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Abstract

ZnFe2O4 nanomaterials have been synthesized by simple one-step solid-phase chemical reaction between Zn(CH3COO)2 � 2H2O,

FeCl3 � 9H2O and NaOH within a very short time at room temperature. The solid-phase products were characterized by X-ray

diffraction, energy-dispersive X-ray spectroscopy, thermogravimetic analysis, transmission electron microscopy and scanning electron

microscopy. Results indicated that the particle size of product can be obviously let up and the agglomeration phenomenon can be

improved by the surfactant. Moreover, the ZnFe2O4 nanomaterials were applied in gas sensor and exhibited much better sensing

performance than bulk ZnFe2O4. The as-prepared ZnFe2O4 nanomaterials have high sensitivity, good selectivity and fast response/

recovery characteristic for ethanol and hydrogen sulfide. The improved ZnFe2O4 nanomaterials have high response value of 21.5 and

14.8 for ethanol and hydrogen sulfide in the optimized operating temperature of 332 1C and 240 1C, respectively. The response and

recovery time was found to be within 4 s and 14 s for ethanol, while 7 s and 25 s for hydrogen sulfide.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconducting binary metal oxides (SBMOs) nano-
materials have attracted considerable attention in recent
years for their application to the development of nanoscale
electronic and optoelectronic devices [1,2]. As sensing
materials of gas sensor, some SBMOs such as ZnO,
Fe2O3, SnO2, WO3 have been extensively investigated
and exhibited high sensitivity to target gases in adequate
operating temperature [3–6]. However, the selectivity for
different gases is still out of control. In recent years, the
ternary metal composite oxides (TMCOs) have been
developed to attain the better selectivity [7–11]. Most
research for TMCOs was focused on thin films [12–14],
and there are a few reports on TMCOs nanomaterials in
past years [15–18].
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TMCOs nanomaterials have been fabricated by hydro-
thermal synthesis, sol–gel method, coprecipitation method,
high-temperature solid-phase method and so on [10,19–
24]. High-temperature solid-phase synthesis has become an
important method for TMCOs nanomaterials because of
its advantage of simple process and high yield. However,
high temperature above 900 1C and long time is usually
required, which result in the high energy-consumption and
long time-consuming. Low-heating solid-phase synthesis
that was applied at low temperature less than 100 1C has
been studied and developed to synthesize some inorganic
nanomaterials in recent years [25–30]. This method has
attracted more and more attention due to the simple
process, low energy-consumption and mild condition.
In this paper, a simple and effective approach to the

solid-phase chemical synthesis of ZnFe2O4 nanomaterials
is demonstrated, which is low-cost and proceeds at room
temperature. Especially, the synthesis route that avoids
multi-step process used by other methods requires only a
simple grinding process and finished within a very short
ll rights reserved.
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Fig. 1. (A) XRD patterns of (a) sample A and (b) sample B; (B) TG

curves of (a) sample A and (b) sample B.
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time. The method may provide a path to fabricate ferrite
spinel (AB2O4) materials with a convenient and econom-
ical way. Furthermore, the gas-sensing characteristics of
as-prepared ZnFe2O4 nanoparticles were performed to
explore its possible applications.

2. Experimental

2.1. Synthesis

All the reagents were analytically pure from commercial
sources and used without further purification. Typical
synthesis for ZnFe2O4 nanoparticles was as follows.
10 mmol of solid Zn(CH3COO)2 � 2H2O and FeCl3 � 9H2O
were apart weighed and ground for about 5 min in an
agate mortar, then mixed and blended 6 mL polyethylene
glycol 600 (PEG 600). After the mixture was ground for
5 min, it was allowed to stand for 5 min. The mixture was
mixed with 60 mmol of solid NaOH power and ground.
The reaction immediately started when contacting each
other. The mixture was continually ground for another
5 min, and the by-product salt, PEG 600 and excess NaOH
were washed away with distilled water and alcohol in
ultrasonic bath and dried in air to obtain the final product
powders and named as sample A. Another experiment
without the adding of PEG 600 has been carried out
simultaneously and the final product powders were named
as sample B. The reaction process can be described as
follows:

ZnðCH3COOÞ2þNaOH-ZnOþH2OþCH3COONa ð1Þ

FeCl3þNaOH-Fe2O3þH2OþNaCl ð2Þ

ZnOþFe2O3-ZnFe2O4 ð3Þ

2.2. Characterization

Power X-ray diffraction (XRD) patterns were recorded on
a MAC Science MXP18AHF X-ray diffractometer equipped
with graphite-monochromatized CuKa radiation
(l=1.54056 Å). Energy disperse X-ray spectrum (EDS)
was examined on Oxford 2000 energy disperse X-ray
spectroscopy. The thermogravimetric analysis (TGA) of
the product was examined in air on a NETZSCH STA449C
thermal analyzer. Transmission electron microscopic (TEM)
images and SAED patterns were obtained on a Hitachi H-
600 transmission electron microscopy. Scanning electron
microscopy (SEM) image was performed on a LEO1430VP
scanning electron microscopy.

