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Abstract This paper demonstrated a high-performance

hydrogen gas sensor based on CuO–reduced graphene

oxide (rGO)–CuO sandwiched nanostructure. The CuO–

rGO–CuO nanostructure was examined by scanning elec-

tron microscopy, X-ray diffraction and transmission elec-

tron microscope. The gas sensing characteristics of the

CuO–rGO–CuO film sensor were evaluated at room tem-

perature against hydrogen over a wide concentration range,

which are better than that of pristine CuO and rGO. High

sensitivity, good repeatability, and response–recovery

characteristics were achieved in this work. Furthermore,

the possible sensing mechanism of the presented sensor

was explored.

1 Introduction

Hydrogen gas has been widely used as a clean fuel in many

fields. Since hydrogen is highly inflammable, colorless and

odorless, its leakage can lead to potential explosion risks at

concentrations beyond 4 vol. % in ambient air [1]. There-

fore, portable, reliable, high-precision and low-cost

hydrogen sensors are highly desired. Many researchers

have made a lot of efforts to develop high-performance

hydrogen sensors [2–10]. Currently, gas chromatography in

the laboratory can achieve off-line monitoring but hard to

realize on-line monitoring [11, 12]. On-line real-time

monitoring methods such as photo acoustic spectrometry

[13] and infrared spectrometry [14, 15], were limited

because the acquired weak signals are easy to be influ-

enced. Recently, gas sensors based on metal oxide semi-

conductor are reported for gas detection on account of their

unique advantages including smaller size, lower power

consumption, high sensitivity, relative selectivity, repro-

ducibility, reliability, and simplicity of use [16–20]. Zhang

et al. [21] fabricated platinum-activated tungsten oxide

(Pt–WO3) films for highly sensitive hydrogen sensors, and

the sensing properties were tested against 30–200 ppm

H2 in air at temperatures varied from 95 to 220 �C. Sanhita

et al. [22] reported a carbon nanotube/SnO2 thin film-based

hydrogen sensor working at an optimum temperature of

200 �C. Kanika et al. [23] found that graphene/ZnO

nanocomposite showed an outstanding behavior in hydro-

gen detection, while the operating temperature reaches to

150 �C. However, some sensors exhibited a prolonged

response and recovery in hydrogen sensing and some

exhibited a narrow scope of testing and low sensitivity.

Copper oxide (CuO) is a semiconductor with a band gap

of about 1.2–1.9 eV, and it has been reported to be suit-

able for catalysis [24], electrochemical cells [25], field

emission device [26], and gas sensor application [27]. It

has been found that nanoparticles, nanoribbons, plates, and

nanowires of CuO are sensitive to formaldehyde, ethanol

and H2S [28–30]. Graphene has attracted the attention of

sensor community owing to its unique nanostructure,

excellent physical and chemical properties [31, 32].

Among graphene derivatives, graphene oxide (GO) and

reduced graphene oxide (rGO) have triggered considerable

attention due to their facile preparation and novel appli-

cations [33, 34]. In this work, we demonstrated a CuO–

rGO–CuO sandwiched film-based hydrogen sensor. The as-

prepared film was inspected by SEM, XRD and TEM

measurement. The presented sensor achieved high-
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performance properties toward hydrogen sensing. And

finally, the underlying sensing mechanism of the sensor

was discussed in detail.

2 Experiment

2.1 Sample preparation

CuO nanorods were synthesized by a facile hydrothermal

method. 0.17 g CuCl2�2H2O and 0.11 g Na2CO3 were

dissolved in 40 mL deionized water and been stirred for

1 h. And then, the resulting solution was thermally treated

at 180 �C for 18 h. The CuO solution was collected by the

process of centrifugation, water washing and ultrasonica-

tion. CuO was produced in terms of the reaction described

by 2CuCl2 ? 2Na2CO3 ? H2O ? 2CuO ? 2CO2 ? 4NaCl.

During the fabrication of sensing film, the alternative

deposition of CuO and GO was performed in solution.

Figure 1 shows the structure of the sensor with electrodes

and sensing film deposited on substrate. In this work, two

sensors with structures of three-layer CuO–GO–CuO, five

layer (CuO–GO)2–CuO were fabricated, another two sen-

sors coated with pure GO and CuO film were fabricated by

drop-casting suspension on the substrate. The sensor sam-

ples were heated at 180 �C for 3 h in order to convert GO

into rGO through removing the oxygen-containing groups.

