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Abstract In this paper, we synthetized a hybrid com-

posite of zinc oxide (ZnO) nanocrystalline-decorated re-

duced graphene oxide (rGO) via a facile hydrothermal

process, and fabricated a methane gas sensor by using the

ZnO–rGO hybrid composite as sensing film coated on a

ceramic tube with Ni–Cr heater. The presence of nanorod-

shaped ZnO nanocrystalline and rGO nanosheets was

characterized by scanning electron microscopy, X-ray

diffraction, transmission electron microscopy and X-ray

photoelectron spectroscopy, UV–Vis diffuse reflectance

and photoluminescence spectra measurement. The sensing

properties of the ZnO–rGO film sensor were investigated

by exposing to various concentration of methane gas at

different temperature. It was found that the presented

sensor exhibited unique advantages in methane gas sensing

with concentration spanning from 100 to 4000 ppm, such

as outstanding repeatability, fast response-recovery time as

well as good selectivity, at an optimal operating tem-

perature of 190 �C. The gas response of the ZnO–rGO

hybrid composite was superior to that of the pure ZnO and

rGO counterpart in methane gas sensing. The possible and

proposed sensing mechanism for the sensor is mainly at-

tributed to its nano-hybrid structure and special interactions

at p–n heterojunction. This observed results highlight the

ZnO–rGO hybrid composite as a candidate material for

constructing methane gas sensors.

1 Introduction

Methane is a kind of colorless but dangerous and flam-

mable gases in nature. The measurement of methane gas is

increasingly essential for domestic and industrial applica-

tions, such as coal mines, petroleum industries, natural

sources and indoor environment [1–4]. Especially, methane

gas can react with other pollutants in the air to produce

dangerous explosives. The explosion limit of methane is

*5 %. Therefore, portable, reliable, low-cost and trace

level detection of methane gas is greatly required. Gas

chromatography has been widely used for decades in

laboratory can achieve off-line monitoring but it cannot

work on-line [5, 6]. Currently, on-line monitoring tech-

niques including photoacoustic spectrometry [7], infrared

spectrometry [8], thermoelectric [9, 10], optical fibre [11,

12] and quartz crystal microbalance (QCM) [13, 14], have

been devoted for detecting methane gas. However, these

methods take time and require large instruments that are

costly and not portable.

Various metal-oxide semiconductors (MOS), such as

PdO [15], SnO2 [16], Ni2O3 [17], ZnO [18], are widely

used as gas sensors. Mehrabadi [19] prepared Cu doped

cobalt oxide nanocrystals by sol–gel technique, while its

methane gas-sensing measurement revealed that the opti-

mal operating temperature is 300 �C. Wagner et al. [20]

reported a Pd-doped SnO2 film methane sensor working at

oxidation state of Pd species under high temperature of

600 �C. Among MOS groups, Zinc oxide (ZnO), with band

gap energy of 3.37 eV, is one of the most promising ma-

terial in gas sensing applications due to its high conductive
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electron mobility and good adsorption characteristics [21–

25]. However, drawbacks like low sensitivity, poor selec-

tivity and high working temperature are still great chal-

lenges associated with these sensors [26]. In order to

overcome the shortcomings and to enhance sensing char-

acteristics, the modification of ZnO by other atoms has

attracted considerable interest [27–29]. Noteablely, gra-

phene or reduced graphene oxide (rGO) is an amazing

wonder material with unique electrical chemical and ther-

mal properties that have never been observed in conven-

tional materials [30–32]. Particularly, the extremely high

carrier mobility of graphene nanosheets at room tem-

perature indicates that graphene is a promising candidate

for gas detection at room temperature. Therefore, the

doping of ZnO by graphene may be an alternative route to

construct high-performance gas sensors due to graphene

can play a vital role in enhancing the free electrons transfer

and sensing properties [33].

