Sensors and Actuators B 206 (2015) 577-583

Sensors and Actuators B: Chemical

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

SENSORS an

ACTUATORS

Highly sensitive acetone gas sensor based on porous ZnFe;04

nanospheres

@ CrossMark

Xin Zhou?, Jiangyang Liu¢, Chen Wang?, Peng Sun®*, Xiaolong Hu?, Xiaowei Li?,
Kengo Shimanoe®, Noboru Yamazoe®, Geyu Lu®*

a State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun 130012,

People’s Republic of China

b Department of Energy and Material Sciences, Faculty of Engineering Sciences, Kyushu University, Kasuga-shi, Fukuoka 816-8580, Japan

ARTICLE INFO

Article history:

Received 19 July 2014

Received in revised form 9 September 2014
Accepted 22 September 2014

Available online 30 September 2014

Keywords:
Solvothermal method
Zl’lFez 04

Porous spheres
Acetone sensor

ABSTRACT

Porous ZnFe,04 spherical structures built from nanoparticles were successfully synthesized by anneal-
ing the precursor, which was synthesized via a simple template-free solvothermal route with
ethanol/ethylene glycol (EG) binary solvents. Various techniques were employed for the characteriza-
tion of the structure and morphology of as-obtained products. The results revealed that the samples were
composed of large amounts of porous ZnFe,;04 nanospheres with an average diameter around 230 nm,
which were constructed by plenty of nano-sized primary particles. Moreover, gas sensor based on the
as-prepared samples was fabricated and its sensing performances were investigated. It was revealed that
the as-fabricated sensor device exhibited excellent selectivity toward acetone at the operating tempera-
ture 200°C and had a response of about 12-30 ppm acetone, which was about 2.5 times higher than that
of sensor based on ZnFe; 04 nanoparticles. The enhancement in gas sensing properties of porous ZnFe;04
nanospheres was attributed to their unique structures.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Compared with the various traditional analytical systems, gas
sensors have been acknowledged as simple and inexpensive tools
for detection and quantification of toxic, harmful, flammable,
and explosive gases. It is well known that gas sensors are the
devices composed of active sensing materials coupled with a signal
transducer. Therefore, the selection and development of a poten-
tial sensing material play an important role in designing high
performance of gas sensors. In the past few decades, the pro-
gresses in the field of nanotechnology and materials science have
paved the way for preparation of numerous new materials with
desired morphologies and physical-chemical properties. In par-
ticular, oxide semiconductors have received enormous attention
for their promising gas sensing application. Up to now, various
oxide semiconductors including a-Fe;05 [1,2], SnO, [3,4], In,O3
[5,6], WO3 [7,8], ZnO [9,10], NiO [11], etc., were widely investi-
gated and applied in gas sensors due to their advantages such as
small dimensions, low cost, low power consumption, on-line oper-
ation, and high compatibility with microelectronic processing. In
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spite of significant achievement in fabricating gas sensors based on
oxide semiconductors, developing new sensor strategies for ever
increasing sensitivity, selectivity, and reduction of cost represents
one of the major scientific challenges owing to growing concerns
about air-quality, environmental monitoring, medical diagnosis,
and detection of explosive and toxic gases.

The binary oxide semiconductors have been extensively evalu-
ated for their potential application in gas sensors, since previous
researches have shown that the gas sensing properties of oxide
semiconductors were closely related with their composition, crys-
talline size, and surface morphology [12-15]. Therefore, research
on the novel sensing materials for further improving the perform-
ances of sensors is a hot topic. Spinel ferrites (AFe;04, A=Zn, Ni,
Cu, Cd, Co), in which the transition metal cation A%* is incor-
porated into the lattice of the parent structure of (FeZ*Fe,3*0,)
[16], are already widely applied in a variety of fields [17-23],
which attributes to their environmental friendliness, low prepa-
ration cost and high stability. Among them, ZnFe,0,4 has attracted
considerable attention as gas sensing material due to its excellent
selectively and/or high sensitivity to a certain gas. Research on the
intrinsic relationship between morphology/size and gas sensing
property has engendered an urgent need for adjustable synthetic
strategies, where the size and morphology of the ZnFe,04 can
be controlled with designed functionalities. Accordingly, various
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techniques have been employed to prepare ZnFe,04 nanostruc-
tures with diverse morphologies [24-27]. Many investigations
about gas sensors have suggested that sensing materials with
porous structures can increase their gas sensing performances,
which derives from their large surface area, low density, and surface
permeability [28-30]. For this reason, the design and synthesis of
porous ZnFe; 04 nanostructures through a facile, mild, and low cost
method still have importantly scientific and practical significance.

