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Abstract

ZnFe2O4 nanoparticles with diameter of ca.10 nm were successfully synthesized 

under hydrothermal conditions without using any surfactant or structure-directing 

agents. The structure, composition and morphology of the samples were characterized 

by means of powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), field-emission scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), diffuse reflectance spectra (DRS) and the 

Brunauer-Emmett-Teller (BET) surface area measurement. The results showed that 

the mole ratio of reactants ZnO to FeCl3 played an important role in controlling the 

composition and morphology of the products. BET specific surface area of ZnFe2O4

nanoparticles was evaluated to be 115.6 m
2

g
-1

. Interestingly, as-prepared ZnFe2O4

nanoparticles displayed enhanced gas sensing performance to acetone, which response 

value reached 39.5 for 200 ppm acetone gas at lower optimum working temperature 

of 200 ºC, in comparison with the precursor ZnO (4.2) at the same condition. The gas 

sensing property demonstrates that as-prepared ZnFe2O4 has potential applications in 

the detection of acetone. 
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1. Introduction

Spinel oxides (AB2O4) have been known for a long time for their interesting 

electronic and magnetic properties and are thus suitable for various industrial 

applications, ranging from magnetic cores and high-frequency devices to medical 

diagnostic and environment monitoring [1,2]. Among them, ferrite, an iron 

oxide-based mixed metal oxide, has been extensively studied due to its unique 

properties [3]. As a typical ferrite spinel (AFe2O4; A=Mn, Zn, Co, Ni, Cd), zinc ferrite 

(ZnFe2O4) has received great interests due to its significant applications in 

photocatalysis, information storage, electronic devices, magnetic materials and gas 

sensing [4,5]. In recent years, many efforts have been devoted to synthesize ZnFe2O4

nanomaterials. ZnFe2O4 nanomaterials with different morphologies, such as 

nanoparticles [6], nanorods [7], core-shell microsheres [8], nanotube [9], thin film [10]

et al. have been prepared. Synthesis techniques include co-precipitation, template

method, sol-gel reaction, solvothermal route and so on. Yasuki et al. have prepared 

zinc ferrite-based xerogel monoliths via a sol-gel route [11]. Darshane et al. have 

synthesized zinc ferrite nanoparticles at 700
o
C using sodium chloride as growth 

inhibitor [12]. Hydrothermal method has proved an effective way to synthesize 

nanomaterials with controllable nanostructure and useful properties. Rahman et al. 

have synthesized ZnFe2O4 nanorods with efficient chemical sensor application [13].

Xia et al. have synthesized ZnFe2O4/graphene composites and studied their 

application for lithium-ion batteries [14]. Mueller et al. have reported the 

electrochemical performance of ZnFe2O4 nanoparticles [15]. Sun et al. have prepared
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ZnFe2O4 octahedra and discussed its photocatalytic activities [16].

Spinel oxides (AB2O4) were found to be more attractive than single-metal oxides 

for their better response to certain gases [17]. The gas sensing properties of ZnFe2O4

are different and sensitive according to the preparation methodology or synthesis 

parameters of samples. This is due to the fact that their microstructure and oxygen 

vacancies are responsible for the sensing property. Recently, Patil et al. have

synthesized single phase nanocrystalline ZnFe2O4 with size of 25-30 nm and tested 

their gas response to acetone and liquefied petroleum gas [18]. Sutka et al. have 

obtained ZnFe2O4 thin film gas sensors for the detection of ethanol with low 

response and fast response and recovery behavior [10]. Cao et al. have synthesized 

ZnFe2O4 nanomaterials, which exhibited efficient gas sensing properties for ethanol 

and hydrogen sulfide [19]. To our knowledge, the synthesis of well-dispersed 

ZnFe2O4 nanoparticles with high performance gas sensing property for acetone has 

rarely been reported.

