe,0, crystallite particles in
the composite are homogeneously dispersed, and with a
increase of the annealing temperature, the particles grow
with uniform sizes.

Fig. 3 gives the absorption spectra of phenol solution
irradiated under sunlight in the presence of the ZnFe,O4/
TiO, composite, pure ZnFe;04, and pure TiO,. The phenol
photodegradation can be monitored from the absorption at ca.
270 nm. It is evident from Fig. 3 that the pure ZnFe,O4

Table 1 Variations of the grain size of the ZnFe,0,/TiO, composite
with the molar ratio of Zn:Ti=0.1, pure ZnFe,O,4, and TiO, after
annealing at different temperatures

Mean grain size/nm

Composite Pure TiO, ZnFe,0y4

Temperature/°C Anatase Rutile Spinel Anatase Rutile Spinel

400 8.6 — 7.7 10.7 —* 83
450 9.7 — 89 124 — 9.2
500 13.6 — 10.5 159 —* 108
600 26 31 164 34 66 16.1
650 34 43 203 5l >100 19.5
700 — 52 259 75 >100 24.8

“ No phase present within the sample.




Fig. 2 TEM images of the ZnFe,04/TiO, composite with a molar ratio
of Zn:Ti=0.1 after annealing at 400 °C (a) and 850 °C (b) for 2 h.
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Fig. 3 Optical absorption spectra of phenol solutions after irradiation
under sunlight for 3 h in the presence of (a) pure ZnFe,Oy, (b) pure
TiO, and (c) ZnFe,04/TiO, composite with a molar ratio of
Zn:Ti=0.05.

nanoparticles have little photocatalytic activity for the phenol
photodegradation, whereas pure TiO, nanoparticles, as well as
ZnFe,04/TiO, nanocomposite, are quite efficient photocata-
lysts. A careful investigation of the absorption spectra reveals
that more than 95% of the phenol disappears within 3 h of
irradiation when the composite photocatalyst is used, and in
the case of TiO, alone, only ca. 20% of the phenol is
photodecomposed within 3 h of irradiation. This shows that
the ZnFe,04/TiO, composite is more efficient than the pure
TiO, for the phenol photodegradation. Fig.4 shows the
influence of the annealing temperature on the photoactivity
of the ZnFe,04/TiO, composite. It can be seen that the
photoactivity obviously drops down with an increase in
temperature. The decrease in the photoactivity is attributed
to the increase of the grain size with increasing temperature. In
addition, the photoactivity also depends on the composite
composition. In our experiment, the best photoactivity was
obtained with a molar ratio of Zn:Ti=0.05.

The enhanced photoactivity of the ZnFe,04/TiO, composite
is not well understood. We think that this might be related to
the following two factors. (1) The addition of ZnFe,O,
nanoparticles to TiO, can extend the photoresponse of TiO,
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Fig. 4 Optical absorption spectra of phenol solutions in the presence of
a ZnFe,04/TiO, composite with a molar ratio of Zn:Ti=0.05 after
annealing at different temperatures for 2 h (irradiation for 3 h).

toward the visible region, and thus increase the efficiency of
utilizing solar energy. (2) In the composite, a coupled effect can
exist between the ZnFe,0,4 and TiO, energy bands due to some
differences in their band-gap positions. This possible coupling
effect can play a role in promoting the charge separation of the
generated carriers and interfacial charge transfer, and therefore
improve the photoactivity of TiO,. Further works are under-
way.

Conclusions

Nanocomposites consisting of zinc ferrite and titania have been
successfully synthesized through colloid chemistry processing
using a surfactant-capping technique. Application of these
nanocomposites for the photocatalytic decomposition of
phenol gives an increased photoactivity relative to TiO,-only
nanomaterials. The present results show that the ZnFe,O,/
TiO, nanocomposite may be a promising solar energy material
for applications in photocatalysis as well as in photoelec-
trochemical conversion.
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