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NO, gas sensor has been constructed using reduced graphene oxide-ZnO nanoparticles (ZnO-rGO) hybrids
as sensing materials. Most importantly, the sensor exhibits higher sensitivity, shorter response time and
recovery time than those of the sensor based on rGO, indicating that the sensing performances for NO,
sensing operating at room temperature have been enhanced by introduction of ZnO nanoparticles into

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, a rapidly rising star on the horizon of materials
science, has fascinated the scientific community in recent years
due to its remarkable electronic conductivity, superior mechan-
ical properties, large surface area, and high thermal stability
[1-3]. Particularly, the extremely high carrier mobility of graphene
nanosheets at room temperature indicates that graphene is a
promising candidate for gas sensing operating at room tempera-
ture [4]. Additionally, graphene also exhibits detectable change in
its electrical resistance after adsorption of guest gases, which fur-
ther ensures graphene as good candidate for gas sensing [5]. Up to
now, graphene-based materials obtained by various methods have
been used for detection of gases at low operating temperature, such
as, reduced graphene oxide (rGO) obtained by chemical reduction
of GO [6,7] and thermal reduction of GO [8,9], graphene prepared by
chemical vapor deposition (CVD) [10,11], etc. Particularly, rGO has
been attracted much interest due to its great advantages of low cost
and bulk quantity production [12]. However, the gas sensors based
on pure rGO suffer from some disadvantages, such as low sensi-
tivity, long response and recovery times, which limit their further
applications.

Recent research has shown that the electrical properties of rGO
can be tuned by doping with other atoms, modification by guest
molecules via noncovalent or covalent methods, which provide a

* Corresponding author. Tel.: +86 431 85168385; fax: +86 431 85168270.
E-mail address: zhangtong@jlu.edu.cn (T. Zhang).

http://dx.doi.org/10.1016/j.snb.2014.05.086
0925-4005/© 2014 Elsevier B.V. All rights reserved.

new route for preparation of high-performance rGO-based sensing
materials [13,14]. For example, rGO-conducting polymers hybrids
[15], organic molecules modified rGO [16], nitrogen and silica-
doped rGO [17], noble metal modified rGO [18], and rGO-metal
oxide hybrids [19] have been successfully used for detection of
gases at room temperature. Among them, development of gas sen-
sors based on metal oxides-rGO hybrids has also been attracted
considerable attention due to the high-performance for gas sensing
by using metal oxides as sensing materials. Indeed, some typical
metal oxides, such as SnO, [20-22], ZnO [19,23], Cuy0 [24,25],
and W03 [26,27] have been successfully used for enhancing the
sensing properties of rGO-based gas sensors. However, these sen-
sors still suffer from several shortcomings, such as high operating
temperature, long response and recovery times, low sensitivity and
so on.

ZnO, a typical n-type semiconductor with a direct wide band-
gap (3.37eV) and large excitation binding energy (60 meV), has
been widely studied in gas sensing application due to its good
response to a variety of reducing or oxidizing gases, low cost,
and being friendly to the environment [28,29]. Additionally, recent
research has shown that ZnO can be used for enhancing the sensing
performance of rGO. For example, Singh et al. have reported that
ZnO decorated luminescent graphene exhibits response toward CO,
NH3 and NO at room temperature [19]; Huang et al. prepared ZnO
quantum dots/graphene nanocomposites for formaldehyde detec-
tion with fast response and recovery [22]; Yi et al. synthesized
vertically aligned ZnO nanorods and graphene hybrid architectures
for flexible gas sensors to detection of ethanol at 300°C [30]; Zou
et al. prepared ZnO nanorods on rGO for detection of ethanol at
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260°C|[31].Itis obviously seen that these efforts have been devoted
to enhancing the sensing properties of graphene-based materials
by introduction of ZnO materials. However, these sensors still have
more or less disadvantages, such as low sensitivity, high operating
temperature. Therefore, it is indeed necessary to develop high-
performance gas sensors for detection of gas at mild conditions.

In this study, a new gas sensor was fabricated using ZnO-rGO
hybrids as sensing materials for detection of NO, operating at room
temperature. ZnO-GO hybrids were prepared by in situ production
of ZnO nanoparticles on the surface of GO, followed by reduction
of such hybrids using hydrazine hydrate as reducing agent. Most
importantly, the NO, sensor based on ZnO-rGO hybrids exhibits
higher sensitivity, shorter response time and recovery time than
those of pure rGO, indicating enhancing sensing performance of
pure rGO by introduction of ZnO nanoparticles.