In the present work, we successfully synthesized porous
ZnFe, 04 nanospheres assembling with nanoparticles as primary
building blocks via a simple one-step solvothermal reaction and
the subsequent heat treatment. Various characterizations were
carried out to obtain the crystal structural and morphological
information of the as-prepared samples. Furthermore, in order
to demonstrate the potential applications, the resulting ZnFe,;04
porous nanospheres were used to fabricate gas sensor devices,
which were then tested for response to a variety of gases. Results
revealed that the sensor exhibited excellent selectivity toward ace-
tone at the operating temperature of 200 °C, giving a response of
42.1-100 ppm acetone, which was about 4.5 times higher than that
of sensor based on ZnFe,04 nanoparticles. Moreover, the sensor
could detect acetone down to 1 ppm.

2. Experimental
2.1. Synthesis of ZnFe,04 nanospheres

All of the chemical reagents involved in the experiment were
analytical grade as purchased from Beijing Chemicals Co. Ltd. of
China, and directly used without any further purification. In a typ-
ical process, 1 mmol of zinc nitrate hexahydrate (Zn(NO3),-6H,0)
and 2 mmol of ferric nitrate nonahydrate (Fe(NO3)3-9H,0) were
completely dissolved into a 40 mL ethanol-ethylene glycol (EG)
mixed soultion (the volume ratio of ethanol and EG is 1:9) under
continuous magnetic stirring. After several minutes of stirring, the
homogeneous solution was transformed into a 50 mL Teflon-lined
stainless steel autoclave, which was then tightly sealed and main-
tained at 180°C for 24 h in an oven. Subsequently, the autoclave
was allowed to cool down to the room temperature naturally, and
the precipitates were collected by centrifugation and washed sev-
eral times with deionized water and ethanol alternately, then dried
in air at 80 °C for 12 h. Finally, the dried precipitates were annealed
at 400°C for 2 h in air atmosphere with a heating rate of 2 °C/min
to obtain porous ZnFe, 04 nanospheres.

2.2. Characterization

The powder X-ray diffraction (XRD) pattern was recorded with
a Rigaku D/Max-2550V X-ray diffractometer using high-intensity
Cu-Ko radiation (A=1.54178A) in the range of 20-70° (26) to
investigate the crystallographic phase of the as-prepared sam-
ples. The morphology of the products was examined by field
emission scanning electron microscopy (FESEM, JEOL JSM-7500F,
operated at an accelerating voltage of 15kV). The images of
transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM), and the corresponding
selected area electron diffraction (SAED) pattern were obtained
on a JEOL JEM-2100 microscope operated at an accelerating volt-
age of 200KkV. The specific surface area was estimated using the
Brunauer-Emmett-Telller (BET) equation based on the nitrogen
adsorption isotherm obtained with a Micromeritics Gemini VII
apparatus (Surface Area and Porosity System). The pore size dis-
tribution was determined with the Barrett-Joyner-Halenda (BJH)
method applied to the desorption branch of adsorption-desorption

isotherm. Samples were degassed under vacuum at 120°C for 4h
prior to the measurements.

2.3. Fabrication and measurement of sensor

The fabrication process of a gas sensor can be described as fol-
lows: the as-synthesized porous ZnFe, 04 nanospheres were mixed
with an appropriate amount of the deionized water in order to
make a homogeneous paste, subsequently, with the help of a small
brush the paste was coated on an alumina tube to form a thick
sensing film. The alumina tube is about 4 mm in length, 1.2 mm in
external diameter, and 0.8 mm in internal diameter, besides, a pair
of Au electrodes were installed at the end of the tube, and each
electrode was connected with a pair of Pt wires. After drying in
air at room temperature, the device was calcined at 400°C for 2 h
[31,32]. Then, a Ni-Cr alloy coil was inserted to the alumina tube
as a heater, allowing us to control the operating temperature of the
sensor by tuning the heating current. The gas sensing properties of
the samples were evaluated with a RQ-2 gas-sensing characteriza-
tion system. The measurement was processed by a static process:
a given amount of the test gas was injected into a closed cham-
ber by a micro-syringe, and the sensor was put into the chamber
for the measurement of the sensitive performances. The required
concentration of the test gases was obtained by the static liquid
gas distribution method, which was calculated by the following
equation [2],

