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A B S T R A C T

Flammable, explosive and toxic gases, such as hydrogen, hydrogen sulfide and volatile organic compounds
vapor, are major threats to the ecological environment safety and human health. Among the available tech-
nologies, gas sensing is a vital component, and has been widely studied in literature for early detection and
warning. As a metal oxide semiconductor, zinc ferrite (ZnFe2O4) represents a kind of promising gas sensing
material with a spinel structure, which also shows a fine gas sensing performance to reducing gases. Due to its
great potentials and widespread applications, this article is intended to provide a review on the latest devel-
opment in zinc ferrite based gas sensors. We first discuss the general gas sensing mechanism of ZnFe2O4 sensor.
This is followed by a review of the recent progress about zinc ferrite based gas sensors from several aspects:
different micro-morphology, element doping and heterostructure materials. In the end, we propose that com-
bining ZnFe2O4 which provides unique microstructure (such as the multi-layer porous shells hollow structure),
with the semiconductors such as graphene, which provide excellent physical properties. It is expected that the
mentioned composites contribute to improving selectivity, long-term stability, and other sensing performance of
sensors at room or low temperature.

1. Introduction

While the rapid development of modern industry has promoted
unexperienced economic growth in human history, it brings about
various toxic, harmful, flammable and explosive gases such as volatile
organic compounds (VOCs) and hydrogen sulfide (H2S), which pose a
continuing threat to environmental safety and human health [1,2].
Therefore, gas analysis, detection and alarms are of great concern to the
industry and the society at large. The conventional gas analysis
methods such as high-performance liquid chromatography (HPLC) [3],
spectrometry-gas chromatography (GC) [4,5] can detect gases accu-
rately. Nonetheless, these methods have high requirements for ad-
vanced equipment, which makes these methods more appropriate for
testing in a laboratory environment, and due to the complexity of the
procedures, they are both time-consuming and expensive. As a result,
the gas sensors that can be easily manufactured and conveniently de-
ployed on site with low manufacturing and implementation costs have
attracted great interests from both industry and government agencies. A
stream of studies has shown that metal oxide semiconductor (MOS)
sensors are considered to be effective solutions to detection of harmful
gases, owing to their advantages of high sensitivity, fast response and
easy integration.

The MOS gas sensing materials can be divided into two categories
based on a number of types of metal oxides involved in the material:
single and composite metal oxides. Single metal oxides have been
widely studied as gas sensing materials. These include zinc oxide (ZnO)
[6], tin oxide (SnO2) [7], tungsten oxide (WO3) [8,9], titanium oxide
(TiO2) [10] and iron oxide (Fe2O3) [11]. The high-performance gas
sensors based on single metal oxides possess the characteristics of easy
integration and good repeatability, and can effectively detect a variety
of gases (CO, NH3, O3, etc.). However, the selectivity and recovery
property of single-phase gas sensing materials for reducing gases such
as VOCs still need to be enhanced. In this regard, attempts were made to
modify single metal oxides morphology to provide reactive activation
energy or to form p-n heterojunctions through the doping of noble
metal catalysts or the combination with other materials, resulting in
enhanced sensing properties. For instance, the compound of two single
metal oxides generated homogeneous or heterogeneous junctions, such
as SnO2/ZnO [12], ZnO/α-Fe2O3 [13] and WS2/WO3 [14]. In addition,
the complex oxides such as spinel (AB2O4) [15,16] or perovskite (ABO3)
[17] show better sensing performance to certain gases than single
oxides.

As a typical spinel ferrite, ZnFe2O4 is a semiconductor with a narrow
band gap (∼1.9 eV), which possesses various excellent properties. It
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has attracted much attention in the applications of gas sensors [18,19],
catalyst [20], magnetic materials [21] and lithium battery materials
[22]. In recent years, the preparation methods of ZnFe2O4 based gas
sensing materials mainly include co-precipitation [23,24], sol-gel [25]
and template synthesis method [26], which can prepare ZnFe2O4 na-
nomaterials with different morphology, such as nanorods, nanotubes,
nano-thin films and core-shell microspheres. ZnFe2O4 based gas sensing
materials mainly include pure ZnFe2O4 nanomaterials, metal element
doping ZnFe2O4 and oxide - ZnFe2O4 composite materials, which are
mostly used to detect reducing gases. Zinc ferrite based gas sensors
reviewed in this paper belong to the semiconductor gas sensor family,
which shows a response to reducing gas via converting chemical signals
to electrical signals. In order to make a clear comparison, it is necessary
to explain two vital properties of sensors, the one is response (S), all the
definitions of which are listed in corresponding tables below, the other
is response/recovery time (τres./τrec.), which are generally defined as
the time taken by the sensor to achieve 90% of the total resistance
variation in the case of adsorption and desorption, respectively.

The rest of this review article is as follows: section 2 introduces the
gas sensing mechanism of ZnFe2O4; section 3, 4 and 5 provides a review
of latest research progress in ZnFe2O4 based gas sensing materials for
detecting reducing gases according to the types of gas sensing en-
hancement mechanism; section 6 makes a summary and prospect about
this review.

2. Gas sensing mechanism

As a novel sensing material, zinc ferrite has excellent properties
owing to its spinel crystal structure. The crystal structure of zinc ferrite
is shown in Fig. 1 [27]. The O2− in its crystal accumulate in face-
centered cube, and the metal ions Zn2+ and Fe3+ are embedded in the
tetrahedral and octahedral gaps composed of O2−. It is easy to form
defects inside or on the surface, such as oxygen vacancies, which is very
favorable for gas sensitive materials. Moreover, the unique crystal
structure of transition metal cations Zn2+ inserting into the
Fe2+Fe3+O4 structure performs well in the detection of reducing gas
[28].