2. Experimental
2.1. Materials

Zn(OAc);-2H,0, methanol, KMnO4, H;0, (30wt%), N,N-
dimethylformamide (DMF), NaNOs, and H,SO4 (98%) were
purchased from Beijing Chemical Corp (Beijing, China). Hydrazine
hydrate and KOH were purchased from Shanghai Chemical Corp.
(Shanghai, China). Graphite powder was purchased from Aladin
Ltd. (Shanghai, China). All chemicals were used without any
further purification. The water used throughout all experiments
was purified through a Millipore system.

2.2. Preparation of sensing materials

GO was prepared from natural graphite powder through a mod-
ified Hummers’ method [32,33].

ZnO-rGO hybrids were prepared by in situ production of ZnO
nanoparticles on the surface of GO, followed by reduction of
such hybrids using hydrazine hydrate. In a typical run, 0.054g
of Zn(OAc),-2H,0 was added into 125 mL of methanol at 60°C.
After stirring for 5min, 5mL of GO aqueous dispersion solution
(1 mg/mL) was added into the mixture, followed by addition of
65 mL of KOH solution in methanol (0.03 M). After further stirring
for 2 h, 200 L of hydrazine hydrate was added into the mixture and
the mixture was heated to 80°C for 1 h. The ZnO-rGO hybrids were
collected by centrifugation at 10,000 rpm for 10 min and washed
with water for twice to remove the excessive KOH. The ZnO-rGO
hybrids were dispersed into DMF for further use and characteriza-
tion.

For comparison, pure rGO was prepared by reduction of GO in
methanol solution using hydrazine hydrate as reducing agent at
80°C for 1h.

2.3. Characterizations

Raman spectra were obtained on J-YT64000 Raman spectrome-
ter with 514.5 nm wavelength incident laser light. Powder X-ray
diffraction (XRD) data were recorded on a RigakuD/MAX 2550
diffractometer with Cu Ko radiation (A =1.5418 A). A Perkin-Elmer
TGA 7 unit was used to carry out the thermogravimetric analy-
sis (TGA) in air at a heating rate of 10 °C/min. X-ray photoelectron
spectroscopy (XPS) analysis was measured on an ESCALAB MK II
X-ray photoelectron spectrometer using Mg as the exciting source.
Transmission electron microscopy (TEM) measurement was made
on a HITACHI H-8100 electron microscopy (Hitachi, Tokyo, Japan)
with an accelerating voltage of 200 kV.

2.4. Preparation of gas sensors

The DMF dispersion of ZnO-rGO hybrids was used as sensing
materials for fabrication of the NO, sensors. The sensors were
obtained by dip-coating the dispersion onto the ceramic substrate
before it was coated with the ZnO-rGO dispersion, two pairs of elec-
trodes were printed on each side as signal electrode and heating
electrode, respectively.

Gas sensing properties were measured using a static test system.
Saturated target vapor was injected into a test chamber (about 1 Lin
volume) by a microinjector through a rubber plug. After fully mixed
with air (relative humidity was about 25%), the sensor was put into
the test chamber. When the response reached a constant value, the
sensor was taken out to recover in air. The electrical properties of
the sensor were measured by CGS-8 intelligent test meter (Beijing
Elite Tech. Co., Ltd, China). The response of the sensor was defined
as S=(Ra — Rg)/Ra x 100%, where R, is the resistance of the sensor in
the air and Rg is the resistance of the sensor in target gas. The time
taken by the sensor to achieve 90% of the total resistance change
was defined as the response time in the case of adsorption or the
recovery time in the case of desorption.

3. Results and discussion

In the present work, ZnO-rGO hybrids were prepared by an one-
pot method using GO and Zn(OAc),-2H,0 as sources. Fig. 1a shows
the XRD patterns of the samples thus obtained, GO and rGO, respec-
tively. It is seen that GO exhibits a strong diffraction peak at 26 of
10.92¢ attributed to (00 2) diffraction of GO, indicating the forma-
tion of GO by Hummers method from graphite. Note that this peak
disappears in the rGO and final hybrids, indicating the reduction of
GO into rGO in the presence of hydrazine hydrate, a strong reducing
agent [12]. Furthermore, compared to XRD pattern of rGO, seven
diffraction peaks at 26 of 31.55, 34.41, 36.25, 47.47, 56.34, 62.61
and 67.75° are observed for the final hybrids, which are indexed as
(100),(002),(101),(102),(110), (103) and (11 2) diffractions
of hexagonal phase with Wurtzite crystal structure of ZnO (space
group: C6V (P63mc), JCPDS file no. 0-3-0888) [34]. These observa-
tions indicate the successful preparation of ZnO-rGO hybrids.