_224x P x pxV
n M x Vy

where C (ppm) is the test gas concentration, @ is the desired lig-
uid volume, p (g/mL) is the density of the liquid, V; (L) is the
volume of liquid, V5 (L) is the volume of the test chamber, and M
(g/mol) is the molecular weight of the liquid. For comparison, the
other gas sensor based on ZnFe, 04 nanoparticles was fabricated
(see ESI Figs. S11 and S2t). The gas response was defined as the
ratio between R; and Rg, where R, and R are the resistances when
the sensor was exposed to air and test gas atmosphere, respectively.
Theresponse time and recovery time were defined as the time taken
by the sensor to achieve 90% of the total resistance change in the
case of adsorption and desorption, respectively.

C x 1000 (1)

3. Results and discussion
3.1. Structural and morphological characteristics

The morphologies and microstructures of the as-obtained
ZnFe, 04 samples were analyzed by field emission scanning emis-
sion microscopy (FESEM), images of which are shown in Fig. 1.
Fig. 1a shows the low-magnification FESEM image of the prod-
ucts, which indicates that the as-prepared samples were consisted
of a great deal of uniform and dispersed nanospheres with an
average diameter of about 230 nm. The high-magnification FESEM
image of a single ZnFe,04 nanosphere was presented in Fig. 1b,
from which detailed morphological information of the nanospheres
could be obtained. It can be seen that large amounts of nanopar-
ticles attached together and assembled into porous structure of
the sphere. Transmission electron microscopy (TEM) observations
and corresponding selected area electron diffraction (SAED) were
carried out to acquire more-detailed structural and crystalline
information of the as-prepared samples. The typical TEM image
of the ZnFe, 04 nanospheres is depicted in Fig. 1c, and it is obvious
that the size and shape of the products were in good accordance
with the FESEM observations. The selected area electron diffraction
(SAED) pattern is shown in the inset of Fig. 1c. Obviously, the circu-
lar pattern composed of bright arcs demonstrated that the ZnFe, 04
nanospheres were polycrystalline structures in nature [23,33]. A
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Fig. 1. (a) Low-magnification FESEM image of the porous ZnFe,04 spheres. (b) A representative FESEM image of a single ZnFe,04 sphere. (c) TEM image of the prepared
ZnFe;04 samples. (d) TEM image of an individual ZnFe, 04 sphere. (e) The HRETEM image of the marked section in (d). (f) and (g) are the higher magnifications HRTEM images

recorded in different areas of (e). The inset (c) is the corresponding SAED pattern.

representative TEM image of an individual ZnFe,0,4 nanosphere is
presented in Fig. 1d, from which it can be clearly seen that a mass
of bright spots and nanoparticles existed in the image, indicating
that large amounts of nanoscale particles with sizes around sev-
eral nanometers assembled together formed the porous spherical
structure and this further confirmed the FESEM results. Both the
porous characteristics and the small crystal size could contribute to
the enhancement of gas sensing performances. The high resolution
TEM (HRTEM) image (Fig. 1e, which was recorded on the bottom
section marked with a white rectangle in Fig. 1d) provided further
insight into the structure of the porous spheres. Fig. 1f and g shows
the magnified HRTEM images obtained from the marked fringe in
Fig. 1e, from which the lattice planes could be clearly observed
and the distance between the adjacent planes were measured to
be 0.254 nm and 0.486 nm, corresponding to the (311)and (111)
planes of the cubic ZnFe;04.