The response of ZnFe2O4 to the target gases depends on the complex
interaction of the gas-solid interface, but there is no unified definition
of the mechanism of gas sensors. A popular sensing mechanism of
ZnFe2O4 sensors can be described as following: When ZnFe2O4 based
sensor is exposed to air, oxygen molecules will adsorb on its surface and
capture free electrons from its conduction band to form oxygen anions.
The forms of oxygen anions depend on the operating temperature.
When the operating temperature is below 147 °C, the oxygen anions are

mainly O2
− (Eq. (2)). O2

− will be transformed into O− (Eq. (3)) with
the increase of temperature. When the temperature is over 397 °C, the
oxygen anions are converted into O2− (Eq. (4)). The electron depletion
layer (n-type) generates on the semiconductor surface due to the loss of
electrons, which also gives rise to increased resistance of the sensor.
When it is placed in a reduced gas atmosphere, the reaction, Eq. (6),
will take place, which will decrease the electron depletion region, as
well as the resistance of sensors. For example, when ZnFe2O4 gas sen-
sors detect acetone at the temperature of 147–397 °C, there will be a
reaction (Eq. (7)), and Fig. 2 illustrates the corresponding mechanism.
Moreover, if the working temperature or target gas is different, the
reaction Eq. (6) may be different. The equations are as follows
[1,37,52]:

O2 (gas) ↔ O2 (ads) (1)

+ ↔ < °− −O ads e O ads T C( ) ( ) 1472 2 (2)

+ ↔ ° < < °
− − −O ads e O ads C T C( ) ( ) 147 3972

2 (3)

+ ↔ > °− − −O ads e O ads T C( ) ( ) 3972 (4)

G (gas) ↔ G (ads) (5)

+ → + ° < < °− −G ads O GO e C T C( ) 147 397 (6)

C3H6O + 8O− → 3CO2 +3H2O + 8e (7)

The advantages of unique crystal structure and high surface activity
of zinc ferrite make it a superior gas sensing material, especially for
reducing gases or vapors. In addition, its surface oxygen adsorption
activation energy is low (the activation energy represents the difficulty
of reaction between adsorbed oxygen and target gas), which makes it
easy to react with the reducing gases, showing a very high response.
Due to the urgent demand for high-performance gas sensors, in addition
to pure ZnFe2O4 nanomaterials, metal doped ZnFe2O4 mixed materials
and hetero-structure gas sensing materials have been successively pre-
pared [29,30]. The corresponding enhanced mechanism are briefly
introduced as follows: the unique microstructure and high specific
surface area of pure ZnFe2O4 nanomaterials provide enough sites for
gas adsorption, which can improve the sensing performance effectively;
the doping of noble metals (such as Ag, Pd, etc.) can further lower the
potential barrier height of grain boundary and increase the diffusion or
transfer rate of carrier; the heterostructure can regulate electron de-
pletion region and potential barrier at its interface through the inter-
action of Fermi energy level and energy band to improve the gas sen-
sing performance. The specific gas sensing mechanisms for these new
materials will be described in section 3 (materials with different na-
nostructures), section 4 (doped materials) and section 5 (hetero-struc-
ture materials).

3. Nanostructure

Nanomaterials with optimized size/dimension and suitable mor-
phology show great potentials in gas sensing applications. The gas
sensing performance of zinc ferrite can be affected by operating tem-
perature [31], humidity [32] and gas concentration. In addition to
external factors, the properties associated with ZnFe2O4 morphologies
are also influencing factors, such as the specific surface area, contact
area, porosity, grain size and the order of grain stacking and aggrega-
tion. In other words, different nano/microstructures, such as nano-
particles [33], nanorods [34] and micro/nanospheres [35], will affect
the gas sensing characteristics of ZnFe2O4. Therefore, creating special
forms and structures in ZnFe2O4 has been considered by researchers as
a potential method to obtain the desired properties. Besides, porous
ZnFe2O4 with the high specific surface area can provide more active

Fig. 1. The crystal structure of ZnFe2O4 (A=Zn2+, B]Fe3+), Zn2+ in the
space between tetrahedron, Fe3+ in the octahedron gap.
Reprinted with permission from Ref. [27].
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vacancies, thus improving its surface effect and electron transfer effi-
ciency, resulting in enhanced gas sensing properties. ZnFe2O4 materials
with different morphologies can be synthesized by various preparation
techniques. The following sections will review the latest work on dif-
ferent nanostructures and the special properties reported in the litera-
ture for ZnFe2O4 based sensor according to their nano/microstructures.

3.1. Nanoparticles

As the above mentioned, the proper grain size and specific surface
area of ZnFe2O4 can improve sensing performance of sensors. Zhang
et al. [36] synthesized ZnFe2O4 nanoparticles with good dispersion
using the hydrothermal method. The reaction conditions played a sig-
nificant role in the phase and morphology of the prepared products,
such as reaction time, temperature and molar ratio of raw materials.
After reacting at 180 °C for 12 h, the obtained ZnFe2O4 grains diameter
is about 10 nm, along with a specific surface area of 115.6 m2 g−1.
Compared with zinc oxide, zinc ferrite sensors showed better perfor-
mance of acetone detection even working at a lower temperature
(200 °C). As shown in Fig. 3, compared with ZnO based sensor, the
synthesized ZnFe2O4 nanoparticle also exhibited shorter response and
recovery time. Darshane et al. [37] synthesized zinc ferrite nano-
particles via an environmentally friendly molten salt route. The syn-
thesized nanoparticles were then coated on an alumina substrate with
gold electrodes to test its response to H2S. What is important, adding
ionic salt substances as the precursor can inhibit the natural aggrega-
tion of grains due to thin walls formed around the nanoparticles, pre-
venting sintering even at higher temperatures. When prepared at

700 °C, the grain size of ZnFe2O4 was only from 15 nm to 20 nm, which
suggests that the growth of particles at high temperatures can be con-
trolled by binding the salt substances. When the working temperature
was set at 250 °C, ZnFe2O4 nanoparticles gas sensor showed fine re-
sponse and selectivity to 200 ppm H2S due to the proper grain size. This
reported operating temperature was lower than other ZnFe2O4 syn-
thesized without ionic salt.

To further reduce the operating temperature, nanoparticles can be
combined with organic polymers [38,39]. Abu-Hani et al. [40] syn-
thesized ZnFe2O4 nanoparticles using the co-precipitation method. The
grains were uniformly distributed with the size of 3.6–6.4 nm. The
synthesized zinc ferrite nanoparticles were then mixed into polymer
solutions of polyvinyl alcohol (PVA) and glycerol ionic liquid (IL),
which were cast into gas-sensitive layers by solution casting. At the
temperature of 80 °C, the PVA-IL-ZnFe2O4 gas sensing layer showed a
good response to 300 ppm H2S. Meanwhile, it possessed excellent se-
lectivity, flexibility and good repeatability. It can be explained that
polymer solutions improved their electrical conductivity since glycerol
ionic liquid possess good ionic conductivity. However, the sensor
should be improved further to have a lower detection limit, in order to
realize broad applications.

