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a b s t r a c t

Porous and “brick-like” NiFe2O4 nanoparticles were synthesized by a modified chemical co-precipitation
route with calcination temperatures of 773 K, 873 K and 973 K, respectively. The Ag/NiFe2O4 catalyst was
prepared based on the porous NiFe2O4 by the incipient wetness impregnation strategy, which showed
excellent photoelectric property and catalytic activity. The structural properties of these samples were
eywords:
hemical co-precipitation
alcination
g loading
pecific surface photovoltage
hotocatalytic degradation

systematically investigated by X-ray powder diffraction (XRD), scanning electronic microscopy (SEM),
energy-dispersive X-ray spectra (EDX), UV–vis diffuse reflectance spectroscopy (DRS), and Fourier trans-
form infrared spectroscopy (FT-IR) techniques. The photo-induced charge separation in the samples was
demonstrated by surface photovoltage (SPV) measurement. The photocatalytic degradation of toluene
by the Ag/NiFe2O4 and NiFe2O4 samples was comparatively studied under xenon lamp irradiation. The
results indicate that the Ag/NiFe2O4 sample calcined at 773 K exhibited the highest efficiency for the
degradation of toluene.
. Introduction

Volatile organic compounds (VOCs) are major pollutants usually
ound in the atmosphere of all urban and industrial areas. A long-
erm exposure to VOCs is detrimental to human health resulting in
ick building syndrome [1,2]. Toluene is one of these compounds.
hus, the development of a “green” treatment process for toluene
s greatly desirable. Photocatalysis has been extensively employed
or the oxidation of many organic compounds. Recently, increasing
ttention has been paid to the photocatalytic oxidation of toluene
y using visible-light photocatalysts. Obee and Brown reported
he influence of the competitive adsorption of water and toluene
apors on the photooxidation rate [3]. Florea et al. reported the
hotooxidation of toluene on ferrite-type catalysts [4]. Giraudon et

l. reported the proper addition of noble metal Pb could increase
he catalytic performances for total oxidation of aromatic hydro-
arbons [5]. However, the activity and efficiency of these catalysts
re not yet satisfying enough to meet the practical needs [4,6,7].
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The increasing concern over environmental monitoring and
safety demand in industry and home has generated great interest
in developing functional materials with unique micro- or nanos-
tructures, as well as fabrication routes of nanomaterials [8–11].
Besides, semiconductor nanocrystals usually exhibit strongly size-
, shape-, and crystallinity-dependent electrical properties, which
brings innumerous opportunities of obtaining more prominent per-
formance than their bulk form. Cao and coworkers [12] reported
the photocatalytic oxidation of toluene by using nanostructured
TiO2 catalysts, but the spectral response was limited to UV region
only. From the aspect of solar energy utilization, the exploration
of semiconductor photocatalysts of proper band gaps that could
utilize visible light efficiently is indispensable.

Ferrite nanoparticles are considered very promising materials
that offer several advantages over their metallic counterpart in a
variety of applications [13]. Nickel ferrite is one of the most versa-
tile and technologically important ferrite materials because of its
typical ferromagnetic properties, low conductivity and thus lower
eddy current losses, high electrochemical stability, catalytic behav-
ior and abundance in nature, which crystallizes in a spinel structure
and exhibits tunable conducting behavior [14]. Many methods

have been developed to prepare nanocrystallite NiFe2O4 namely
sol–gel [15], precipitation [16], hydrothermal [17], combustion
[18], mechano-chemical [19], precursor [20] and microemulsion
method [21] etc. However, relatively complex schedules, expensive
precursors, high reaction temperature and low production rate are
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he common problems. The properties of the synthesized materi-
ls are influenced by the composition and microstructure, which
re pretty sensitive to the preparation method used in their syn-
hesis. The chemical co-precipitation method is more favorable
or its simplicity and good control of grain size in synthesizing