Herein, we report the synthesis of magnetic ZnFe2O4 nanoparticles with diameter 

size of ca.10 nm by using hydrothermal method. Morphologies, structure, BET, and 

magnetic properties of as-prepared samples have been characterized or measured. The 

suitable reaction conditions, such as the reactant mole ratio, reaction temperature and 

time have been explored. In addition, ZnFe2O4-based gas sensors have been used to 

test some common compounds, for instance, acetone, ethanol, methanol, isopropanol, 

ethyl acetate and methanal. The results display that the gas sensor has superior 

response for detecting of acetone gas to that of other compounds.
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2. Experimental 

2.1. Chemicals

The zinc chloride (ZnCl2), sodium borohydride (NaBH4, 96% wt%), silver nitrate 

(AgNO3), anhydrous ferric chloride (FeCl3), L-ascorbic acid and hydrazine hydrate 

(85% v/v%) were applied in our experiment. All chemicals are of analytical grade and

used as received, without any further purification.

2.2 Synthesis of ZnFe2O4 nanoparticles

A typical procedure for the synthesis of ZnFe2O4 included two steps:

(1) Synthesis of ZnO

Shuttle-like ZnO nanoparticles were synthesized based on our previous work [20].

Briefly，80 mL distilled water was added into a three-necked flask with capacity of 

100 mL, and heated to 80
o
C, then 0.8 mmol (0.109 g) ZnCl2 and 4 mmol (0.151 g) 

NaBH4 were added into the flask with vigorous magnetic stirring. After 2 h, the white

product was obtained by centrifuging the final reaction mixture with distilled water 

and ethanol several times each, and then dried at 60
o
C for 6 h for further experiment.

(2) Synthesis of ZnFe2O4

A 4 mL aqueous dispersion containing 0.024 g of freshly prepared ZnO was

homogeneously mixed with 0.097 g FeCl3 and 0.053 g ascorbic acid by 

ultrasonication for 30 s. Then, 1 mL of hydrazine hydrate was added into the above 

dispersion to form a homogeneous dark solution with magnetic stirring for about 20 

min. After that, the mixed solution was transferred and sealed into a 10 mL 

Teflon-lined stainless steel autoclave, heated at 180
o
C in an electric oven for 12 h,
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then cooled to room temperature naturally. The black products were obtained by 

centrifuging and washing the final precipitation with distilled water and ethanol 

several times each, and then dried at 60 ºC for 6 h for further characterization. The 

comparison tests followed same reaction procedures as the above description except 

for a given parameter.

2.3 Instruments and characterization

The samples were characterized by different analytic techniques. Powder X-Ray 

diffraction (XRD) was obtained on a Rigaku D/max-RA X-ray diffractometer with 

CuKα1 radiation (λ=0.15406 nm). Scanning electron microscopy (SEM) images were 

performed on a Hitachi S4800 microscopy operating at 5.0 kV. The transmission 

electron microscopy (TEM) images, high resolution TEM (HRTEM) observation and 

selected area electron diffraction (SAED) were carried out on a JEOL-2100 TEM with 

an acceleration voltage of 200 kV. The specific surface area was calculated by the 

Brunauer-Emmett-Teller (BET) method and the mesopore size distribution was 

calculated by Barrett-Joyner-Halenda (BJH) method. X-ray photoelectron 

spectroscopy (XPS) was performed by using a VG ESCA scientific theta probe 

spectrometer in constant analyzer energy mode with a pass energy of 28 eV and AlKα

(1486.6 eV) radiation as the excitation source. Magnetic measurements were carried 

out at room temperature using physical property measurement system (PPMS, EC-II

(9T)) with a maximum magnetic field of ±5 kOe. UV-vis spectrometer (Shimadzu 

UV-3600 PC) was used to record diffuse reflectance spectra of as-prepared samples at 

room temperature using BaSO4 as a reference. 
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2.4 Fabrication of gas sensors and gas sensing detection

The WS-30A static gas-sensing system (Weisheng Electronics Co. Ltd., Zhengzhou, 

China) was used to examine the sensing performance of the sensors.

Fig. 1. Schematic of the gas sensor structure (a) and the measuring electric circuit of gas sensor (b). 

The inset in (b) is a photograph of as-prepared sensor.