3.2. Nanorods/nanotubes

Compared with ZnFe2O4 nanoparticles, the materials with one-di-
mensional (1D) nanostructures, for instance, nanorods, nanotubes and
nanowires, possess more active sites and gas diffusion structure, which
can effectively transmit carriers. Zhu et al. [41] synthesized porous

Fig. 2. Schematic of acetone sensing mechanism of ZnFe2O4 gas sensor.

Fig. 3. Under the condition of 200 °C, (a) the real-time response curves of acetone ZnO and ZnFe2O4 sensor, (b) real-time resistance curves of ZnFe2O4 sensor.
Reprinted with permission from Ref. [36].

K. Wu, et al. Ceramics International 45 (2019) 11143–11157

11145



ZnFe2O4 nanorods using cetyltrimethylammonium bromide/water/cy-
clohexane/n-pentanol as the microemulsion system. The ZnFe2O4 na-
norods synthesized were about 50 nm in diameter, which was com-
posed of ZnFe2O4 nanocrystals (diameter: 5–10 nm) in a linear
arrangement. Porous ZnFe2O4 nanorods showed better gas sensing
properties than ZnFe2O4 nanoparticles at room temperature as ethanol
sensors. This enhanced sensing performance is mainly owing to the
porous nanorods distributing in random orientation and the existence
of porous interconnection channels, which greatly increased the spe-
cific surface area of the nanorods, allowing an easier diffusion of target
gas to be detected efficiently. At the same time, smaller ZnFe2O4 grains
possess more active sites and their size might be similar to the thickness
of electrons depleted region, which led to a certain enhancement of the
response.

Cao et al. [42] prepared ZnFe2O4 nanorods via a solid-state che-
mical reaction. The specific surface area of the nanorods was
67.14m2 g−1. When detecting ethanol, the sensor demonstrated a fine
response, selectivity, and long-term stability. The response value to
100 ppm ethanol was 29.1, and response/recovery time was only 2/
7 s at 260 °C. Li et al. [43] reported ZnFe2O4 nanorods with a reticular
pore structure, synthesized through an environmentally friendly and
green hydrothermal method using ZnFe2(C2O4)3 as the template. It can
be shown in Fig. 4, nanorods were composed of small-sized nano-
particles, and there are a large number of pores on the surface. More-
over, the reticular pore structure provided the high specific surface area
(82.01 m2 g−1). Porous ZnFe2O4 nanorods sensor showed fast response
to acetone (at 260 °C, the response and response/recovery time to
100 ppm acetone were 52.8 and 1/11 s, respectively). As shown in
Fig. 4(f and g), the response showed good linearity as acetone con-
centration varied from 1 to 100 ppm. This excellent response is attrib-
uted to fine nanoparticle size, suitable pore size and reticular pore
structure. However, when acetone concentration was above 100 ppm,
the desorption capacity of the sensing materials was lower than its
adsorption capacity, and the response tended to be stable.

In addition, ZnFe2O4 nanotubes and nanowires [44] as one-dimen-
sional nanomaterials, are more used as electrode materials in the past,
owing to their high specific capacity and improved cyclic stability. Due
to the channel structure of the nanotubes, coupled with the relatively
high specific surface area and good electron characteristics, they be-
come a potential gas sensing material. In this regard, Zhang et al. [45]
prepared ZnFe2O4 nanotubes by pyrolyzing PVA-assisted Zn/Fe nitrate
gel using porous alumina as a template. The experimental results in-
dicated that the concentration of PVA sol-gel precursor would affect the
microstructure of ZnFe2O4 nanotubes, and the optimal concentration
was determined as 0.25mol/L. As we can see from Fig. 5, when the
concentration became low, the broken and incomplete nanotubes
would occur; when the concentration was too high, the diameter of
nanotubes and its wall thickness would be unevenly distributed. With a
concentration of PVA sol-gel precursor at 0.25mol/L, the corre-
sponding sensors showed fast response to volatile organics, such as
acetone and ethanol, mainly owing to the small crystal size of nano-
tubes and their unique nanostructure. However, the selectivity, the
operating temperature and the fabrication technique of this sensor still
need to be improved, to find wider use in practical applications.

3.3. Nanosheets

ZnFe2O4 nanosheets are two-dimensional nanomaterials. The na-
nosheets can provide more reaction sites and diffusion paths for the
gases to be measured, thus enhancing its gas sensing properties. Gao
et al. [46] synthesized ZnFe2O4 preliminary product using hydro-
thermal method with flake graphene as hard template. Porous ZnFe2O4

nanosheets were prepared after heat treatment at 450 °C for 2 h
ZnFe2O4 nanoparticles were also obtained using the hydrothermal
method to make a comparison with porous ZnFe2O4 nanosheets. The
nanosheets have a specific surface area of 99.3m2 g−1 (nanoparticles,

24.7 m2 g−1). The performance of ZnFe2O4 nanosheets and nano-
particles sensor proved that the former has a lower operating tem-
perature (85 °C), a shorter response/recovery time as well as excellent
selectivity. At 85 °C, the response value of ZnFe2O4 nanosheets sensor to
0.5 and 1 ppm H2S were 11 and 39.8, respectively. Besides, the re-
peatability and stability of this sensor were good. The enhanced per-
formance could be ascribed to high specific surface area and porous
features of the ZnFe2O4 nanosheets, which exposed more vacancies to
facilitate the diffusion of the target gas molecules, in addition, the two-
dimensional structure effectively prevented the aggregation of nano-
particles.

Li et al. [47] grew ultra-thin ZnFe2O4 nanosheets (about 10 nm
thick) on the outer surface of the hollow structure ZnO through a room
temperature solution reaction, which showed a double shell structure
that can provide a high specific surface area, 53.8 m2 g−1, while hollow
ZnO was only 13.7m2 g−1. Simultaneously, the heterojunction gener-
ated by the composite material increased the initial resistance. We can
conclude that among pure ZnO, ZnFe2O4 and ZnO/ZnFe2O4, detecting
the various concentration of acetone at 250 °C, ZnO/ZnFe2O4 sensors
showed better gas sensing performance. The gas sensing mechanism
and dynamic response of the three sensors to acetone are shown in
Fig. 6.