agnetic oxides with controlled nanostructures. Their versatile
roperties derived from various nanostructures still need further
omprehensive exploration to achieve a smart system integrated
ith multi-functions, such as magnetic, photoelectric, photocat-

lytic and magnetoelectric functions.
Supported noble metal catalysts are widely used in liquid-

hase selective alkyne hydrogenation especially for the synthesis
f fine chemicals and bio-active compounds [22–24]. The notable
dvantages of supported noble metal catalysts are relatively high
ctivity, mild process conditions, easy separation, and better han-
ling properties. The commonly used supports for Ag catalysts

nclude activated carbon [25], silica [26–28], alumina [29–31] and
eolite [32]. The choice of an efficient support could significantly
mprove the activity, selectivity, recycling, and reproducibility of
g catalyst systems. To fabricate an efficient photocatalyst system,
visible sensitive support for noble metal nanocrystalline catalysts

s attractive for achieving higher energy conversion efficiency and
hotocatalytic activity.

Recently, spinel type oxides like NiFe2O4 have been used as
upports for Ru and Pd catalysts and a distinct metal-support
nteraction was found [33,34]. Wang et al. [35] have reported on
he preparation and magnetic properties of the ferrite timber-like
anocrystal. In this study, porous NiFe2O4 “brick-like” nanocrystals
ere fabricated by a modified chemical co-precipitation method

long with different annealing temperatures to vary their crys-
allinity as well as their surface states, then were employed as Ag
atalyst supports. After systematic characterization of the bulk and
urface structures, their performances in photocatalytic degrada-
ion of gaseous toluene were comparatively studied by in situ FT-IR
pectroscopy.

. Experimental

.1. Preparation of catalysts

All the materials were reagent grade and used without further
urification. Deionized water was used as a solvent. The “brick-

ike” NiFe2O4 nanocrystals were synthesized by a co-precipitation
ethod. 0.1 M (50 mL) aqueous solution of FeSO4·7H2O and 0.2 M

50 mL) NiSO4·7H2O were mixed. Na2C2O4 solution (0.3 M, 25 mL)
as prepared and added to the salt solution. The solution was kept

t 353 K and allowed to cool slowly under continuously stirring. A
ew drops of oleic acid were added to the solution as a surfactant.
he precipitate was then washed twice with deionized water and
hen with ethanol to remove the excess surfactant from the solu-
ion. After that, the precipitate was dried overnight at 373 K and the
esidue water was further removed by heating at 773 K, 873 K and
73 K for 2 h. Then three NiFe2O4 samples were obtained, named
y S1, S2 and S3, respectively.

The catalyst of porous NiFe2O4 (S1) supported Ag was prepared
y a conventional impregnation strategy [36]. AgNO3 solution was
sed as the precursor. The silver loading was 1 wt.%. After evapora-
ion, the catalyst was then dried at 100 ◦C for 12 h and calcined at
00 ◦C in air for 6 h followed by slow cooling under air atmosphere.
.2. Characterizations

The phase compositions and structures of S1, S2, S3 and Ag/S1
repared were determined by X-ray diffraction (XRD, RIGAKU,
max22000) with Cu K� radiation (� = 0.15418 nm) over the 2�
Scheme 1. The schematic diagram of the IR photoreactor.

range of 20–80◦. The morphology of these samples was investi-
gated by scanning electronic microscopy (SEM) with a JSM-6700 LV
electron microscope operating at 5.0 kV and transmission electron
microscope (TEM, FEI Tecnai G220). The compositions were exam-
ined by energy-dispersive X-ray spectroscopy (EDX) in the SEM.
Light absorption properties were examined using a UV–vis dif-
fuse reflectance spectrophotometer (JASCO, UV-550). The chemical
compositions and structures of these samples were determined by
a Fourier transform infrared spectrophotometer (BRUKER VERTEX
70 Optics) using KBr pellets.