In this paper, we synthetized a hybrid composite of

ZnO–rGO via a facile hydrothermal route, and fabricated a

methane gas sensor by using the ZnO–rGO hybrid com-

posite as sensing material coated on a ceramic tube with

Ni–Cr heater. The microstructure of ZnO–rGO sample was

characterized by using SEM, XRD, TEM and XPS, DRS

and PL measurement. The gas sensing properties of the

ZnO–rGO film sensor, such as optimal operating tem-

perature, repeatability, selectivity and response-recovery

characteristic, were investigated upon exposure of various

concentration of methane gas. Finally, the possible sensing

mechanism for the sensor was discussed in detail.

2 Experiment

2.1 Materials

Graphite powder (99.8 %), sodium nitrate (NaNO3), sodi-

um hydroxide (NaOH), sulfuric acid (H2SO4) and potas-

sium permanganate (KMnO4) were supplied by Aladdin

Industrial Corp. (Shanghai, China). Zinc nitrate hexahy-

drate Zn(NO3)2�6H2O was purchased from Sinopharm

Chemical Reagent Co. Ltd. All reagents were analytical

grade and used as received without further purification.

2.2 Fabrication

Graphene oxide (GO) was synthetized by oxidizing gra-

phite powder based on a modified Hummers’ method. In a

typical procedure, 60 mL of concentrated H2SO4 was

added to a mixture of 1 g of graphite powder and 0.8 g of

NaNO3 under gentle stirring in an ice bath for overnight.

After this, 3.0 g of KMnO4 was added gradually into the

solution with the temperature of 20 �C. The mixture was

continuously stirred for another 24 h. Subsequently, the

resulting solution was added to 250 mL of deionized (DI)

water and heated at 90 �C until it turned golden yellow. At

last, the obtained solution was filtered and washed with DI

water for several times to remove metal ions and the acid.

The as-obtained graphene oxide was re-dispersed in water

by ultrasonication for 2 h and then frozen-dried to store for

further use.

The sensing film of ZnO–rGO hybrid was prepared by

using a facile and low-cost method of hydrothermal treat-

ment of Zn(NO3)2 solution in the presence of rGO. Fig-

ure 1 shows the preparation of ZnO–rGO hybrid via

hydrothermal treatment. In the typical process, 416 mg of

Zn(NO3)2�6H2O was firstly dissolved into 30 mL of DI

water with stirring for 1 h. Then, 2 mL of GO suspension

(0.5 mg/mL) and 4 mL of NaOH solution (160 mg/mL)

were added into the resulting solution with stirring for

30 min. Followed by transferring the obtained solution into

a 50 mL Teflon-lined, stainless-steel autoclave and then

heated for 12 h at 180 �C. GO was converted into con-

ductive rGO under hydrothermal reduction. Afterward,

when the autoclave cooled down to room temperature, the

final product of ZnO–rGO suspension was washed with DI

water for several times to remove excess chloride ions, and

subsequent was ultrasonicated for 1 h and centrifugated at

2000 r/min for 15 min.

The gas sensor was fabricated through coating a ceramic

tube with the ZnO–rGO dispersion to form a thin film, and

Fig. 1 Preparation of ZnO–rGO suspension via hydrothermal

treatment
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then was dried in air at 80 �C for 6 h. The structure of the

as-fabricated sensor and a theoretical diagram of the test

circuit are shown in Fig. 2. The sensor outline dimension is

inner diameter 0.6 mm 9 length 4 mm. A pair of gold

electrodes installed at each end of the ceramic tube was

used as signal electrodes. A Ni–Cr heating coil threaded

the ceramic tube was used as a heating resistor.