3.4. Nanospheres

Generally, ZnFe2O4 nanospheres mainly include solid spheres and
hollow spheres evolved from the core-shell structure, which possess
characteristics of low density, high specific surface area, high surface
activity and good stability [48,49]. It was suggested in the literature
that to obtain a larger specific surface area, it is necessary to improve
the size of nanoparticles (whose diameter is 10–20 nm) [50]. Nano-
spheres assembled by nanoparticles will obtain better size, larger spe-
cific surface area and higher sensitivity. Zhou et al. [51] adopted
ethanol-ethylene glycol as a binary solvent and synthesized the pre-
cursor material by the solvent-thermal method without a template.
Annealing at 400 °C for 2 h, porous ZnFe2O4 nanospheres can be ob-
tained. Then the paste sample was coated on the alumina tube to fab-
ricate the sensitive layer and embedded in the tube with a nickel-
chromium alloy coil for temperature control. Porous ZnFe2O4 nano-
spheres were assembled from a large number of nanoparticles. The pore
size was mainly 10–20 nm and its specific surface area was 59.0 m2 g−1.
The unique porous and spherical structure effectively enhance the
acetone sensing performance of the sensor. Detecting 800 ppb acetone
at 200 °C, the response of ZnFe2O4 nanospheres could reach 1.5.
Moreover, the response value to 11.8–30 ppm acetone was 2–2.5 times
higher than ZnFe2O4 nanoparticles. Meanwhile, it was fast in response
(9 s) but slow in recovery (272 s) for 30 ppm acetone. Dong et al. [52]
synthesized monodispersed ZnFe2O4 nanospheres with a larger surface
area (87.40 m2 g−1) using solvothermal synthesis method and studied
its response to toluene gas at low concentration. When detecting 1 and
100 ppm toluene at 300 °C, ZnFe2O4 nanospheres showed a response of
1.41 and 9.98 respectively. It also showed good linear sensing perfor-
mance. Due to the simple preparation method and excellent response,
ZnFe2O4 nanospheres are considered as effective materials for detecting
low concentration toluene gas.

The hierarchical structure or hollow sphere nanomaterials com-
bined with low-dimensional subunits can provide more adsorption va-
cancy and effectively improve gas sensing properties. Zhou et al. [53]
synthesized the ZneFe precursor by solvothermal method, which was
then annealed (400 °C, 2 h) to obtain nanosheet-assembled ZnFe2O4

hollow microspheres. The sensor was fabricated by coating the hollow
microspheres material on alumina tube. The average thickness of the
interconnected ZnFe2O4 nanosheets was 20 nm, and the diameter of the
hollow microsphere was 0.9–1.1 μm. The hollow flower structure pro-
vided a large number of adsorption/reaction sites. Meanwhile, there
existed many diffusion channels (pore size is mainly distributed from
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2 nm to 50 nm). At 215 °C, the response value to 100 ppm acetone was
37.3, and it also demonstrated fine long-term stability. However, in the
same conditions, the response of the ethanol was high (27.0). In other
words, the selectivity needs to be further improved. The reaction me-
chanism of the gas sensing layer was explained by the semiconductor
energy level model, as shown in Fig. 7. And its acetone sensing me-
chanism is as described in Section 2.

Qu et al. [54] synthesized ZnFe2O4 double shell microspheres using
an aqueous solution system instead of an organic solvent system. It was
proposed in this work that the heat treatment parameters would affect
the sample structure, as shown in Table 1. Compared with the other two
structures, ZnFe2O4 double shell hollow sphere showed better crystal-
linity and larger specific surface area, which can not only lower the
operating temperature of the sensor, but also enhance gas sensing
properties to acetone. As for the sensor, the response to 5 ppm acetone
was 2.6 at 206 °C, the response/recovery time was 6 s and 10 s. In

addition to this, the acetone limit of detection was 0.13 ppm, which was
far below the danger value for life and health (20,000 ppm) and the
diabetes diagnostic threshold (0.8 ppm).

In conclusion, different microstructures result in the change of many
structural parameters of ZnFe2O4, such as specific surface area, pore
size distribution and crystallinity, which further affects the sensing
performance of the ZnFe2O4 gas sensor. With acetone as the target gas,
ZnFe2O4 of different microstructure and their partial corresponding gas
sensing properties are shown in Table 2.

4. Doping

To further optimize the structure and performance of ZnFe2O4,
element doping, as an effective method, was investigated in a stream of
works in literature. To this point, the research on the doping of spinel
ZnFe2O4 mainly focused on the fields of electrode and magnetism

Fig. 4. (A–b) SEM images of ZnFe2O4 nanorods, (c–e) TEM images of ZnFe2O4 nanorods, (f) Response of ZnFe2O4 nanorod sensors to 10–500 ppm acetone and
ethanol at 260 °C, (g) Response curves of ZnFe2O4-nanoparticles gas sensor to 10–100 ppm acetone at 260 °C.
Adapted with permission from Ref. [43].

K. Wu, et al. Ceramics International 45 (2019) 11143–11157

11147



[57–61], which shows improved performance. Until recent years, the
new progress has been made in research on the effects of doping,
especially the doping of metallic elements, on ZnFe2O4 gas sensing
properties [62]. Not all metallic elements can be used for doping, the
metallic elements with the donor (high valence) or acceptor (low va-
lence) characteristics are more suitable for doping modification. There
are mainly two existing forms of metallic elements. The first is utilizing
the tetrahedral and octahedral interstices of ZnFe2O4 crystals, which
allow the doping elements to enter the interstice to generate solid so-
lution structure. The other is that doping elements replace Zn and Fe

ions using displacement. It can be sure that doping can change the
composition and microstructure of ZnFe2O4 (such as crystallinity, etc.),
which will affect the reference resistance and sensing performance of
ZnFe2O4 based gas sensors. In this section, we intend to review the
research progress in element doped ZnFe2O4 and its influence on gas
sensing properties.