The characteristics of the photo-generated charge carriers
were studied by a lock-in-based surface photovoltage (SPV)
measurement system. Lock-in-based surface photovoltage (SPV)
measurements were carried out on a home-built system. It consists
of a xenon lamp (500 W), a sample cell and a computer-controlled
lock-in amplifier (SR830-DSP) with an optical chopper (model
SR540) running at 20 Hz. The AC photovoltage signal of the sample
was obtained using a capacitor structure. The effective overlap-
ping area of the two electrodes tested here is about 1 cm2 for all
the samples. The samples were pressed into pellets with the same
volume and shape for test. The phase spectra were recorded on a
computer synchronously with the SPV spectra. All the SPV mea-
surements were operated under ambient conditions and at room
temperature.

2.3. In situ FT-IR studies on the photocatalytic performance of
NiFe2O4 and Ag/NiFe2O4 catalysts

In situ FT-IR spectra were collected with a Fourier transform
infrared spectrophotometer (BRUKER VERTEX 70 Optics) and a self-
made in situ IR quartz photoreaction cell (Scheme 1). The cell had
a path length of 10 cm and tubular diameter of 4 cm. Both ends
were “capped” by IR-transparent NaCl crystal windows. Approxi-

mately the mixture of 30 mg of the NiFe2O4 sample and 150 mg KBr
sample was pressed into a self-supported disk of approximately
13 mm in diameter. The disk was placed in the sample holder (its
diameter was about 13 mm) located at the center of the cell. The
sample holder was tilted by an angle of 30◦ with respect to the
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ig. 1. XRD patterns of S1, S2, S3 and Ag/S1 ferrite samples prepared by the co-
recipitation strategy at different calcination temperatures. S1, 773 K; S2, 873 K; S3,
73 K; Ag/S1, 773 K.

R path. The photocatalyst was illuminated by an XQ-500W xenon
amp. The system configuration is shown by Scheme 1. The distance
etween the lamp and sample was about 15 cm. The light intensity
t the sample holder was about 40.5 mW cm−2. Two wafers were
repared in parallel. The same setup was also used for the wafers
f the Ag/NiFe2O4 sample.

The compressed air used in the reaction was metered
150 mL/min) and pretreated to remove adventitious water or oxy-
en through three drying columns packed with silica gel, CaCl2,
nd molecular sieves, respectively. Before illumination, the pre-
dsorption equilibrium of toluene on the catalysts was attained
y flushing the system with dried toluene species at the flow rate
f 2 �L/h for ca. 30 min and then keeping the cell closed for 1 h.
he reaction cell was purged by dry air for 1 h. After 1 h, the flux of
ry air was set at 20 mL/min. Spectra of the clean catalyst surface
ere collected after this process and utilized as the background.

ubsequently, toluene substrate was fed at a flow rate of 2 �L/h
or ca. 30 min by a syringe pump to a mixing tee, where toluene
as vaporized and mixed with dry air. The reactant mixture then
owed through the reaction cell and allowed to equilibrate at room
emperature (293 K). Once the reactant concentration was stabi-
ized, the inlet and outlet ports were shut off and the lamps were
urned on. The infrared spectra were continuously collected dur-
ng the reaction. After ca. 12 h, the lamps were turned off and the
ell was purged with flowing dry air. The infrared spectra were col-
ected with a resolution of 1 cm−1 and 20 scans in the region of
000–600 cm−1.

. Results and discussion

.1. The crystalline phase of the samples

The X-ray diffraction patterns (Fig. 1) of S1, S2, S3 and Ag/S1
amples show that the final product is NiFe2O4 with the inverse
pinel structure. Five major characteristic peaks can be indexed
s the spinel structure NiFe2O4, which is accorded well with the
eported data (JCPDS File No. 10-0325). The peaks with 2� values
f 30.6◦, 36.0◦, 44.0◦, 57.8◦ and 63.2◦, corresponding to the crys-

al planes (2 2 0), (3 1 1), (4 0 0), (5 1 1), and (4 4 0) of crystalline
iFe2O4, respectively. As calculated from the XRD line broadening
f the (3 1 1) peak using the Scherrer equation D = 0.89�/ˇ cos �, the
rystallite size was about 10 nm for S1, 14 nm for S2, 21 nm for S3
nd 8 nm for Ag/S1. The peak intensity of NiFe2O4 samples increases
Journal 165 (2010) 64–70

with increasing of the calcination temperature, which indicates
that the calcination temperature plays a role in the formation of
spinel crystal structure and morphology. No peaks corresponding
to Ag species could be observed in the X-ray patterns. This may be
due to the low content of Ag in the sample.