2.3. Fabrication of gas sensor

To fabricate thick film sensors, an appropriate quantity
of terpineol was added to the ZnFe2O4 nanoparticles, and
the mixture was ground in an agate mortar to form paste.
The alumina ceramic tube, which was assembled with
platinum wire electrodes for electrical contacts, was dipped
into the paste for several times to form gas sensing film.
Then the elements were dried in air and annealed at 300 1C
for 1 h to evaporate the terpineol. Finally, the alumina
tube obtained with a Ni–Cr heater fixed inside was welded
onto a bakelite substrate. To improve the stability and
repeatability, the sensors were aged at 300 1C for 7 days in
air prior to use.
2.4. Measurement of gas sensing properties

Gas sensing characteristics of ZnFe2O4 nanoparticles
were measured in a glass test chamber using the gas-
sensing measuring system of HW-30A (Hanwei Electronics
Co. Ltd., PR China) under laboratory conditions (28 1C,
34% relative humidity). The working temperature of
sensors was adjusted by changing the voltage across the
heater side. By monitoring the output voltage across the
sensor, the resistances of the sensor in air or in test gas can
be measured. The gas response (response magnitude) of the
sensors was determined as the Rair/Rgas ratio, where Rair is
the resistance of the thick film sensors in air, and Rgas is
that in the mixture of testing gases and air. The response
time is defined as the time required for the conductance to
reach 90% of the equilibrium value after the test gas is
injected. The recovery time is the time necessary for the
sensor to attain a conductance 10% above the original
value in air.
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3. Results and discussion

3.1. Structure characterization

Fig. 1(A) shows the XRD patterns of products prepared by
one-step room-temperature solid-phase chemical reaction. The
samples A and B have broad diffraction peaks that are quite
similar to each other, which indicated the small particle size.
Compared to standard patterns of ZnFe2O4 (JCPDF Card file
No.89-1012), the maximum position of each broad peak is
consisting of that of main peak. The lattice constants obtained
by refinement of XRD data for the as-synthesized ZnFe2O4

are a¼8.433 Å, b¼8.432 Å and c¼8.434 Å, which were
consisting of those of standard cubic phase ZnFe2O4. No
characteristic peaks of impurities, such as reactants and other
by-product were observed in the samples. The EDS result of
the sample revealed the presence of Zn, Fe and O with atomic
Fig. 2. SEM and TEM images of (a and b) sample A and (c and d) sam
ratio of 1.02: 2: 4.19. From Fig. 1(B), a weight loss about 4%
was observed for the samples A and B attributing to the
dehydration of physically adsorbed water. These results
indicate that ZnFe2O4 have been prepared by one-step
process of room-temperature solid-phase chemical reaction
between two corresponding metal salts and NaOH, which
avoids the further process as the annealing process in the
solution synthesis or high-temperature solid-phase synthesis.
3.2. Morphology characterization

Fig. 2(a–d) shows the morphology of the samples A and B
prepared by one-step solid-phase chemical reaction. From
the SEM images with the same magnification, it can be seen
that the dominant components of two samples are nano-
particles, and the serious agglomeration phenomenon exists
ple B respectively; SAED patterns of (e) sample A and (f) sample B.



Fig. 3. Relationship between working temperature and response of sensor to

various gases (100 ppm) of (a) sample A, (b) sample B and (c) bulk ZnFe2O4.
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in sample B, which frequently occurred for the fabrication of
nanomaterials. The sample A with a uniform size distribu-
tion has smaller size than sample B. The typical TEM images
of samples A and B indicated the same results. A corre-
sponding SAED pattern of samples shown in Fig. 2(e) and
(f) suggests that the products have good crystallinity, which
can also be supported by their high intensity (42000) in
XRD patterns.