2.3 Instrument and analysis

The surface microscopes of ZnO, rGO, ZnO–rGO

nanocomposite were measured with field emission scanning

electron microscopy (FESEM, Hitachi S-4800). The XRD

spectrum for GO, rGO, ZnO nanocrystalline and ZnO–rGO

hybrid composite were characterized with X-ray diffrac-

tometer (Rigaku D/Max 2500PC, Japan). Transmission

electron microscopy (TEM) measurement was performed on

a FEI Tecnai G2 F20 electron microscopy with an acceler-

ating voltage of 200 kV. X-ray photoelectron spectroscopy

(XPS) analysis was measured on a Thermo Scientific

K-Alpha XPS spectrometer to confirm the atomic compo-

sition of elements in the ZnO–rGO sample. The optical

properties of the samples were characterized by a UV-2600

ultraviolet/visible diffuse reflectance spectrophotometer

(DRS). The photoluminescence spectra (PL) were measured

with a Hitachi F-2500 fluorescence spectrophotometer.

A schematic diagram of the experimental setup for ex-

posure of methane gas is shown in Fig. 2. The methane gas

sensing properties were investigated by exposing the ZnO–

rGO film sensor to various concentrations of methane gas,

which was achieved by injecting a desired quantity of

methane gas into a sealed chamber by using a syringe. The

electrical resistance of presented film sensor was measured

in DC mode using a data logging/switch unit (Agilent

34970A), which was connected to a PC through RS-232

interface. The operating temperature was controlled by

applying a voltage to the heating coil through a power

source (Gwinstek GPD-4303S). The response of the gas

sensor as a function of methane gas was achieved by ex-

posing the gas sensor to different concentrations of

methane gas. The figure of merit used for the evaluation of

sensor performance was the sensitivity (S), determined by

S = DR/Ra = (Ra - Rg)/Ra 9 100 %, where Ra and Rg

were the electrical resistance of the sensor in the given

methane concentration and air without methane,

respectively.

3 Results and discussion

3.1 Sample characterization

The SEM and XRD characterization results are shown in

Fig. 3. Figure 3a shows the as-prepared ZnO was nanorod-

shaped crystal. Figure 3b indicates that the rGO has

wrinkles which overlap at the edges, and also exhibits

randomly aggregated rGO sheets. Figure 3c shows the

ZnO–rGO film is constructed by ZnO nanorods and rGO

Fig. 2 Schematic of

experimental setup used for

methane gas sensing
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sheets wrapped closely together. The XRD measurement is

performed by using Cu Ka (k = 1.5418 Å) radiation with

a 2h scanning range of 10–80�. Figure 3d plots the XRD

spectrum for GO, rGO, ZnO nanocrystalline and ZnO–rGO

hybrid composite film. A peak at 2h angle of 10.78� for GO

and a peak at 2h angle of 24.73� for rGO were obviously

observed. The interlayer distances of 8.27 Å (2h = 10.78�)
for GO and 3.60 Å (2h = 24.73�) for rGO were deter-

mined according to the well-known Bragg formula. The

rGO was shrunk from the initial GO due to many oxygen-

containing groups on GO sheets were dislodged through

thermal reduction, and further confirmed the successful

preparation of rGO through hydrothermal treatment. XRD

of the ZnO showed polycrystalline structure with major

peaks in the planes (1 0 0), (0 0 2) and (1 0 1). It is

observed that the peak related to rGO is not obvious in the

XRD spectrum of ZnO–rGO at 2h around 24.73�, probably

due to the weak peak of rGO is swamped by the presence

of the strong peak of the ZnO nanocrystalline.