3.2. The morphology of the samples

The SEM images in Fig. 2 show the morphology of S1 and S3
samples (the images of S2 is similar to S1 and S3, so that its images
are not shown). The NiFe2O4 powders treated under different tem-
peratures are completely composed of “brick”s. The SEM image
in high magnification in Fig. 2e indicates that these NiFe2O4 rods
have porous structures. It is also found that the porous “brick-like”
of NiFe2O4 nanocrystals were formed through the agglomeration
of numerous nanoparticles. Fig. 2f shows the TEM micrograph of
Ag/NiFe2O4 samples. As indicated by the image, one could hardly
distinguish the Ag particles from the support, and hence the EDX
patterns of the synthesized Ag/NiFe2O4 samples were carried out
to screen the composition of the metal. Metallic silver was success-
fully identified by referring to the corresponding EDX patterns of
the samples as revealed in Fig. 2g.

3.3. The chemical structures of the samples

Fig. 3a shows the in situ FT-IR spectra of S1, S2, S3 and Ag/S1
ferrite samples recorded at room temperature after degassing of
oxygen for 2 h, respectively. The band around 600 cm−1 corre-
sponds to the intrinsic stretching vibration of metal cations at the
tetrahedral site, and the peak at 580 cm−1 is attributed to the Fe–O
bond vibration of the samples [37,38]. The signals at 3455 cm−1,
1340 cm−1 and 1610 cm−1 are associated with the stretching vibra-
tions of hydrogen-bonded surface water molecules and hydroxyl
groups [35]. All of the bands as appeared in the in situ FT-IR spectra
of the NiFe2O4 samples gradually become weaker with increasing
of the samples calcination temperature. The results suggest that
the calcination process could remove most of the surface hydroxyl
groups and adsorbed water.

3.4. UV–vis DRS analysis of the samples

The calcination temperature can affect the patterns of adsorp-
tion spectra in the visible-light region (Fig. 3b). It can be also
concluded from Fig. 3b that 773 K is a more ideal calcination tem-
perature for obtaining the maximum visible-light absorption over
these samples. The highest absorption intensity of Ag/S1 sample
was also achieved at this temperature, indicating that the visible-
light absorption is closely related to silver loading and the Ag/S1
sample is more sensitive to the visible light than other samples.
Therefore, a better photocatalytic capability of the Ag/S1 sample
under visible light is assumed.

3.5. Surface photovoltaic analysis of the samples

The SPV method is a well-established non-contact technique for
the characterization of semiconductors, which relies on analyzing
illumination-induced charges in the surface voltage [39,40]. Fig. 4
shows the SPV spectra of S1, S2, S3 and Ag/S1 samples, respectively.
The obtained SPV amplitude and phase spectra for these samples
are presented in Fig. 4. It could be observed by systematic compari-
son of the change of the SPV spectra that the Ag/S1 sample exhibits

the most distinguished SPV response, and its performance is evi-
dently higher than all of the other samples. The Ag/S1 sample also
shows larger phase retardation with respect to 180◦. All of the sam-
ples have a similar SPV onset at about 550 nm with tail extending
to 800 nm.
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Fig. 2. SEM images of S1 (a, b, e), S3 (c, d) ferrite samples; T
Unlike the UV–vis spectra, which covers all types of photon
bsorption, the SPV spectra are only sensitive to the electron
ransition related process and subsequent charges separation. The
orresponding SPV phase value above their band gap is around
age of Ag/S1 (f) sample; EDX pattern of Ag/S1 (g) sample.
90◦ (Fig. 4, inset), which implies that the photo-generated elec-
trons accumulated at the surface of sample upon excitation [41].
According to the phase value, the diffusion-controlled charge sep-
aration dynamics dominates, which means that charge separation
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ig. 3. (a) In situ infrared spectra of S1, S2, S3 and Ag/S1 ferrite samples recorded at
2, S3 and Ag/S1 ferrite samples.