4.1. Metal element doping

The introduction of metallic elements, for example, vanadium (V),

Fig. 5. TEM images of ZnFe2O4 tubes obtained using sol precursors of: (a) 0.15M, (b1) 0.25M, and (c) 0.4M. (b2) The HRTEM image of partial wall of a single tube
in (b1), and the inset is the enlargement of the marked square.
Reprinted with permission from Ref. [45].

Fig. 6. Schematic of the gas sensing mechanism of ZnO/ZnFe2O4 sensor to acetone, based on the dynamic response curve of the pure ZnO, pure ZnFe2O4 and ZnO/
ZnFe2O4 complex sensor to acetone of 5–700 ppm.
Reprinted with permission from Ref. [47].
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gold (Au), silver (Ag) and palladium (Pd), can generate an activation
center on the surface of the semiconductor, and its unoccupied d orbit is
able to accept electrons, which contributes to promoting charge se-
paration and improving adsorption capacity, and finally improving the
gas sensing performance [63]. Jiang et al. [30] synthesized ZnFe2O4

powder using a citrate pyrolysis method. Subsequently, the group ob-
tained ZnFe2O4 doped with V derived from V2O5 dissolved in ammonia
solution. They prepared a slurry and evenly coated it on Al2O3 tubes
with Au electrodes and Pt to fabricate the gas sensing layer. The
characterization results proved that the high-valency V5+ formed a
solid solution in the interstice or substitution sites of the ZnFe2O4

crystal lattice, which enhanced its electronic and gas sensing properties.
Only when detecting benzene gas or its derivative steam, the response
increased significantly at high operating temperature, which may result
from the catalytic oxidation effect of vanadium oxides for benzene and
its derivatives. Therefore, V-doped ZnFe2O4 is not ideal in detecting
ethanol and acetone, but it is attractive as the benzene and its deriva-
tives gas sensor. However, future work to reduce the operating tem-
perature is still needed for the practical application of this new tech-
nology. Zhang et al. [64] introduced Ag into nanosheets stacked
ZnFe2O4 hollow structure via the hydrothermal method. With the in-
crease of the contents of Ag, there was no obvious change in the sphere
size while the surface structure was modified, as shown in Fig. 8(a, b).
The spheres were composed of more and more nanoparticles rather
than stacked sheets, which caused a decrease in specific surface area. At
175 °C, 0.25 wt% AgeZnFe2O4 sensors showed better sensing perfor-
mance than pure ZnFe2O4 sensors, as shown in Fig. 8(c–f). The en-
hanced performance of 0.25 wt% AgeZnFe2O4 sensors was attributed to
the proper hollow structure and activating effect of Ag. The
AgeZnFe2O4 sensors should be a potential choice for the detection of
low-ppm-level acetone. However, although its gas selectivity was good
and the effect of humidity was slight, the long-term stability needs to
research and improve further.

While ZnFe2O4 works as a good sensing material towards H2S [65],
it also suffers from the same problem as VeZnFe2O4 with high oper-
ating temperature. To lower the operating temperature, ZnFe2O4 gas
sensing materials are modified with appropriate catalysts such as noble
metals [66]. Yan et al. [67] obtained Au doped ZnFe2O4 microspheres
using the chloroauric acid solution as the gold source, which was then
treated by solvothermal method, annealing treatment and chemical
etching process. The doping of Au did not change the spinel structure of
ZnFe2O4, but the microsphere size changed irregularly with the in-
crease of Au doping. When the Au-doping concentration were 0.5, 1,
1.5, 2 and 5wt %, the microsphere size of AueZnFe2O4 were 2.15, 2.27,
2.32, 3.71 and 3.22 μm, respectively. It was confirmed that 2 wt%
AueZnFe2O4 microsphere possessed a yolk-shell structure with the
shell thickness of about 630 nm, coupled with a porous and rough
surface structure. This unique surface improved gas transmission effi-
ciency and gas adsorption effectiveness, thus improving the gas sensi-
tivity of the sensor. In addition, at room temperature, the Au of dif-
ferent concentration doped ZnFe2O4 sensor showed good selectivity and
stability to H2S. As Au doping concentration increased, the response of
the AueZnFe2O4 sensor to H2S was enhanced, as shown in Tables 3 and
2 wt% AueZnFe2O4 showed the best gas sensing performance. In ad-
dition, the response/recovery time was 46 s and 629 s. In view of the
fine properties of the gas sensor based on ZnFe2O4 nanosheets, com-
bining element doping method with improved microstructure is a fea-
sible method to enhance the sensor performance.

4.2. Mixed metal ferrite

Compounds of the type MFe2O4 realize the applications in the
sensors field due to their good surface activity (M=Mg, Cu, Zn, Ni, Co,
etc.). Ebrahimi et al. [69] introduced nickel (Ni) to ZnFe2O4 by co-
precipitation method, subsequently, they obtained the Ni0.5Zn0.5Fe2O4

nanoparticles with a diameter less than 20 nm after annealing

Fig. 7. Schematic illustration of acetone sensing mechanism for hollow ZnFe2O4 microspheres (a) in air (b) in acetone.
Reprinted with permission from Ref. [53].

Table 1
Effect of heat treatment parameters on ZnFe2O4 microstructure.
Source: Data extracted from Ref. [54].

Materials Annealing Temperature Heating rate Morphology Structure information

grain size (nm) specific surface area (m2 g−1) pore size (nm)

ZnFe2O4 350 °C 1 °C/min Double shell 23 108.3 14.17
350 °C 20 °C/min Core-shell 18 67.8 10.51
350 °C – Solid microsphere 15 43.9 7.68

Note: represented directly to heat treatment temperature 350 °C, no heating process.
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Table 2
Different morphologies of ZnFe2O4 and their partial sensing properties (detecting acetone).

Materials Morphology Gas sensing performance Ref.

Conc. (ppm) optimum operating temperature (°C) Response(S)

ZnFe2O4 nanoparticle 50 270 4.20 [55]
ZnFe2O4 nanorod 100 260 52.80 [43]
ZnFe2O4 nanotube 10 300 1.36 [45]
ZnFe2O4 nanosheet 10 250 5.10 [47]
ZnFe2O4 porous nanosphere 0.8 200 1.50 [51]
ZnFe2O4 core-shell 20 200 13.80 [48]

nanosheets-assembled hollow microsphere 20 215 9.80 [53]
double shell 5 206 2.60 [54]

ZnFe2O4 nanocage (octahedron) 10 120 6.27 [56]

Note: S = Ra/Rg, Ra — the resistance in air, Rg — the resistance in acetone.