The powder X-ray diffraction (XRD) pattern of the as-prepared
ZnFe,04 nanospheres is shown in Fig. 2. All of the recorded diffrac-
tion peaks could be well indexed to the pure cubic phase of spinel
ZnFe,04 with lattice constant of a=8.429A, which was in good
consistent with those from the standard JCPDS card NO. 89-1010.
Furthermore, no diffraction peaks derived from any other impu-
rities could be observed, which indicated the high purity of the
sample. It is worth noting that the diffraction peaks were relatively
broadened, implying a small crystallite size. The average crystal size
of primary ZnFe, 04 nanoparticles was calculated to be about 8.7 nm
by using the Debye-Scherer formula (D=0.89X/Bcos6, where X is
the X-ray wavelength (1.5418 A), 8 is the Bragg diffraction angle of
the peak, and g is the peak width at half maximum) [34]. Compared
with the results of FESEM and TEM observations, the calculated
value was in good agreement with the FESEM and TEM measure-
ments.

The porosity of sensing material have a great influence for con-
structing a high performance gas sensor, since the porous structure
can enhance the diffusion of the test gas and provide more exposed
surface, leading to the high response to test gas. Consequently,
the nitrogen adsorption and desorption measurements were car-
ried out to evaluate the porous characteristics of the as-prepared
ZnFe,;04 products. The BET surface area of the porous ZnFe;0,
spheres was calculated to be 59.0 m? g~!. The pore-size distribution
of the samples is given in Fig. 3, from which we can clearly see that
the ZnFe,0,4 products were formed porous structure with a wide
range of pore size distributions from 1 nm to 100 nm, which mainly
concentrates in 1-20 nm range. Moreover, the pore volume was
measured to be 0.17cm3 g~! from the N, adsorption-desorption
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Fig. 2. XRD pattern of the as-obtained ZnFe, 04 nanospheres.
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Fig. 3. Pore-size distribution plot of ZnFe, 04 products.

measurement. Such porous structure could provide efficient trans-
port pathways for gas diffusion to the interior of spheres, which
would enhance the gas sensing performances of sensor.

3.2. Gas sensing properties

In recent years, environmental pollution and public safety have
caused increasing concerns, as a consequent, gas sensors with
excellent performances have become a hot topic because they play
an important role in gas monitoring. In order to demonstrate the
potential application in gas sensing, a gas sensor based on the as-
prepared porous ZnFe, 04 spheres was fabricated and a series of gas
sensing measurements were carried out to evaluate its sensing per-
formances. It is well known that the gas response of a gas sensor
is highly affected by the operating temperature, hence, the rela-
tionships between the operating temperature and gas response
of the gas sensor based on porous ZnFe,;04 spheres and ZnFe;04
nanoparticles to 30 ppm and 100 ppm acetone were firstly tested,
and the results are shown in Fig. 4. It is clearly to see that the
responses to acetone varied with the temperature and both of
them exhibited an ‘increase-maximum-decrease’ tendency. At a
low temperature, acetone molecules cannot effectively react with
the surface absorbed oxygen species, which led to a low response.
While, with the increasing of temperature, both the higher reac-
tion activity and the conversion of surface absorbed oxygen species
(OZ(gas) — OZ(ads) — 02_(ad5) — 20_(3(15)) contributed to the hlgher
response. After the optimum operating temperature and further
increase the temperature, the response reduced because of the low
adsorption ability of the acetone molecules, which caused the low
utilization rate of the sensing material. Based on the response curve
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Fig. 4. Response of porous ZnFe,04 nanospheres to 30 ppm acetone, response of
ZnFe,04 nanoparticles to 100 ppm acetone as a function of the operating tempera-
ture.

as a function of operating temperature, 200°C and 237.5°C were
chosen as the optimum operating temperatures for porous ZnFe;04
spheres and nanoparticles to go on the further investigations. It
is worth noting that the response of the ZnFe,04 nanoparticles
sensor to 100 ppm acetone was much lower than that of porous
ZnFe,04 spheres sensor to 30 ppm acetone at 200 °C. The difference
in the two sensors can be explained by the ZnFe, 04 spheres having
sufficient porosity that the acetone can easily diffuse throughout
nanospheres reaching all available surface reaction sites.