The as-prepared ZnO–rGO sample was further investi-

gated by using TEM and XPS measurement. The TEM

image of ZnO–rGO sample shown in Fig. 4a exhibits ZnO

nanorods are distributed on the surface of rGO sheets. The

size of ZnO nanorods is observed with 1 lm in diameter

and 5 lm in length. The absence of ZnO nanorods reveals

that hydrothermal treatment of GO and Zinc nitrate solu-

tion is an effective method for the preparation of ZnO–rGO

nanocomposites. Figure 4b shows the highly resolution

TEM (HRTEM) image of the ZnO polycrystallines. The

measured spacing between adjacent lattice fringes are

0.31 nm, corresponding to the (1 0 0) plane of the ZnO

polycrystalline. Figure 4c shows the XPS spectrum of

ZnO–rGO sample. The XPS result exhibits that several

peaks at 11, 90, 140, 285, 531, 1022 and 1046 eV associ-

ated with Zn3d, Zn3p, Zn3s, C1s, O1s, Zn2p3 and Zn2p1

bands, respectively, indicating the presence of Zn, C and O

elements in the samples. Figure 4d shows the C1s spectrum

of ZnO–rGO sample. It is visible that the sample exhibits

three peaks at 284.58, 288.78 and 285.58 eV, associated

with C–C, C=O and C–O, respectively. Compared with the

peak intensity of C=O and C–O in GO reported in Refs.

[34, 35], the peak intensity of C=O and C–O in ZnO–rGO

sample is much lower and the C–C bond becomes domi-

nant, suggesting the majority oxygen-containing groups are

successfully removed after hydrothermal treatment.

The UV–Vis diffuse reflectance spectra (DRS) were

measured to characterize the optical properties of ZnO and

ZnO–rGO samples. The DRS results are shown in Fig. 4e.

It is visible that pure ZnO absorb ultraviolet light while the

ZnO–rGO sample exhibits an enhanced absorption over

pure ZnO in the visible light region. This phenomenon was

also observed from TiO2–rGO nanocomposite reported in

Ref. [36]. The change of electron transfer between ZnO

and rGO was investigated by photoluminescence (PL)

measurements. Figure 4f shows the PL spectra of ZnO and

ZnO–rGO samples. Pure ZnO displays a broad PL emission

Fig. 3 SEM characterization of

a ZnO, b rGO, c ZnO–rGO

sample, and d XRD spectrum

for GO, rGO, ZnO and ZnO–

rGO samples
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peak at 604 nm, while ZnO–rGO exhibits a major decrease

in the PL intensity compared to pure ZnO. The weaker

intensity of the peak represents the lower recombination

probability of free charges, indicating that coupling with

rGO can effectively mitigate the recombination of photo-

generated electron–hole pairs of ZnO [37].

3.2 Methane gas sensing properties

The optimal operating temperature of ZnO–rGO film sen-

sor for determining methane gas was investigated by per-

forming the gas sensing experiments at different

temperatures. Figure 5 shows the sensitivity and resistance

responses of the ZnO–rGO film sensor upon exposure of

1000 ppm methane gas at operating temperature ranging

from 100 to 260 �C. The sensor sensitivity was increased

rapidly and reached a maximum value at 190 �C, and then

decreased with further increasing of the operating tem-

perature. The maximum sensitivity of the ZnO–rGO film

sensor to 1000 ppm methane gas is about 12.1 % at the

Fig. 4 a TEM image of ZnO–

rGO sample, b high resolution

TEM image of ZnO

polycrystalline, c XPS spectrum

of ZnO–rGO sample, d C1s

spectrum of ZnO–rGO sample,

e DRS of ZnO and ZnO–rGO

samples, f PL spectra of ZnO

and ZnO–rGO samples

Fig. 5 The sensitivity and resistance response of ZnO–rGO film

sensor to 1000 ppm methane gas at different operating temperature
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operating temperature of 190 �C. Therefore, we choose

190 �C as the operating temperature to perform the sub-

sequent investigation for methane gas sensing. The resis-

tance–temperature behavior shown in Fig. 5 indicates the

resistance values of the ZnO–rGO film sensor decreases

with increasing operating temperature from 100 to 260 �C
due to the intrinsic characteristics of the semiconductor.

The resistance value of as-prepared ZnO–rGO film sensor

was about 6 MX at the temperature of 190 �C.

Figure 6 demonstrates the typical time-dependent re-

sponse and recovery curves of the ZnO–rGO film sensor.