The four samples were employed to investigate their

sensing properties and make comparisons.

2.2 Instrument and analysis

The surface micromorphology of the CuO–rGO–CuO film

was inspected with a field emission scanning electron

microscopy (Hitachi S-4800). X-ray diffraction (XRD)

spectrum was measured by an X-ray diffractometer (Ri-

gaku D/Max 2500PC). The nanostructure of the as-pre-

pared samples was observed by a transmission electron

microscope (TEM; JEOL JEM-2100, Japan).

The schematic of the experimental setup for hydrogen gas-

sensing is shown in Fig. 2. The measurement was performed

at room temperature and relative humidity of 55 % RH. The

sensing properties were investigated by exposing the sensor

to various concentrations of hydrogen gas. The desired gas

concentration was obtained by injecting a required quantity of

hydrogen into a sealed glass chamber using a syringe. The

sensitivity of the sensor was defined as S = (R0-Rg)/

R0 9 100 %, where R0 and Rg were the sensor resistance in

dry air and hydrogen gas, respectively. The time taken by a

sensor to achieve 90 % of the total resistance change is

defined as the response or recovery time and each exposure/

recovery cycle was carried out by an exposure interval of

200 s, followed by a recovery interval of 200 s at dry air.

3 Results and discussion

3.1 SEM and XRD characterization

The SEM images of CuO, rGO and CuO/rGO samples are

shown in Fig. 3. Figure 3a clearly shows the CuO has a

Fig. 1 Structure illustration of hydrogen sensor Fig. 2 Schematic of hydrogen sensing experimental setup
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nanorod shape. Figure 3b shows that rGO has pleated

shape. Figure 3c shows CuO and rGO has good contact in

the CuO/rGO hybrid and form porous nanostructure.

Figure 4 plots the XRD spectrum for CuO, rGO and

CuO/rGO samples. XRD of the CuO shows the major

peaks attributed to the (002) and (111) planes of CuO

polycrystallines. The spectrum of rGO exhibits a wide

diffraction peak at 24.73� [34]. The featured peaks attrib-

uted to the CuO and rGO are both present in the XRD

pattern for CuO/rGO samples.

In order to confirm the crystallinity of CuO on the rGO

surface, TEM and HRTEM images were shown in Fig. 5.

Figure 5a, b illustrate the TEM images of CuO/rGO sam-

ple, in which the nanorod-shape CuO and nanosheet-shape

rGO can be clearly observed. Figure 5c shows the high

resolution TEM image of rGO fringes with a spacing dis-

tance of 0.34 nm, attributing to the (002) plane of rGO.

Figure 5d shows the fringes spacing of 0.22 nm, corre-

sponding to the (200) plane of the CuO.

3.2 Hydrogen-sensing properties

The hydrogen-sensing properties of the four sensors with

CuO–rGO–CuO, (CuO–rGO)2–CuO, pure rGO and CuO as

sensing film were investigated. The measurement was

performed by exposing the sensors to various hydrogen

concentrations ranging from 50 to 1500 ppm. Figure 6

plots the sensor sensitivity as a function of hydrogen gas

concentration for the four sensors. Here, S1, S2, S3 and S4

are labeled to represent the four sensors based on CuO–

rGO–CuO, (CuO–rGO)2–CuO, rGO and CuO, respec-

tively. The fitting curves for the sensitivity Y and gas

concentrations X can be represented as Y =

4.14-3.35e(-X/1477), Y = 12.24-10.77e(-X/558), Y =

11.34-9.91e(-X/1174) and Y = 7.29-6.40e(-X/578) for S1,

S2, S3, and S4, respectively, and the linear regression

coefficient, R2, is 0.90319, 0.95333, 0.99181, 0.96786,

respectively. From the experimental results shown in

Fig. 6, we found that the sensor S1 based on CuO–rGO–

CuO film achieved the highest sensitivity among the four

samples, and hence the sensor S1 was selected to perform

the subsequent investigation for hydrogen sensing.