Fig. 8. TEM images of (a) pure ZnFe2O4 (b) 0.25 wt% AgeZnFe2O4. Dynamic response-recovery curves to acetone vapor of AgeZnFe2O4 sensors at 175 °C: (c)
0.8–500 ppm (d) 0.8–10 ppm. Dynamic response-recovery curves of (e) 0.25 wt% AgeZnFe2O4 sensor and (f) pure ZnFe2O4 sensor to 100 ppm acetone vapor at
175 °C.
Adapted with permission from Ref. [64].
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treatment (500 °C, 3 h). The synthesized structure remained as the ty-
pical face-centered cubic spinel structure. The Ni0.5Zn0.5Fe2O4 powder
was pressed into the cylinder equipped with the copper electrode to
fabricate a gas sensor. At 350 °C, it was capable of detecting
80–200 ppm acetonitrile, with a corresponding response of 2.1 for the
200 ppm acetonitrile. However, since the sensor response is defined via
the voltage variable, the sensor capacity reached the saturation state
when the gas concentration reaches 200 ppm, resulting in the limited
detection range.

To improve the sensing performance or lower the operating tem-
perature, it is helpful to obtain unique microstructure, adjust the por-
tion of the mixed metallic element. Mukherjee et al. [70,71] improved
the electronic characteristics of ferrites by adjusting their surface to
volume ratios. They synthesized one-dimensional (1D) Mg0.5Zn0.5Fe2O4

hollow nanotubes using wet chemistry with porous anodized aluminum
as the template. The nanotubes have a length of 5–10 μm, a pore dia-
meter of about 180 nm, and the thickness of wall was 15–20 nm. The
nanotubes were subsequently dispersed in ethanol, and the obtained
suspension was directly coated on the fused quartz substrate to fabri-
cate the nanotube sensor, which can detect H2 and CO. Owing to large
amounts of adsorbed oxygen on the nanotube surface, however, it be-
haved p-type conducting semiconductor, and the holes became the
main charge carrier. At 350 °C, the response to 10 ppm and 1660 ppm
H2 were 10% and 66%, respectively, and the response to 1660 ppm CO
was 25%. Due to the fine hydrogen sensing performance of the sensor,
the group further studied the H2 sensing properties of Mg0.5Zn0.5Fe2O4

thin films, and it was found that the thickness of the film affects the
performance of the sensor. The thickness of the film was defined by the
number of coating times, and when it was 15 or 30, the sensor response
to 1660 ppm H2 reached 76% at 250 °C. What is important, it also ob-
tained reproducible sensing characteristics. The fine sensing perfor-
mance may benefit from the nano-crystalline nature of these films.
Mondal et al. [72] synthesized Cu0.5Ni0.25Zn0.25Fe2O4 (CNZ1) and
Cu0.25Ni0.5Zn0.25Fe2O4 (CNZ2) via co-precipitation method, the two
sensors showed fine response to acetone and ethanol at room tem-
perature. It was concluded that the introduction of copper improved the
sensitivity of acetone to 77%, while the introduction of nickel improved
the sensitivity of ethanol to 75%.

Table 4 shows the comparison of all above-discussed gas sensing
materials. Although the sensitivity of the sensor has been improved to
some extent, the concentration range of the gas detected by such mixed

metal ferrite is limited, and the response/recovery time is relatively
long. It is proposed that combining with other metal oxides or two-
dimensional nanomaterials shall be attempted to further enhance these
properties.

5. Heterostructure

As concluded in section 3 and 4, the gas sensing properties of
ZnFe2O4 sensor can be enhanced to certain degrees via adjusting its
morphology or doping elements. To further obtain the desired perfor-
mance, researchers developed various ZnFe2O4 composites, which is
more applied in photocatalysis and sensing fields [73–75]. In this re-
gard, current research and applications mainly focus on combining the
transition metal oxide (ZnO, Fe2O3) with ZnFe2O4 to synthesize desired
composites. Specifically, ZnO itself is also a good gas sensing material
detecting reducing gas [76,77], as a result of this, ZnO/ZnFe2O4 het-
erostructure nanomaterials are more heavily studied by researchers in
literature. The latest development in this field was combining carbon
materials such as graphene with ZnFe2O4 composites. As such, the goal
of this section is to review the latest works on ZnFe2O4 composites and
to introduce the effects of the above two types of composites on gas
sensing properties.

5.1. ZnO/ZnFe2O4

When ZnO and ZnFe2O4 are combined, the electron depletion layer
will be generated at contact interface because of the difference in both
energy band gaps and work functions of two components. Fig. 9 shows
an energy band structure of the composite, which explains the gas
sensing mechanism (take acetone for example). The heterostructure
effectively enhances the electronic properties and gas-sensitive prop-
erties of the material [79,84]. Wang et al. [78] synthesized ZnFe2O4/
ZnO nanomaterial using the low-temperature hydrothermal method.
The slurry of the synthesized composite was then coated on an alumina
tube with gold electrodes and platinum wire. The obtained ZnFe2O4/
ZnO composite showed a rod structure with a length of 140–410 nm
and diameter of 9.4–34.7 nm. The loose and porous microstructure of
this one dimensional and heterogeneous composite contributed to en-
hancing sensing performance. At the relative humidity of about 14%
and the temperature of 260 °C, the ZnFe2O4/ZnO sensor for n-butyl
alcohol showed fine performance: high sensitivity and short response/

Table 3
Comparison of the H2S sensing performance of gas sensors based on various ZnFe2O4.

Gas sensing materials Operating temperature H2S Concentration (ppm) Definition of response Response Response Time (s) Ref.

ZnFe2O4 nanoparticle 80 °C 300 S= Ra/Rg 64.4 23.1 [42]
ZnFe2O4 nanosheet 85 °C 5 S= Ra/Rg 123.0 39.0 [46]
ZnFe2O4 (reverse spinel) 260 °C 50 S= Ra/Rg 36.8 8.0 [65]
1.5 wt% AueZnFe2O4 Room temperature 200 S= Ra/Rg 23.0 – [67]
2wt% AueZnFe2O4 Room temperature 100 S= Ra/Rg 39.9 46.0 [67]
ZnFe2O4 nanocrystalline 150 °C 200 S=(Ra-Rg)/Ra*100% 82.0% 40.0 [68]

Table 4
Performance of MxZn1-xFe2O4 sensors (M=Cu, Ni, Mg).