Several methane pulses for the sensor from air to various

concentrations were investigated. The time taken by the

sensor to achieve 90 % of the total resistance change was

defined as the response or recovery time. Response time

and recovery time of less than 30 and 40 s were observed,

respectively.

Figure 7 shows the repeatability of ZnO–rGO film

sensor performed for three different concentrations of

methane gas at operating temperature of 190 �C. The re-

peatability characteristics were measured for four expo-

sure/recovery cycles under 500, 1500 and 4000 ppm

methane gas, respectively. The exposure and recovery time

for the sensor is *200 s. It is visible that the ZnO–rGO

film sensor exhibited a clear response-recovery behavior

and acceptable repeatability towards methane gas.

Figure 8 plots the sensor sensitivity as a function of

methane gas concentration for ZnO–rGO, ZnO and rGO

film at 190 �C. The sensitivities of these sensors were in-

vestigated toward methane gas in a wide range of

100–4000 ppm. The gas response of the ZnO–rGO hybrid

composite was superior to that of the pure ZnO and rGO

counterpart in methane gas sensing. It is visible that the

pure rGO film is basically no response upon exposure of

methane gas. The ZnO–rGO film sensor exhibits a higher

sensitivity than that of pure ZnO sensor, and the fitting

equation for the sensor sensitivity Y and gas concentration

(ppm) X can be depicted as Y = 19.52 - 14.81e-(X/1500)

and Y = 18.35 - 13.34e-(X/1943) for ZnO–rGO and pure

ZnO film sensor, respectively, and the linear regression

coefficient, R2, is 0.9878 and 0.9779, respectively.

Figure 9 shows the real-time resistance measurement of

the ZnO–rGO film sensor exposed to cumulative concen-

trations of methane at 190 �C. The cumulative concentra-

tions of methane were performed in a wide range from 0

(dry air) to 4000 ppm, and the exposure time under each

concentration was selected 200 s. The resistance response

decreased with the cumulative concentration of methane

gas. The abrupt resistance change for the sensor switching

from one concentration to another indicating a fast re-

sponse time.

As well known, selectivity to target gas is always one of

the key factors to gas sensors. The selectivity of ZnO–rGO

film was investigated by exposing it to 1000 ppm of var-

ious gas species at 190 �C, including C6H5CH2OH, H2,

NH3, CH4, CO2, C3H8O, CH3COOH, and the measured

result is shown in Fig. 10. Under the same conditions, the

Fig. 6 Typical response and recovery curves of the ZnO–rGO film

sensor upon exposure of methane gas with various concentrations at

190 �C

Fig. 7 Repeatability of ZnO–rGO film sensor exposed to 500, 1500

and 4000 ppm of methane gas at 190 �C

Fig. 8 The sensor sensitivity as a function of methane gas concen-

tration for ZnO–rGO, ZnO and rGO film at 190 �C
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ZnO–rGO film sensor exhibits much higher sensitivity to

methane gas than those of other tested vapors, indicating a

high selectivity toward methane detection. Table 1 presents

the performance of the proposed methane gas sensor in

comparison with previous works [38–42]. The response,

measuring concentration and operating temperature for the

prepared sensor are comparable to those of the sensor made

from metal oxide counterparts by using sol–gel, colloid

mixing, MEMS, and layer-by-layer self-assembly tech-

niques. The one-step facile hydrothermal prepared ZnO–

rGO sample exhibited higher sensitivity at relative low

temperature.

3.3 Methane-sensing mechanism

The above sensing experimental results demonstrated that

ZnO–rGO film is very sensitive to methane gas absorption,

highlighting the ZnO–rGO hybrid composite is an excel-

lent candidate material for constructing methane gas sen-

sors. The enhanced sensing performance of the ZnO–rGO

hybrid composite possibly attributed to three factors.