nd surface charge accumulation in the sample does not reach equi-
ibrium but increases with time in an illuminating period under the
hopped light modulation. The negative sign of the surface pho-
ovoltage for these samples is similar to the photo response of
typical p-type semiconductor. Due to the porous structure, the
hoto-generated electron–hole pairs in the “brick-like” nanocrys-
al of Ag/S1 are separated mainly via diffusion, rather than by drift.
he charge separation efficiency is higher for Ag/S1, as indicated by
he much stronger SPV response, thus higher photocatalytic activ-
ty might be expected for Ag/S1 sample. Probably, the Ag species
dsorbed onto the surface of NiFe2O4 play a key role in trapping the
hoto-generated electrons, which is due to that the Fermi level of
g (ca. −4.3 eV) [42] is much lower than the conduction band edge
f the NiFe2O4 nanocrystals in electronic energy [43].

.6. The photocatalytic activity and photocatalytic mechanism of
he samples

Fig. 5a shows the photocatalytic oxidation of toluene over Ag/S1,
1, S2, and S3 samples, after the reaction proceeding for 12 h under
enon lamp irradiation conditions. It is obviously seen that the
g/S1 sample is more active than other samples, and the Ag/S1
atalyst shows the highest photocatalytic activity.
In order to test the stability of Ag/S1 catalyst under repeated
hotocatalytic cycles, more experiments were carried out under the
ame in situ FT-IR test condition (Fig. 5b). Every repetition experi-
ent was carried out up to 6 h. The ratio of photodegradation was
easured as a function of time for Ag/S1 catalyst. The results are

ig. 4. SPV spectra and corresponding phase spectra (inset) of S1, S2, S3 and Ag/S1
errite samples.
temperature after degassing of oxygen for 2 h. (b) UV–vis absorption spectra of S1,

shown in Fig. 5b. It is found that the conversion ratio gradually
decreases with growing photocatalytic degradation cycles. After
the fourth repetition, the photodegradation ratio reaches to 34.3%
(much lower than the first degradation cycle), and the catalyst
must be deactivated at the time. Then the catalyst was calcined
at 773 K for 2 h for its regeneration. The degradation ratio over
the calcined Ag/S1 catalyst reached to 79.7% after 6 h light irradia-
tion, which is similar to that (80.9%) with the fresh Ag/S1 catalyst.
The results show that Ag/S1 has good stability and reusability. The
deactivated catalyst could be regenerated by removing the sur-
face adsorbates through calcinations. The declined curve slope with
increasing reuse cycles should be caused by the adsorbed photo-
catalytic products on the catalyst surface, which hinder gaseous
toluene molecules from adsorption and degradation.

As obtained from the in situ FT-IR study, the Ag/S1 sample
has more hydrogen-bonded surface water molecules and hydroxyl
groups adsorbed at its surface due to its smaller crystallite size
and higher specific surface area. The surface hydroxyl group would
greatly affect the formation of hydroxyl radicals (•OH) since these
active species are generated via hole capture by the surface
hydroxyl [44,45]. The decreased photocatalytic activity of the sam-
ples prepared at higher calcination temperatures should be mainly
associated with the reduction of the surface hydroxyls. Thus, Ag/S1
could provide more possibility to form plenty of •OH groups and
thus owns higher photocatalytic activity during the photocatalytic
process compared with all of the other samples.