Materials Target gas Operating temperature Conc. (ppm) Definition of response Response τres./τrec. (s) Ref.

Ni0.5Zn0.5Fe2O4 acetonitrile 350 °C 80–200 S=(Va-Vg)/Vg ∼2.1 (200) ∼8/35 (200) [69]
Mg0.5Zn0.5Fe2O4 nanotube hydrogen 350 °C 10–1660 S=(Rg-Ra)/Rg*100% 66% (1660) ∼125/200 (1660) [70]
Mg0.5Zn0.5Fe2O4 thin film (spin coating 15 times) hydrogen 250 °C 20–1660 S=(Ra-Rg)/Ra*100% 14–76% ∼280/215 (20)

∼32/160 (1660)
[71]

Mg0.5Zn0.5Fe2O4 thin film (spin coating 30 times) 50–1660 31–76% ∼70/120 (50)
∼28/200 (1660)

[71]

Cu0.5Ni0.25Zn0.25Fe2O4 acetone room temperature 500 S=(Ra-Rg)/Ra*100% 77% 10/28 [72]
Cu0.25Ni0.5Zn0.25Fe2O4 ethanol room temperature 500 75% 18/20 [72]

Note: Va and Vg represent the sensor voltages in the air and test gas, respectively.
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recovery time.
More works found in the literature attempted to create and study

special microstructures in the composite materials, which can greatly
enhance gas sensing performance. Ma et al. [79] dissolved ZnO na-
norods in FeSO4 aqueous solution. Subsequently, ZnO/ZnFe2O4 nano-
forest were obtained after calcining at 500 °C in air. This composite
material is characterized as ZnFe2O4 nanosheets that were covered on
the surface of ZnO nanorods. It was then made into a paste and coated
on the Al2O3 substrate to prepare the sensing layer. The microstructure
of the final product could be influenced by the dosage of FeSO4 aqueous
solution and dissolution time, and the ideal product could be prepared
when the dosage and dissolution time was 0.2mol and 30min, re-
spectively. The sensor showed a fine response to ethanol at 275 °C,
which was attributed to the unique morphology and the heterostructure
it carries. Liu et al. [80] washed ZnO products three times with ferric
nitrate solution, and ZnO/ZnFe2O4 were then obtained after annealing
at 500 °C for 2 h in air. The morphology of the synthesized composite
showed ZnFe2O4 nanoparticles attached to flower ZnO. Owing to the
low-agglomerated flower ZnFe2O4/ZnO microstructure, synergistic ef-
fect and the heterojunction formed at the interface between the
ZnFe2O4 and ZnO, ZnFe2O4/ZnO sensor exhibited better acetone sen-
sing performance. It showed a higher response and fast response/re-
covery. Moreover, the sensor could detect 1 ppm acetone with the re-
sponse of 1.3.

Although the research on ZnO/ZnFe2O4 composite produced pro-
mising results, it should be noted that the performance and application
range of ZnO/ZnFe2O4 composite is limited, due to the weak interface,
low density, small specific surface area, and the high energy con-
sumption. To remedy these shortcomings, hollow nanostructures with
internal voids and functional shells were further investigated by re-
searchers, and applying their special properties in applications such as

catalysis and energy storage/conversion [81–83]. These special hollow
structures could increase the specific surface area thus improving the
permeability of the ZnO/ZnFe2O4 composite material and producing
improved sensing properties. Zhang and co-workers [84] synthesized
ZnO/ZnFe2O4 hollow spheres by a simple hydrothermal method using
carbon balls as templates, in which porous spherical shells (thickness
about 30 nm) were formed after carbon ball templates were calcined
and removed in air. Furthermore, ZnO/ZnFe2O4 nanoparticles were
synthesized to compare with the performance of the hollow sphere gas
sensor. The comparison showed that the hollow sphere sensor obtained
a higher response to acetone and a shorter response/recovery time (5.5,
7.1 s/10.8 s). These enhanced properties were attributed to the porous
hollow structure which improved electrical properties, and the prop-
erties of p-n heterojunction. Wang et al. [85] prepared ZnO/ZnFe2O4

nanocage via Metal-Organic Frameworks (MOF). Firstly, Fe (Ⅲ) MOF-5
nanocage precursor was synthesized using refluxing process; the pro-
duct was then collected after annealing in air. The specific surface area
of the nanocage was 48.4 m2g−1. Due to the heterojunction and its
unique structure, as a gas sensor, it could detect 1 ppm acetone vapor.
The response was also superior to pure ZnFe2O4 and ZnO/ZnFe2O4

sensors with other structures. However, the reported operating tem-
perature was still high (290 °C). Song et al. [86] synthesized Zn3 [Fe
(CN)6]2·xH2O, a prussian blue analogue precursor, using coprecipita-
tion, subsequently, annealing at 550 °C for 2 h to obtain ZnO/ZnFe2O4

three-layer shell hollow microspheres (ZZFO TSHMs), as shown in
Fig. 10. The hollow microsphere showed a high specific surface area
(62.4 m2 g−1). Meanwhile, the hollow interior and the gap between the
three-layer porous shells facilitated the diffusion of the target gas. The
ZZFO TSHMs acetone sensor showed high sensitivity, fast response,
good stability and selectivity at low temperature (140 °C).

Fig. 9. Schematic of (a and c) gas sensing mechanisms and (b) energy band structures of ZnFe2O4/ZnO based sensor.
Reprinted with permission from Ref. [84].
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5.2. Graphene/ZnFe2O4

Graphene as a new carbon material has both high specific surface
area and unique structure where sp2 hybridized carbon atoms are
tightly wrapped in the two-dimensional honeycomb lattice. Coupled
with its excellent thermal conductivity, electrical conductivity and high
mechanical strength, graphene finds applications in thermal [87],
electrical [88] and mechanical [89] fields. With no surprise, graphene is
also a popular material investigated in gas sensing areas. Some works
include the attempt by Hafiz et al. [90] where a room temperature
carbon dioxide gas sensor was produced by reducing the graphene
oxide with hydrogen plasma. Seekaew et al. [91] deposited graphene

onto a nickel-based digital electrode through chemical gas phase
transfer to prepare a fine room-temperature NO2 gas sensor based on
double-layer graphene.