Fig. 1b shows the Raman spectra of ZnO-rGO hybrids, rGO and
GO, revealing a D band at about 1355cm~! and a G band at about
1605 cm™!, which are attributed to the breathing mode of k-point
phonons of A;g symmetry and the first-order scattering of the Epg
phonons, respectively [35]. In this work, the intensities of D band
to G band for ZnO-rGO hybrids (1.01) and rGO (1.10) are larger
than that of GO (0.87), indicating an increased D/G intensity ratio
compared to that in GO. This change suggests a decrease in the
average size of the sp? domains upon reduction of the exfoliated
GO, which can be explained if new graphitic domains were created
that are smaller in size to the ones present in GO before reduction,
but more numerous in number [2]. All these results confirm the
formation of rGO by reduction of GO during the synthesis process
for ZnO-rGO hybrids and rGO [35]. It is also found that the intensity
of D/G for rGOis also larger than that of ZnO-rGO hybrids, indicating
the low disorder degree of ZnO-rGO hybrids, compared to rGO. This
observation may be attributed to the interaction of ZnO-GO during
the reduction of GO by hydrazine hydrate, which is similar with the
previous report on preparation of rGO/SnO, [36]. Additionally, the
G band for ZnO-rGO hybrids and rGO also changes from 1608 to
1589 cm™!, further confirming the reduction of GO.

The content of the ZnO in ZnO-rGO hybrids was characterized
by TGA curve, as shown in Fig. 1c. The weight loss from room
temperature to 250°C is 4.72%, which is attributed to desorption
of surface bound water [37]. The weight loss from 250 to 700
is about 16.26%, attributed to the removal of oxygen-containing
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Fig. 1. (a) XRD patterns and (b) Raman spectra of ZnO-rGO hybrids GO and rGO, (¢) TGA curve and (d) TEM image of ZnO-rGO hybrids.

groups and the decomposition of carbon framework from the com-
posites [38]. Based on the about results, the content of ZnO in
ZnO-rGO hybrids is about 79.02%. Furthermore, the TEM image of
ZnO-rGO hybrids (Fig. 1d) exhibits a typical the morphology similar
to graphene-based materials. Furthermore, numerous nanoparti-
cles are decorated on the surface of rGO, indicating the formation
of ZnO-rGO hybrids.

The structure of ZnO-rGO hybrids was further characterized by
XPS technique. Fig. 2a shows the XPS spectra of ZnO-rGO hybrids
and GO, respectively. It is seen that both samples exhibit two peaks
at284.6 eVand 532.0 eV, which are attributed to C1sand O1s bands,
respectively. Note that ZnO-rGO hybrids also exhibit several bands
associated with Zn2p, Zn3s, Zn3p and Zn3d bands, which further
confirms the presence of Zn element in the final samples. Fig. 2b-d
shows the C1s spectra of GO rGO, and ZnO-rGO hybrids. It is seen
that both samples exhibit several peaks, which can be deconvoluted
into three peaks at 284.5 eV, 286.6 eV, and 288.4 eV, associated with
C—C, C—0, and C=0, respectively. It is obviously seen that the peak
intensity of C—0 and C=O is strong in GO (Fig. 2c). In contrast,
the peak intensity of C—0 and C=0 in rGO and ZnO-rGO hybrids
tremendously decreases, and the content of C—C correspondingly
increases dramatically. Fig. 3 shows the Zn2p spectrum of ZnO-rGO
hybrids, revealing two bands at 1021.7 eV and 1044.8 eV, indicating
the production of ZnO. All these observations further confirm that
ZnO-rGO hybrids have been successfully prepared.

To demonstrate the sensing application of the ZnO-rGO hybrids,
a room temperature NO, gas sensor was constructed by deposi-
tion of ZnO-rGO dispersion on the surface of the microelectrode.
In addition, the NO, gas sensor was also constructed by using
rGO as sensing materials. Fig. 4a shows the schematic structure
of the microelectrode used for gas sensing in the present work,
which is the same to our previous work [22]. Fig. 4b shows the