Fig. 3 SEM characterization of a CuO, b rGO, c CuO/rGO samples Fig. 4 XRD spectrum of CuO, rGO, CuO/rGO samples
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Figure 7 shows the repeatability of the CuO–rGO–CuO

film sensor, which was measured for four exposure/re-

covery cycles repeatedly upon exposure to 50, 500 and

1500 ppm of hydrogen. The sensor exhibited a good

response–recovery behavior and acceptable repeatability

for hydrogen sensing. Figure 8 demonstrates the time-de-

pendent response and recovery curves of the sensor toward

hydrogen pulse from 0 to 10, 50, 100, 500, 1000 and

1500 ppm. Response time and recovery time of less than

80 and 60 s are observed.

3.3 Hydrogen-sensing mechanism

The as-prepared CuO–rGO–CuO hybrid film sensor

exhibited an excellent response and short response/recov-

ery characteristics toward hydrogen detection at room

temperature, which may be attributed to the synergistic

effects between CuO and graphene. CuO is a typical p-type

semiconductor with excellent physiochemical properties,

and serve as surface catalytically active centers toward gas

Fig. 5 TEM images of a and

b CuO/rGO sample, HRTEM

images of c rGO fringe and

d CuO/rGO sample

Fig. 6 The sensor sensitivity as a function of hydrogen gas concen-

tration for four sensors

Fig. 7 Repeatability of the CuO–rGO–CuO film sensor toward 50,

500 and 1500 ppm hydrogen gas

Fig. 8 Response–recovery curves of the CuO–rGO–CuO film sensor

toward hydrogen gas with various concentrations

2766 J Mater Sci: Mater Electron (2017) 28:2763–2768

123



molecules. Graphene acts as a conducting layer for electron

transfer with low noise and high mobility. CuO nanorods

can efficiently prevent the aggregation of rGO nanosheets,

and generate much more active sites and form

porous structure as shown in SEM images of Fig. 3c, all of

which facilitate adsorption and diffusion of hydrogen gas

molecules, resulting in improving the sensing characteris-

tics in terms of high response/recovery speeds. A hole

accumulation layer will be formed at the heterojunction

interface of CuO–rGO–CuO nanostructure. The electrical

conductance of the CuO–rGO–CuO film is determined by

the amount of holes in its conduction band. The pre-ad-

sorbed oxygen on the CuO surface will be ionized to O2
-

through trapping electron from the conduction band of

CuO, as depicted in Eqs. (1)–(2) [35, 36]. When the sensor

is exposed to hydrogen molecules, the adsorbed hydrogen

interacts with the oxygen species and products water

molecules and free electrons according to Eqs. (3)–(4)

[37, 38]. The illustration of sensing mechanism of the

CuO–rGO–CuO film is shown in Fig. 9. Hydrogen adsor-

bed at the sensing film led to electronic sensitization by

modulating the accumulation layers by donation of elec-

tron. Hence, the electron–hole recombination in the hole

accumulation layer results in the change of sensor

resistance.

O2 gasð Þ ! O2 adsð Þ ð1Þ
O2 gasð Þ þ e� ! O2� adsð Þ ð2Þ
H2 gasð Þ ! H2 adsð Þ ð3Þ
2H2 adsð Þ þ O2� adsð Þ ! 2H2O þ e� ð4Þ

The sensitivity of CuO–rGO–CuO film against hydrogen

sensing is higher than that of pure CuO, rGO and (CuO–

rGO)2–CuO samples in this work. This is because the

conductivity of CuO is much lower, and the ability of rGO

in capturing hydrogen molecule is weaker than the CuO–

rGO–CuO hybrid film. The thickness of (CuO–rGO)2–CuO

film is much larger than that of CuO–rGO–CuO, the

obtained electrons may be disappered into oblivion during

the process of multi-layer transfer, and thus result in a

weaker performance than CuO–rGO–CuO film.

4 Conclusions

In summary, we prepared a sandwiched CuO–rGO–CuO

film for fabricating hydrogen gas sensor. The sensing film

was characterized by SEM and XRD. The sensing prop-

erties of the film sensor toward hydrogen gas was inves-

tigated at room temperature, exhibiting a swift response-

recovery characteristic and outstanding stability upon

exposure to different concentration of hydrogen. Finally,

the possible mechanism for hydrogen sensing was dis-

cussed. This work provides an alternative way for the

fabrication of hydrogen sensor based on CuO–rGO–CuO

film.
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