Firstly, the incorporation of rGO nanosheets has a sig-

nificant effect on preventing the aggregation of ZnO

polycrystals, leading to a formation of hybrid nanostructure

with much higher surface area and more active sites, which

greatly facilitates the adsorption and diffusion of methane

gas molecules. Furthermore, rGO has amazing electrical

properties such as high carrier mobility and low 1/f noise,

which can result in electrons quickly transfer to the surface

of the sensing film. Thus, the decoration of rGO in the

ZnO–rGO hybrid provided a highly conductive carbon film

serving as an anchor for the ZnO nanoparticles.

Secondly, the gas-sensing mechanism associated to the

adsorbed oxygen species on the ZnO surface is supposed

to be another contribution. Chemisorbed oxygen mole-

cules in the atmosphere are ionized to oxygen ions

through capturing free electrons from the surface of ZnO.

As reported in Refs. [18, 26], one adsorbed oxygen

molecule attracts one electron from the conduction band

of ZnO to form O2
-, which takes place at room tem-

perature and O2
- persists up to 150 �C. As the operating

temperature of the sample is above 150 �C, the as-formed

O2
- further takes up another electron from the conduction

band of ZnO, resulting in the formation of O-. The re-

action mechanism can be briefed as:

O2 gasð Þ ! O2 adsð Þ ð1Þ
O2 adsð Þ þ e� ! O�

2 adsð Þ ð2Þ
O�

2 adsð Þ þ e� ! 2O� adsð Þ ð3Þ

The mechanism for oxygen absorption and methane gas

sensing on the ZnO–rGO film is shown in Fig. 11a. Such

reactions lead to the sensor in a high resistance state in air.

When the sensor is exposed to the methane gas, the gas

molecules react with the oxygen ions on the surfaces of

sensing film, and the reactions are as follows [43–45]:

O�
2 adsð Þ þ CH4 ! CO2 þ H2O þ 2e� ð4Þ

O� adsð Þ þ CH4 ! CO2 þ H2O þ e� ð5Þ

Such reactions leads to a decrease of oxygen ions con-

centration and retrieve the trapped electrons back to the

conduction band of the ZnO, resulting in a decrease in the

sensor resistance when exposed to the target gases [46].

Thirdly, the contribution of the heterojunction at the

interface of rGO and ZnO probably plays a crucial role

toward gas sensing [47, 48]. P–n heterojunctions can be

created at the interface between n-type ZnO and p-type

rGO sheets. The space charge region (the depletion layer)

is created by the oxygen ions on the ZnO surface. The

schematic energy diagram of the heterojunction between

ZnO and rGO is shown in Fig. 11b. The differences in the

bandgap and Fermi level between the rGO and the ZnO are

modified through band bending in the depletion layer when

adsorbing or desorbing methane molecules. The adsorbed

Fig. 9 Resistance measurement of the ZnO–rGO film sensor under

switching concentration of methane gas at 190 �C

Fig. 10 The selectivity of the ZnO–rGO film sensor towards

100 ppm of various gases at 190 �C
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gas molecules at the p–n heterojunction lead to a reduction

of oxygen ions concentration and a decrease of the deple-

tion layer, and subsequently result in a fall of sensor

resistance.

4 Conclusions

In summary, we synthetized a hybrid composite of ZnO–

rGO via a facile hydrothermal route, and fabricated a

methane gas sensor by using the ZnO–rGO nanocomposite

as sensing film coated on a ceramic tube with Ni–Cr heater.

SEM, XRD, TEM, XPS, DRS and PL measurement was

used to characterize the ZnO–rGO samples. The gas

sensing properties of the ZnO–rGO film sensor were in-

vestigated upon exposure of various concentration of

methane gas. As a result, the sensor exhibited excellent

sensing properties such as outstanding repeatability, fast

response-recovery time as well as good selectivity at an

optimal operating temperature of 190 �C. The possible and

proposed sensing mechanism for the sensor is mainly due

to its nano-hybrid structure and special interactions at p–n

heterojunction. This observed results highlight the ZnO–

rGO hybrid as a candidate material for constructing

methane gas sensors.
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