current-voltage (I-V) curves of ZnO-rGO and rGO on the micro-
electrodes at room temperature, respectively. It is seen that rGO
is a typical p-type semiconductor, which is the same to previously
reported publication [8,9]. After introduction of ZnO nanoparticles
(a typical n-type semiconductor) into rGO matrix, the hybrids are
also a typical p-type semiconductor. Furthermore, the current of
the sensor based on ZnO-rGO hybrids is much lower than that of
rGO, indicating the increasing the resistance of rGO. This could be
explained by the fact that the deposited ZnO NPs result in a hole
depletion region of the rGO sheet near the interface with n-type
ZnO NPs, which leads to a decrease in the rGO electrical conduc-
tivity [39]. This observation is agreement with previous report
on metal oxide modified graphene-based materials, indicating the
successful modification of rGO by ZnO nanoparticles. A recent study
has reported that p-type SnO,-rGO hybrids have been successfully
obtained by introduction of relatively amount of SnO, into rGO
matrix, where the increasing the amount of SnO, (about 80 wt%)
results in formation of n-type hybrids [40]. Although the amount
of ZnO in ZnO-rGO hybrids is similar to that of SnO,-rGO hybrids,
the ZnO-rGO hybrids exhibit a typical p-type semiconductor, which
isattributed to that there are other factors effecting on the semicon-
ductor properties of rGO-metal oxide hybrids, such as the structure
of rGO, the structure of metal oxides. Indeed, in our previous work,
p-type Sn0,-rGO hybrids have been prepared with wide ranges of
Sn0, content ranging from 57.3 to 92.1 wt% [22]. The introduction
of ZnO NPs into rGO matrix can tune the semiconductor properties
of rGO, which may make effect on the sensing performance of rGO.

In the present work, the reduction of GO for ZnO-rGO hybrids
was carried out in the presence of ZnO nanoparticles methanol,
which is different from the previously reported preparation of rGO
by hydrazine hydrate [41]. Based on the results of Raman spec-
tra of rGO and ZnO-rGO, it is deduced that the ZnO nanoparticles
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Fig. 2. (a) XPS spectra of ZnO-rGO hybrids and GO and C1s spectra of (b) GO, (c¢) rGO, (d) ZnO-rGO hybrids.

participate in the reduction of GO. Although the preparation of rGO
form GO by using ZnO as photocatalyst under UV-light [42] or alco-
hol as reducing agent at high temperature [43] has been reported,
the process for ZnO-rGO hybrids was performed at relatively wild
conditions, such as, no strong UV-light and low temperature. Thus,
the reduction of GO is attributed to the strong removal of oxygen
containing group in GO by hydrazine hydrate and there may be no
electron transfer from the ZnO nanoparticles to the GO.

The sensing performances were first examined by detection of
NO, at room temperature. Fig. 4c shows the response and recov-
ery curve of the sensor based on ZnO-rGO hybrids towards 5 ppm
NO, operating at room temperature. It is seen that an obvious
decrease of resistance is observed by introduction of the sensor
into 5 ppm NO,, indicating ZnO-rGO exhibit ability for detection

Fig. 3. Zn2p spectrum of ZnO-rGO hybrids.

of NO,. The resistance of the senor can be recovery to the ini-
tial value after putting the sensor back to air and the response to
5 ppm NO, is 25.6%. The response time and recovery time towards
5ppm are 165 s and 499s, respectively. Furthermore, the sensing
performance for detection of NO, by rGO is also examined. How-
ever, no obvious response is observed by introduction of the sensor
into 5ppm NO, (data not shown). Fig. 4d shows the response
and recovery curve of the sensor based on rGO to 25 ppm NO-,
giving a response about 12.12%. The response time and recovery
time towards 25 ppm NO, are 14.4 min and 82.0 min, respectively.
The sensing performances indicate that enhancing NO, sensing
performance of rGO is obtained by modification of rGO by ZnO
nanoparticles.

Fig. 5a shows the effect of the operating temperature on the
sensing performances to 5 ppm NO, for the sensor based on ZnO-
rGO hybrids. By increasing the operating temperature from room
temperature to 60 °C, the responses decrease slightly and the recov-
ery times increase. By further increasing the operating temperature
to 80°C, the response is slightly increases to 26.3% and the recov-
ery time also decreases. However, according to the effect of powder
consumption on the application of gas sensors, detection of NO,
by the sensor based on ZnO-rGO hybrids was performed at room
temperature. Fig. 5b shows the response and recovery curve of
the sensor based on ZnO-rGO hybrids to various NO, concentra-
tions ranging from 1 to 25 ppm, where the responses are 13.1%,
15.2%, 25.6%, 34.9% and 45.2%, respectively, indicating that the
NO, sensor thus constructed can be used detection of NO, with
a wide concentration ranges. The selectivity of the sensor based
on ZnO-rGO hybrids towards NO, is also examined, as shown in
Fig. 5¢. It is seen that the response of the sensor to 5ppm NO,
is 25.6%, which is much larger than those of the sensor to 5 ppm
other gases, such as Cl, NO and CO, indicating that the NO, sen-
sor based on ZnO-rGO hybrids exhibits good selectivity and can
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Fig. 4. (a) A scheme to illustrate the structure of microelectrode used for room temperature detection of NO, in this work; (b) Current-voltage curves of the sensors based
on ZnO-rGO hybrids and rGO; and (c) response and recovery curve of sensor based on ZnO-rGO hybrids towards 5 ppm NO,; and (d) response and recovery curve of sensor
based on rGO towards 25 ppm NO,. (All the sensing performances were performed at room temperature.).