Fig. 5a shows the variation in the responses of sensors using
porous ZnFe, 04 nanospheres and ZnFe, 04 nanoparticles as a func-
tion of the acetone and ethanol concentration at 200°C. Similar
to ZnFe,04 nanoparticles, the response of porous nanospheres to
acetone and ethanol presented a sharp increase below the concen-
tration of 50 ppm, then, the increasing trend slowed down in the
concentration rang of 100-500 ppm, above 500 ppm, the response
increased very slowly, indicating that the sensor tended to satu-
rate gradually. When the acetone concentration was low, it can
be clearly seen from Fig. 5b that the growth rate of response for
porous ZnFe,;04 nanospheres was much faster than nanoparticles.
For ZnFe,;04 nanoparticles, the response to 5ppm acetone was
almost 1, while for the response of ZnFe, 04 nanospheres to 800 ppb
acetone was about 1.5, which indicated that the sensor based on
porous ZnFe;04 nanospheres had much lower acetone detection
limit than that of sensor based on ZnFe,0,4 nanoparticles. Further-
more, the response of porous ZnFe,04 nanospheres to acetone was
still much higher than that of the ethanol at the same concentration,
which reflected the sensor had excellent selectivity to acetone.
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Fig. 5. (a) Response of the sensor using porous ZnFe,; 04 nanospheres versus acetone and ethanol concentrations at 200 °C, and nanoparticles at 237.5°C. (b) The almost linear
concentration dependence of response in the range of 800 ppb-50 ppm for nanospheres and 5-50 ppm for nanoparticles.
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Fig. 6. Response of the sensor based on porous ZnFe, 04 nanospheres to various test
gases with a concentration of 30 ppm at an operating temperature of 200°C.

The selectivity of the as-fabricated porous ZnFe, 04 nanospheres
sensor was evaluated by exposing the sensor to different kinds of
gases with a concentration of 30 ppm at 200 °C. Fig. 6 exhibits a bar
graph of the responses of the sensor to a variety of gases, such as
acetone, ethanol, formaldehyde, methanol, toluene, and so forth.
The response toward acetone was remarkably higher than that to
the other gases, giving a response of 11.8-30 ppm. Compared with
acetone, the sensor exhibited lower response to ethanol, methanol,
trichloromethane, and almost no response to CO, H,S, benzene.
Therefore, it is concluded that the as-fabricated gas sensor showed
an excellent selectivity toward acetone.

Fig. 7 presents the dynamic response and recovery curves of the
sensor using porous ZnFe, 04 nanospheres to 30 ppm acetone and
ethanol at 200 °C. According to the definition of response time and
recovery time, the response time to 30 ppm acetone and ethanol
at 200 °C were about 9s and 8 s, respectively, in the same way, the
recovery time to 30 ppm acetone and ethanol were about 272 s and
273 s, respectively (shown in Fig. 7b and c). Based on the calcula-
tion, the gas sensor showed a relatively rapid response to acetone
and ethanol, while the recovery times were a little bit long. Even
though, the recovery time are long, the resistance could still return
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Fig. 8. Dynamic response curves of the gas sensor fabricated by porous ZnFe,;04
nanospheres to different concentration of acetone and ethanol at 200 °C. The inset
is the response transient of ZnFe,04 nanoparticles to different concentration of
acetone at 237.5°C.

to the initial value in air (Ry). Moreover, the three reversible cycles
of the response-recovery curves of the sensor to 30 ppm acetone
and ethanol shown in Fig. 7d and e revealed that the gas sensor
displayed a stable and repeatable character to both acetone and
ethanol.

The response and recovery behaviors were further investigated
with the sensor being orderly exposed to different concentration of
acetone and ethanol at 200°C and 237.5 °C for ZnFe; 04 nanoparti-
cles. It can be seen from Fig. 8 that the characteristics of response
and recovery were almost reproducible. Apparently, when the ace-
tone concentration was as low as 800 ppb, the gas response still
could reach 1.5, which indicated that the sensor could detect ace-
tone of concentration down to ppb-level. Therefore, this kind of
gas sensor with a low detection limit to acetone might be used
to monitor acetone which breathed out from the diabetic patient
(the average concentration of acetone in the breath from a diabetic
patient is believed to be higher than 1.8 ppm) [35]. A comparison
between the sensing performances of the sensor fabricated in this
work and literature reports for acetone detection is summarized
in Table 1. From the table, it can be clearly seen that gas sensor
based on the porous ZnFe; 04 nanospheres exhibited relative higher
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Fig. 7. (a) Response transient of the gas sensor based on porous ZnFe,04 nanospheres to 30 ppm acetone and ethanol at 200°C. (b and c) The dynamic response curve
and recovery curve of the porous ZnFe;04 nanospheres to 30 ppm acetone. (d and e) Displaying three periods of response-recovery curve to 30 ppm acetone and ethanol,