We ascribe the mechanism to a synergistic effect between
loaded Ag and the porous supports. First, the loaded silver con-
tent could not change the band gap of NiFe2O4, but induce a more
intensive absorption band in the visible-light range instead. Hence,
we believe that the loaded Ag on the surface of the NiFe2O4 might
be excited by proper incident photons, producing excitons via the
plasmon effect [46]. There is a certain possibility that the exci-
tons dissociate. Some of the yielded charges could transfer across
the interface between Ag nanoparticle and the NiFe2O4 support,
contributing to the formation of active species at the surface. Sec-
ondly, the excited electrons in the CB of NiFe2O4 would be trapped
by Ag species adsorbed onto the surface of NiFe2O4, and the Ag
would enhance the separation of the photo-generated electrons
from the holes, which will subsequently help to form active radicals
to degrade the adsorbed pollutants.

Compared to the other three samples, the higher separation
efficiency of photo-induced electron–hole pairs for the Ag/S1 cat-
alyst was achieved. Additionally, the Ag species adsorbed onto the

surface of NiFe2O4 sample could trap the photo-generated elec-
trons. That is the reason why Ag/S1 catalyst is more active than
other samples. In general, the photo-induced holes could be eas-
ily captured by chemisorbed surface hydroxyl groups to produce
hydroxyl radical groups, i.e., •OH, while the electrons could be
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ig. 5. (a) Degradation percentage of toluene over Ag/S1, S1, S2 and S3 ferrite cata
ample. (b) Cyclic photodegradation of toluene by Ag/S1.

rapped by adsorbed O2
− to produce superoxide radicals, i.e., •O2

−.
oth kinds of the radical groups have been shown to be capable of
ontributing to the oxidation process of organic substances [47].
hese results demonstrate that the porous and brick-like nanopar-
icles of Ag/NiFe2O4 sample with calcination temperature at 773 K
xhibit pretty higher photocatalytic activity.

In situ infrared study provides real-time monitoring of transient
vents which are occurring on the catalyst during the reaction. In
his paper, a set of infrared absorbance spectra obtained during the
hotocatalytic oxidation of toluene over Ag/NiFe2O4 nanocrystals
re shown in Fig. 6. The spectra were corrected using the clean
g/NiFe2O4 nanocrystal as the background. Prior to xenon lamp

llumination (t = 0), the spectrum displays the characteristic toluene
ands at 2920 cm−1 and 3028 cm−1, respectively. Upon irradia-
ion, the intensity of these bands begins to decrease slowly. After
2 h prolonged irradiation, the percentage of toluene reaches up
o 96.28%, whereas the degradation percentage of toluene over
1, S2 and S3 samples reaches to 69.59%, 64.26% and 60.25%,
espectively (see Fig. 5). The responses corresponding to CO2
2362 cm−1 and 2340 cm−1) and CO (2160 cm−1 and 2110 cm−1)
ncrease with reaction proceeding. But the signal corresponding to

2O (1750–1500 cm−1) is not observed, as water molecular might
e absorbed on the wall of the reactor. The photocatalytic oxida-

ion pathways of toluene over S1, S2 and S3 look similar (data not
hown). These results show that toluene was mineralized into car-
on dioxide and water as the major species, and small amount of
arbon monoxide species were also produced during the reactions.

ig. 6. In situ IR spectra taken during the photocatalytic degradation of toluene
pecies at the initial concentration of 750 ppm over Ag/S1 ferrite catalyst for different
rradiation time intervals.

[

[

under illumination of the xenon lamp with light intensity of 40.5 mW cm−2 at the

4. Conclusions

In summary, the prepared Ag/NiFe2O4 catalyst with porous
and “brick-like” superstructure possesses attractive photovoltage
response and remarkable photocatalytic activity in degradation
of toluene. The porous NiFe2O4 catalyst with the brick-like mor-
phology leads to the well dispersion of Ag species on the support,
which ensures the access of adsorbates towards the active sites and
thus higher catalytic reactivity. The porous “brick-like” Ag/NiFe2O4
nanoparticles investigated here could be potentially applied in
environmental purification and solar energy harvest in the near
future.
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