Fig. 1 showed the structure schematic of sensor and the fabricating procedure of a 

typical ZnFe2O4-based gas sensor. First, ZnFe2O4 powders were mixed with deionized 

water to form a paste. The paste was coated on the surface of the ceramic tube and 

dried in air. Then the electrodes were welded on the basement. A Ni-Cr heating wire 

crossing the ceramic tube, which was used to control the operating temperature, was 

also welded on the basement. (Detail information can be found in Fig. S1 in the ESI). 

Finally, to improve their stability, the gas sensors were kept at working temperature of 

300
o
C for 5 days. For the measuring electric circuit in Scheme 1(b), the working 

temperature could be controlled by adjusting the heating voltage (Vh) of the sensor. A 

load resistor (RL=1 MΩ) was connected in series with the gas sensor and the 

gas-sensor performance was obtained from the output voltage (Vout) of RL. The circuit 

voltage (Vc) is 5 V and the sensor resistance (Rs) can be calculated according to the 

formula: Rs=RL(Vc-Vout)/Vout. The response (S) is defined as S=Ra/Rg, where Ra is the 
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resistance in the air while Rg is the resistance in the mixture gas between air and

detected gas.

2.5 Gas preparation methods

  In the gas sensing system, the test gases were come from liquid evaporation. To 

get a certain concentration of gases, a given amount of the test liquid should be 

injected into a closed chamber with an evaporation device by a micro-syringe. The 

gas concentration could be controlled by the volume of the test liquid.

The required concentration of the test gases was obtained by the static liquid gas 

distribution method, which was calculated by the following equation:

Tb

Tr

pd

MCV
Vx 







 

273

273
10

4.22

9      (1)

Where Vx (mL) is the volume of liquid, V (mL) is the volume of test chamber; C (ppm) 

is the gas concentration; M (g/mol) is molecular weight of the liquid; d (g/cm
3
) is the 

specific gravity of liquid; p (%) is purity; Tr (
o
C) is room temperature; Tb (

o
C) is the 

temperature of test chamber. ”

3. Results and discussion

3.1. Synthesis and characterization

3.1.1. Composition and morphology

The as-prepared nanomaterials were obtained via two step methods under 

hydrothermal conditions without using any surfactant or structure-directing agents. 

The composition and crystal phase purity of as-synthesized product were first 

analyzed by XRD. The XRD patterns of the samples were recorded in a 2θ range of 

20
o
-80

o
.
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Fig. 2. (a) XRD pattern of the as-synthesized sample and the vertical line at the bottom 

corresponds to the standard XRD pattern of ZnFe2O4 (JCPDS No. 22-1012); (b) the XPS survey

spectrum of the as-synthesized sample; (c, d) XPS spectra of Zn 2p and Fe 2p, respectively.

Fig. 2(a) shows the typical XRD pattern of the as-prepared samples. All diffraction 

peaks can be indexed to the phase of ZnFe2O4 material, which match well with the 

standard data file of bulk cubic spinel-structured ZnFe2O4 (JCPDS 22-1012) [21]. No 

other impurity peaks were detected from the XRD pattern.

XPS survey spectrum of the synthesized samples is shown in Fig. 2(b), which 

displays the peaks of C 1s (285.3 eV), N 1s (400.1 eV), O 1s (530.7 eV), Fe 2p and 

Zn 2p. To obtain more information about the samples, we performed high-resolution 

XPS spectra of Zn and Fe. Fig. 2(c) shows the XPS spectrum of Zn 2p, two peaks 

centered at 1044.6 eV and 1021.6 eV, which corresponding to the binding energy of 

Zn 2p1/2 and Zn 2p3/2, respectively, indicating the oxidation state of Zn
2+

 in the 
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samples [22]. Figure 1(d) shows the XPS spectrum of Fe 2p, the main peaks are 

observed at 725.0 eV and 711.1 eV, which can be assigned to Fe 2p1/2 and Fe 2p3/2

respectively. The shoulder peaks at 733.1 and 719.1 eV originating from shakeup 

process of 2p1/2 and 2p3/2 are marked as Sat. in Fig. 2(d), which are evidence to 

Fe
3+

[23-25]. The XPS results presented that Zn and Fe elements existed in the 

synthesized samples were in the forms of Zn
2+

 and Fe
3+

, respectively, which 

corresponding to the characterization of the above XRD pattern.