respectively.
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Table 1

Comparison of gas-sensing performances of gas sensors based on various ZnFe, 04 microstructures.
Morphology of ZnFe,04 Synthesis approach Acetone concentration (ppm) Temperature (°C) Sensor response Reference
Nanotubes Template-engaged sol-gel pyrolysis method 1000 300 18.5 [24]
Nanoparticles Template-engaged sol-gel pyrolysis method 1000 350 16.8 [24]
Nanoparticles Sol-gel auto-combustion 500 300 20.1 [26]
Nanoparticles W/O microemulsion method 50 270 4.2 [36]
Porous nanospheres Solvothermal method 100 200 42.1 This work

30 ppm acetone
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Fig. 9. Long-term stability of the gas sensor based on the as-prepared porous
ZnFe, 04 structures at 200°C.

acetone response and lower working temperature than those
reported in the literatures [24,26,36].

From the view of the practical applications, in order to ensure
the accuracy of the detection, gas sensors should maintain good
long-term stability. Therefore, the response of the sensor based on
porous ZnFe;04 nanospheres to 30 ppm acetone was measured, as
displayed in Fig. 9. Apparently, even though the response changed
every day, the response values were just floating around 12. Hence,
a good stability of the porous ZnFe,04 nanospheres sensor could
be obtained and this favorable gas sensing feature might make the
present porous ZnFe;04 nanospheres to be particularly attractive
as a promising practical sensor.

3.3. Gas sensing mechanism

A popularly and widely accepted sensing mechanism of ZnFe; 04
sensors is based on the change in resistance of the sensor by the
adsorption and desorption process of oxygen molecules on the
surface of ZnFe,04 [24-26,36]. When the sensor is exposed to air
atmosphere, oxygen molecules absorb to the surface of ZnFe;04
nanospheres and form O3~ (3ds), O~ (ads)» 027(ads) by capturing free
electrons from the conduction band of the sensing material. In
this process, oxygen molecules act as electron acceptors, which
result in the decrease of electrons concentration and the increase
of the resistance of the sensor. On exposure to acetone, ethanol
or other reducing gases atmosphere at a moderate temperature,
these gas molecules will react with the absorbed oxygen species
(Eqgs. (2)-(3)). This process releases the trapped electrons back into
the conduction band, thereby lowering the measured resistance of
Sensor.

C3HsO0 + 807 (z45)— 3CO3+3H,0 + 8e~
C2HsOH + 60~ (45) — 2CO; +3H,0 + 6e~

(2)
3)

It is well known that both receptor function and transducer
function are involved in the working principle of gas sensors based
on semiconductors. In addition, the gas response is also determined
by the utilization factor of the sensing body [37]. Therefore, the

design principles of high performance gas sensor should fully take
these three factors into consideration. The good performance of
sensor based on porous ZnFe,04 nanostructure observed here is
likely to be the result of two factors. First, the porous structure pro-
motes the diffusion of gas molecules from outside to the internal
and made them efficiently react with the absorbed oxygen species.
This means that a high utilization factor of sensing body is obtained,
which leads to high response. Second, the crystallite size is small.
A mean size of 10 nm is observed (Fig. 1). This causes an important
effect: the surfaces of crystallites become significantly more active
and likely to absorb oxygen and form ionized oxygen species. More-
over, the size of nanoparticles reaches a scale comparable with the
electron depletion layer thickness, which indicates that complete
depletion (transducer function) will be achieved. In other words,
the high response is obtained [37].

4. Conclusion

In summary, we have developed a simple solvothermal route
combined with subsequent heat treatment for the synthesis
of porous ZnFe;04 nanospheres. FESEM and TEM observations
demonstrated that the porous ZnFe,;04 nanospheres were com-
posed of numerous primary particles with size of around 10 nm.
The as-obtained ZnFe,04 porous nanospheres were utilized in
sensor device and its gas sensing properties were examined. It
was found that the device exhibited excellent selectivity toward
acetone and was significantly more responsive to this gas than pre-
viously reported ZnFe,;04 sensor devices by giving a response of
11.8-30 ppm acetone, which was about 2.5 times higher than that
of ZnFe, 04 nanoparticles. The enhancement of sensing properties
was attributed to the unique porous structure.
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