be used for selective detection of NO,. The high response to NO,
can be attributed to its high electron-donating power, compared to
other gases. Fig. 5d shows the reproducibility of temporal response
of ZnO-rGO hybrids exposed to 5 ppm NO, at room temperature.
It is seen that the sensors maintain its initial response amplitude
without a clear decrease upon three successive sensing tests to
5ppm NO,, indicating that the ZnO-rGO hybrids possesses good
repeatability. All these observations indicate that ZnO-rGO hybrids
are good candidate for development of high performance NO,
sensor operating at room temperature. The long-term stability of
the NO, sensor based on ZnO-rGO hybrids is also examined by
periodical measurements of the sensor responses to 5 ppm NO,.
The variation of the response decreases to about 97% of its initial
response on the 10th day. The response decreases to about 95%
and 90% on the 20th and 30th day, respectively. All these results
indicate the good stability of the NO, sensor based on ZnO-rGO
hybrids.

It is well known that the pure rGO exhibits relatively weak
response and long response and recovery times for detection of NO,

at room temperature [8,9]. Thus, the improvement of NO; sensing
performance is attributed to the introduction of ZnO nanoparticles
for modification of rGO matrix. Indeed, the gas sensing performance
of rGO materials can be enhanced by modification of metal oxide
nanoparticles. However, the exact sensing mechanism of ZnO-
rGO hybrids for detection of NO, is not completely understood at
present time and requires further study. The sensing performance
of the NO, based on ZnO-rGO hybrids was also compared with the
previously reported NO, sensors based on rGO-based materials,
as shown in Table 1. Although the response of ZnO-rGO to NO,
is lower than that of SnO,-rGO [22], WO3-rGO [27,44] and NiO-
rGO [45], the operating temperature for ZnO-rGO is much lower
than them. It is also found that the response to NO; is also lower
than other NO, sensors based on Cu;0-rGO [24] and Co304-rGO,
however, ZnO-rGO hybrids exhibit faster response time and recov-
ery time. To satisfy the practical applications for detection of NO,
operating at room temperature, additional work is also required to
further enhance the sensing performances of NO, sensor based on
ZnO-rGO hybrids.

Table 1

Comparison of sensing performances of our proposed NO; sensor with other published NO, sensors based on metal oxide-rGO hybrids.
Materials Concentration (ppm) Operating temperature (°C) Response Response/recovery times (s/s) Reference
SnO; nanoparticles-rGO 5 50 3.31 135/200 [22]
Cu,0 nanowires-rGO 2 RT 67.8% -[- [24]
WOj3 nanorods-rGO 1 300 61 -/- [27]
WO;-rGO 5 250 133 25-200/25-200 [44]
NiO nanosheets-rGO 5 200 ~4.7 -[- [45]
Co304-1GO 60 RT 80% -/no recovery [46]
ZnO-rGO 5 RT 25.6% 165/499 This work
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Fig. 5. (a) Response and recovery curves of the sensor based on ZnO-rGO hybrids to 5 ppm NO, operating at 30°C, 40°C, 60°C and 80°C; (b) response and recovery curve of
the sensor based on ZnO-rGO hybrids to various NO, concentrations of 1 ppm, 2.5 ppm, 5 ppm, 10 ppm and 25 ppm at room temperature; (c) the selectivity of the sensors
based on ZnO-rGO hybrids toward 5 ppm gases, including NO;, Cl,, NO and CO at room temperature; (d) the reproducibility of temporal response of ZnO-rGO hybrids exposed

to 5 ppm NO; at room temperature.

4. Conclusions

In summary, room temperature NO, sensor has been success-
fully constructed using ZnO-rGO hybrids as sensing materials, and
the sensor thus obtained exhibits better sensing performances than
those of rGO. Our present work provides a novel method for devel-
opment of high performance gas sensors using graphene-based
materials.
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