Fig. 3. TEM (a) and HRTEM (b) images of the synthesized sample at 180 
o
C for 12 h, the inset in 

(a) is the corresponding SAED pattern.

The morphology and structure of the samples have been examined by TEM and

HRTEM (High resolution TEM). Fig. 3(a) presented that the synthesized samples

were composed of well-dispersed particles with average diameter of 10 nm. The inset 

shows the diffraction spots of SAED pattern for a single particle, which reveals that

the as-synthesized samples were polycrystalline with small size nanoparticles. The 

diffraction rings from inside to outside could be well indexed to (111), (220), (311), 

(400), (422), (511) and (440) planes, which corresponding to the above XRD pattern. 

The single nanoparticle displayed clear lattice fringes, suggesting their crystalline 
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nature in Fig. 3(b). The spacings between neighboring fringes were measured to be

0.48, 0.30 and 0.25 nm, which corresponded to (111), (220) and (311) plane of 

hexagonal close-packed (hcp) ZnFe2O4 (JCPDS 22-1012) [26].

3.1.2. Optical properties and magnetic measurement of the synthesized samples

The optical properties of the synthesized samples were investigated by UV-visible 

diffuse reflectance spectra, as shown in Fig. S4. Compared with pure ZnO, the 

absorption edge of as-prepared ZnFe2O4 exhibited red-shift trend and presented strong 

photo-absorption from UV to visible light region [27-29]. The band gap values of 

ZnO and ZnFe2O4 were 3.23 eV and 1.86 eV, respectively, corresponding to the 

reported literature [24]. Room temperature magnetic hysteresis loop of ZnFe2O4

nanoparticles is shown in Fig. S5. The hysteresis loop showed that saturation 

magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc) values of the 

sample were ca. 59.0 emu g
-1

, 3.0 emu g
-1

 and 37.8 Oe, respectively, so ZnFe2O4 

displayed a paramagnetic behavior [31,32]. The magnetization value at room 

temperature is obviously higher than the reported ZnFe2O4 nanomaterials through 

hydrothermal synthesis [33]. The magnetic nature of the ZnFe2O4 nanoparticles 

enables trouble-free separation of the sample from the mixture using an external 

magnet, which can eliminate the necessity of filtration and centrifugation [34].

3.1.2. BET measurement of the synthesized samples.

Brunauer-Emmett-Teller (BET) measurement has been performed to analyze 

ZnFe2O4 nanoparticles. N2 isotherms as shown in Fig. 4 are close to Type IV curve 

with an evident hysteresis loop in the 0.45-1.0 range of relative pressure [29,30]. BET 
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specific surface area of the synthesized sample calculated from N2 isotherms at 77.5 K 

was 115.6 m
2
g

-1
. The pore diameter was around 7.4 nm determined by 

Barrett-Joyner-Halenda (BJH) method (inset in Fig. 4), which was attributed to the 

interparticle spaces, indicated the mesoporous structure of ZnFe2O4 nanoparticles.

The large specific surface area of ZnFe2O4 nanoparticles may come from small size of

sample, as observed from the TEM images [14]. Compared with precursor ZnO 

(11.54 m
2
g

-1
) [20], the higher specific surface area of ZnFe2O4 could provide more 

efficient active sites, which would enhance the gas sensing performances of ZnFe2O4 

-based sensors.
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Fig. 4. N2 adsorption and desorption isotherms of ZnFe2O4 nanoparticles. The inset is pore-size 

distribution.

3.1.4. Influence of reaction conditions

Based on a series of control experiments, the results show that the mole ratio of 

precursor ZnO and FeCl3, reaction temperature and time all played important roles in 

the composition and phase of samples.
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Fig. 5. XRD patterns and TEM images of the sample synthesized with different mole ratios of 

ZnO to FeCl3: (a) 1:0, (b) 6:1, (c):3:1, (d) 1:1. The yellow line is the standard pattern of ZnO 

(JCPDS 36-1451) and the purple line is standard pattern of ZnFe2O4 (JCPDS 22-1012).