In recent years, graphene-based room temperature sensors have
attracted extensive attention. Liu et al. [92] synthesized rGO/In2O3 gas
sensing material via a hydrothermal method. It was reported that that
3 wt% rGO/In2O3 composite sensor showed an extremely low detection
limit (10 ppb NO2), excellent selectivity, stability and rapid response.
Zhang et al. [93] synthesized 1.0 wt% rGO/α-Fe2O3 using the hydro-
thermal method, with a structure where α-Fe2O3 cubes adhered evenly
to both sides of the rGO sheet. When tested with 100 ppm acetone vapor
at 225 °C (while α-Fe2O3 was tested at 237.5 °C), the sensor showed the

Fig. 10. Structural characterization of ZZFO TSHMs: (a,b) FESEM and (c,d) TEM images. Adapted with permission from Ref. [86].

Fig. 11. The synthesis mechanism of ZnFe2O4-rGO obtaining from Zn2+, Fe3+ and GO.
Reprinted with permission from Ref. [95].
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response of 13.9, which was about 2.5 times that of α-Fe2O3. Its re-
sponse time was also decreased to 2 s. The works mentioned above
support the hypothesis that the combination of metal oxide sensors with
graphene or its derivatives can reduce the operating temperature and
enhance sensing performance. This could be explained by two main
advantages this combination brings to the sensor: 1) metal oxide na-
noparticles prevent graphene from agglomeration, resulting in a larger
specific surface area. 2) graphene or its derivatives improves the con-
ductivity of the composite, provides more adsorption sites and con-
tributes to the formation of local heterojunctions [94].

Aiming to improve the response of ZnFe2O4 based sensors and fur-
ther reduce their limit of detection, graphene or its derivatives were
investigated by a few latest work found in literature. Until now, the
widely used and simple preparation method is solvothermal synthesis
method [95,96]. The synthesis process of ZnFe2O4/rGO is shown in
Fig. 11. During the procedure, Zn2+/Fe3+-GO were firstly obtained
owing to the existence of the oxygen-containing functional groups,
subsequently, it was in-situ converted to ZnFe2O4 on the graphene
matrix, meanwhile, the GO was reduced to rGO. Liu et al. [96] used
hydrazine hydrate to reduce graphene oxide. Thereafter, rGO/ZnFe2O4

composites with different proportions were synthesized via a sol-
vothermal method. The morphology of the synthesized composite was
characterized as ZnFe2O4 nanoparticles adhered to rGO sheets. It was
found that 0.125wt% rGO/ZnFe2O4 sensor showed rapid response and
good stability to acetone at 275 °C, these following reactions (Eqs.
(7)–(9)) may occur in the surface reaction. It should be noted that, al-
though the response was improved, the selectivity and operating tem-
perature of this composite still represents a problem for practical ap-
plications.

e− (ZnFe2O4 or G - ZnFe2O4) + O2 → O2
− (8)

e− (ZnFe2O4 or G - ZnFe2O4) +O2
− → 2O− (9)

C3H6O + 8O− → 3CO2 +3H2O + 8e- (7)

However, the current composite materials of zinc ferrite and gra-
phene are mostly applied in the catalyst and wave absorbing materials
[97,98]. As for gas sensing, further study and development are needed.
It is so proposed that the performance of the graphene/ZnFe2O4 com-
posite sensor can be improved by changing the microstructure of zinc
ferrite or the structural parameters of graphene, such as the number of
layers and sensitization processing. The morphology and gas sensing
performance of ZnFe2O4 composites reported in the literature is listed
in Table 5.

6. Summary and prospect

Owing to the spinel structure and excellent sensing performance of
ZnFe2O4, there have been many reports on ZnFe2O4 research in recent
years. Various nanostructure materials based on ZnFe2O4 are widely
developed and applied in the fields of photoelectricity, magnetism,
energy storage, catalyst and sensors. Among them, zinc ferrite gas
sensor is simple to prepare, inexpensive, and sensitive to a variety of

flammable and explosive, toxic and harmful reducing gases. In this
article, the research progress in ZnFe2O4 based gas sensors was re-
viewed from three aspects: nanostructure, element doping and hetero-
structure.

Since the gas sensing process of ZnFe2O4 sensor is highly dependent
on surface conduction effect, the difference in microstructure will lead
to changes in grain size, specific surface area and porosity of ZnFe2O4

nanomaterials, which further affect the gas sensing performance of such
sensors. The metal element doping of ZnFe2O4 improves the specific
surface area on the basis of preserving the original crystal structure and
offers the activation energy. As for the composite, the heterojunction is
formed at the interface between different materials, and the response of
sensor is adjusted mainly through the function of the formed electron
depletion layer. By comparison, it can be found that improving the
microstructure, proper metal element doping or material compounding
can improve sensing performance of ZnFe2O4 based gas sensors to a
certain extent. There are still problems such as high power consumption
(owing to high operating temperature) and long recovery time, which
are unfavorable for certain practical applications, such as the detection
of diabetes (low-ppm acetone). To realize stable room temperature or
low-temperature detection and rapid recovery of such sensors, new
research directions are needed. Some new research has been done, such
as the work by Raut et al. [101], ZnFe2O4 were able to reduce the
operating temperature treated by gamma-ray irradiation; Sutka et al.
[102] concluded that controlling iron stoichiometry could help im-
proving gas sensing performance of spinel ferrite complex semi-
conductor. We suggest that the above reviewed three aspects can be
combined to attack the requirement of high response and low operating
temperatures. This includes but is not limited to: 1) improving the
microstructure of ZnFe2O4 or controlling iron stoichiometry, 2) the
composite of multi-layer porous shell ZnFe2O4 or hollow sphere with
two-dimensional nanomaterials, such as reduced graphene oxide, mo-
lybdenum disulfide, 3) the multi-component hybrids, such as noble
metal nanoparticles-ZnFe2O4-reduced graphene oxide hybrids.
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