In this study, the ZnFe2O4 nanomaterials were obtained
by one-step solid-phase chemical reaction. The particle size
of solid-phase reaction product can be obviously let up
through the added surfactant. Simultaneously, the agglom-
eration phenomenon can be also improved. It was caused
from the change of the solid-phase reaction microenviron-
ments. Here, PEG 600 was introduced into the solid-phase
reaction system and got involved in the reaction process.
In such solid-phase reaction microenvironments, the pro-
duct particles are encapsulated in the closed or half-closed
shells of the surfactant molecules, which blocks up the
continued growth and agglomeration of the product
particles. Thus the added surfactant, PEG 600 changes
the reaction microenvironments, which influences the
growth process of solid-phase chemical reaction resulting
in the smaller size and better dispersity of the final product.
We have attempted to introduce other surfactants into this
reaction system, the similar results were obtained. Based
on that, the conclusion can be reached that the surfactant
can serve as useful medium of solid-phase chemical
reaction for the improvement of particle morphology.

3.3. Gas sensing characterization

Nine kinds of gases were selected as a detecting gas to
characterize the gas sensing properties of ZnFe2O4 nano-
particles prepared by one-step solid-phase chemical reaction.
Fig. 3 shows the relationship between working temperature
and response of sensor to various gases including ethanol
(C2H5OH), hydrogen sulfide (H2S), methanal (HCHO), 93#

gasoline, xylene (C6H4(CH3)2), ethoxyethane ((CH3CH2)2O),
liquefied petroleum gas (LPG), hydrogen (H2) and ammonia
(NH3). The sensitivity change curves of nine gases indicate
that the sensors based on ZnFe2O4 nanoparticles have good
response properties. The sensor has high signal response for
ethanol and H2S. The response value of sensor based on
sample A can reach to 21.5 and 14.8 at the working
temperature about 332 1C, and that based on sample B is
14.2 and 11.3 for 100 ppm ethanol and H2S at the working
temperature about 240 1C, which is higher than bulk
ZnFe2O4 and some reported results of SnO2/Fe2O3 multi-
layer thin film and ferrite spinel nanomaterials [31,32].

The sample A has higher sensitivity than sample B,
which results from the different size and state of aggrega-
tion of sample. Changes in size and state of aggregation of
ZnFe2O4 can result in the variations in gas-sensing proper-
ties of synthesized materials because they have different
surface-to-volume ratios and the surface defects which may
be the active core to adsorb the testing gas. The tiny and
disperse nanoparticles may be a favorable factor for the
response signal caused by the chemical interaction between
testing gases and the ZnFe2O4 surface.
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The variation in sensitivity with ethanol and hydrogen
sulfide concentration is shown in Fig. 4. It can be observed
that the sensor response increased with an increase of
ethanol and hydrogen sulfide gas concentration. They
began responding at 20 ppm low concentration, and did
not reach the saturation until the 500 ppm high concentra-
tion, which indicated wide-concentration response charac-
teristics for ethanol and hydrogen sulfide.

Fig. 5 shows the response/recovery characteristics of
ZnFe2O4. The response time and the recovery time of sample
A to 100 ppm ethanol are 4 s and 14 s, and that to 100 ppm
hydrogen sulfide were about 7 s and 25 s, which is shorter
than that for sample B of 8 s and 15 s for ethanol and 13 s
and 28 s for hydrogen sulfide. The response/recovery time of
two ZnFe2O4 nanomaterials is far shorter than bulk
ZnFe2O4 that is 25 s for the response time and 70 s for the
recovery time. This may be because the nanomaterials have
Fig. 5. The response and recovery curves for sensors of (a) ethanol and

(b) hydrogen sulfide.

Fig. 4. Relationship between response of sensor and gas concentration of

(a) ethanol and (b) hydrogen sulfide.
smaller particle size and larger specific surface area. The
faster response/recovery characteristics the sensor has, the
smaller particles size sample A has. These are accordant with
the practical use requirement of gas sensor which should
provide not only high response but also rapid response and
recovery properties to target gas.
4. Conclusions

In summary, ZnFe2O4 nanomaterials have been synthe-
sized by solid-phase chemical reaction technique. The
method requires only one-step process and the condition
of room temperature, which was applied within a few
minutes. The gas sensing measurements show that the
sensors based on the as-prepared ZnFe2O4 nanomaterials
have not only high response and good selectivity but
also rapid response and recovery properties to ethanol
and hydrogen sulfide, which is better than bulk materials.
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The excellent sensitive properties make as-prepared
ZnFe2O4 nanomaterials ideal candidates for ethanol and
hydrogen sulfide gas-sensing devices.
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