The influence of mole ratio of ZnO to FeCl3 has been examined. XRD patterns and 

TEM images (Fig. 5) show that the products present different compositions and 

morphologies under different mole ratio of ZnO to FeCl3. When FeCl3 was absented 

in the reaction system, the obtained samples were shuttle-like ZnO (JCPDS 36-1451). 

With the mole ratio changed from 6:1 to 1:1, the products were a mixture of ZnO and 

ZnFe2O4. The content of ZnFe2O4 increased gradually with the decrease of mole ratio

of ZnO to FeCl3 from XRD patterns, while the shuttle-like morphology of precursor 

ZnO was destroyed. When the mole ratio was reduced to 1:2, the XRD pattern fitted 

well with ZnFe2O4 (JCPDS 22-1012) and no other impurity phases and the 

morphology was well-dispersed nanoparticles. So the most suitable reactant mole 

ratio of ZnO to FeCl3 is 1:2 for the synthesis of pure phase ZnFe2O4 nanoparticles.
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o
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h and (b) 24 h. The vertical line is the standard pattern of ZnFe2O4 (JCPDS 22-1012).

The influence of reaction time has been discussed. Fig. 6 shows the TEM images 

and XRD patterns of the samples prepared at certain reaction time at 180 
o
C. The 

morphology of the products was strongly influenced by reaction time while the phase

almost did not change. Fig. 6(a) clearly shows that, after reaction for 8 h, tiny 

nanoparticle appeared but agglomerated. By further elongating reaction time to 24 h, 

as shown in Fig. 6(b); the synthesized samples were uniformly dispersed 

nanoparticles which were similar as the morphology for 12 h in Fig. 3(a). So we 

selected 12 h as reaction time in our system. In short, reaction time has a small 

influence on the phase of the sample, but a great influence on morphology.
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The influence of reaction temperature has also been investigated. The XRD patterns 

and TEM images of the samples prepared at different reaction temperature are shown 

in Fig. 7. The main peaks of XRD patterns were all indexed to ZnFe2O4 (JCPDS 

22-1012). With the increase of temperature, diffraction intensity of the synthesized

samples was strengthened, while the morphology underwent to evolve from 

shuttle-like to well-dispersed nanoparticles. When the samples were prepared at 100

o
C, the edge of the shuttle-like morphology was corroded, and with increased 

temperature, the shuttle-like morphology was destroyed and dispersed gradually. 

Therefore, the high reaction temperature is beneficial to crystallization and dispersity

of as-synthesized samples. 

3.2 Gas-sensing properties

To understand the properties of the synthesized ZnFe2O4 nanoparticles in typical

condition, gas-sensing experiments are performed. 
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It is well known that the response of a semiconductor gas sensor is highly 
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influenced by its operating temperature. To determine the optimum working 

temperature, the responses of sensors based on ZnO and ZnFe2O4 to acetone were 

examined as a function of temperature, as shown in Fig. 8. The results presented that 

ZnO-based sensor had weak response to acetone and the response value reached 

maximum at 370 
o
C in the range from room temperature to 400 

o
C, while the sensor 

based on ZnFe2O4 showed good response to acetone, and it reached maximum

response value at optimum working temperature of 200 
o
C. So 200 

o
C was selected as 

optimum working temperatures for the further investigations of sensing performance 

of as-fabricated sensors.

In the range of test temperatures, the response value first increase with the 

increasing working temperature and then decrease with further increasing temperature.

At a low operating temperature, the gas molecules do not have enough thermal energy 

to react with surface adsorbed oxygen species O
2−

, so the reaction rate between target 

gas and O
2−

 is essentially low. The enhanced response with the increasing temperature 

can be attributed to two facts. On one hand, the thermal energy obtained is high 

enough to overcome activation energy barrier of surface reaction; on the other hand, 

the adsorbed oxygen species convert from O2 to O
−
 at elevated temperatures, and thus 

an increase in electron concentration results in the sensing reaction of a test gas and 

O
−

[39]. Moreover, the reduction in response after maximum is due to the difficulty in 

exothermic gas adsorption on the surface of electrode at higher temperatures. 

Therefore, to obtain a high response, an optimum working temperature should be 

considered.
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When ZnFe2O4 materials meet acetone, the possible reactions are summarized as

follows:
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Fig. 9. (a) Real-time response curves of sensors based on ZnO and ZnFe2O4 nanomaterials and (b) 

the actual sensor resistance values of ZnFe2O4 nanoparticles for different acetone concentrations at 

200 
o
C.

Fig. 9a shows real-time response curves of the sensors based on precursor ZnO and 

as-synthesized ZnFe2O4 nanomaterials upon exposure to different concentrations of 

acetone between 5 and 400 ppm at optimum working temperature of 200
o
C. It can be 

observed that the response value of both sensors increased with gas concentration. 

And it is worth noting that the response value of ZnFe2O4-based sensor to acetone was

higher than that of ZnO-based sensor. As confirmed by TEM observations, ZnFe2O4

had smaller size than ZnO, which was beneficial to the improvement of gas sensing 

property. Moreover, the gas sensing property also depended on surface area of oxide 

semiconductor. The BET surface of ZnFe2O4 (115.6 m
2
g

-1
) was higher than that of 

ZnO (11.54 m
2
g

-1
). A higher surface area can adsorb more molecules, provide

available surface reaction sites, thus results in a higher response [36,40]. Therefore, 

(1)

(2)

(3)
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as-prepared ZnFe2O4-based sensor has enhanced sensing performance to acetone 

comparing with precursor ZnO-based sensor. Moreover, Fig. 9b shows the actual 

resistance values of ZnFe2O4 nanoparticles for different acetone concentrations at 200 

o
C. The resistance values in air are not too high as compared with the reported works

[41,42].
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Fig. 10. Real-time response curves of ZnFe2O4 sensor to several common gases: (a) C2H5OH, (b) 

CH3OH, (c) CH3CHOHCH3, (d) CH3COOC2H5 and (e) HCHO with different gas concentrations. 

(f) Relationship curves of response and gas concentrations for different compounds.

Other common compounds, such as ethanol, methanol, isopropanol, ethyl acetate

and methanal were also used to evaluate the gas sensing performances of 

as-synthesized ZnFe2O4 nanopartilcles. Fig. 10(a-e) shows the curves of responses to 

different gases between 5 to 400 ppm at working temperature of 200 
o
C. It can be 
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observed that the response values increased with an increase of gas concentration for 

different gases, in spite of their own increasing trends. The correlation between the 

response and gas concentrations for different compounds is shown in Fig. 10(f). It 

was found that the sensor exhibited higher response to acetone than that of other 

compounds at the same condition. The results reflected that ZnFe2O4-based sensors

had good selectivity for acetone in the concentration range from 20 to 200 ppm. The 

response value of ZnFe2O4-based sensor was 39.5 for 200 ppm acetone gas at 200 
o
C, 

which was higher than the previous reports [18] [35-38]. 

4. Conclusions

In summary, ZnFe2O4 nanoparticles with diameter of ca. 10 nm have been 

successfully prepared through a facile, effective and scalable hydrothermal method. 

The magnetization saturation value was relatively as high as 59.0 emu g
-1

. Based on

BET result, the specific surface area of nanoparticles was evaluated to be 115.6 m
2
g

-1
. 

The reaction conditions, such as the reactant mole ratio, reaction temperature and time 

played key roles on the phase and morphology of as-prepared products. This synthetic 

method can be extended to prepare different multifunctional nanomaterials. The gas 

sensing experiment presented that the synthesized ZnFe2O4 nanoparticles showed

enhanced gas sensing property for acetone than precursor ZnO. ZnFe2O4-based sensor

also showed remarkable selectivity to acetone at relative low working temperature via 

comparing sensing property to ethanol, methanol, acetone, isopropanol, ethyl acetate

and methanal. The results suggested that the synthesized ZnFe2O4 nanoparticles could 
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be a potential candidate material for detection of acetone gas.
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