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Hierarchical rGO/ZnO hybrids with a flower-like morphology of ZnO and flexible rGO sheets were syn-
thesized by a facile solution-processed method. The structures and morphologies of the hybrids were
investigated by different kinds of techniques, including X-ray diffraction, field-emission electron scan-
ning microscopy, transmission electron microscopy, and energy dispersive spectroscopy. The gas sensing
properties of hierarchical rGO/ZnO hybrids toward nitrogen dioxide were studied via a static system. The
response of rGO/ZnO hybrids to 50 ppb NO; was 12, which was seven times higher than that of pristine
ZnO at 100 °C. The limit of detection could be achieved as low as 5 ppb. The enhanced sensor response was
attributed to the presence of local p-n heterojunctions between rGO sheets and hierarchical structure of

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

For many years, gas sensors have received considerable atten-
tion because of their important applications in detecting toxic and
flammable gases, supervising air quality, and monitoring human
health. Among these applications, air quality is vital to worldwide
public health and future. Nitrogen dioxide (NO,), a kind of typi-
cal air pollutant, always forms quickly from combustion emission
processes in power plants and combustion engines [1,2]. In addi-
tion to contributing to the formation of ground-level ozone, acid
rain and photochemical smog, NO, is linked with a number of
adverse effects on the respiratory system [3-5]. National Ambi-
ent Air Quality Standard uses NO, as the indicator for the larger
group of nitrogen oxides, and establishes the standard at ppb level.
The requirements trigger the development of NO, sensors with
excellent sensing properties, especially with high sensitivity.

Extensive research efforts have been committed to develop
high-performance gas sensors with high sensitivity and low detec-
tion limit. Owing to their great properties such as low cost, easy
synthesis, and high sensitivity, metal oxide semiconductors (MOS),
involving SnO; [6,7], In,03 [8,9], W03 [10,11], etc., are considered
to be promising candidates for NO, gas sensors. To achieve desired
performances of gas sensor, it is very important to make efforts
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in the rational design and synthesis of novel gas sensing materi-
als. It is well known that the properties of MOS can be optimized
by tailoring their morphology, size, crystal orientation, and density
of defects [12]. Particularly, hierarchical nanostructures can effec-
tively improve the gas sensing properties by increasing surface area
and decreasing agglomeration [13-15].

Although many literatures suggested that the gas sensing prop-
erties could be improved through structural and morphological
adjustment, this strategy is woefully inadequate for the growing
requirement of the gas sensing performance. Pure single compo-
nent MOS still suffers from some drawbacks arising from their
limited physical or chemical characters, which will encumber their
further application in high-performance gas sensors. In virtue of
their tunable chemical composition and synergistic properties, het-
erostructured hybrids are expected to exhibit much more excellent
sensing performance. MOS/carbonaceous material hybrids have
been proved effective for constructing high-performance gas sen-
sors [16-21]. Among several carbonaceous materials involving
carbon nanotubes and fibers, reduced graphene oxide (rGO) as a
derivative of graphene supplies more dangling bonds and active
sites for gas adsorption/reaction in addition to its large surface
area, these merits all contribute to the improvement of gas sensing
properties.

ZnO, a well-known n-type semiconductor material, has been
widely used in gas sensing application due to its good response
to a variety of hazardous gases like CO, NH3, NOx, and volatile
organic compounds (VOC) gases, low cost, and being friendly to the
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environment [22-25]. rGO/ZnO hybrids as candidates for enhanc-
ing sensing properties have been developed gradually [26-31].
For instance, sandwich-like heterostructured ZnO/graphene/ZnO
made of vertically aligned ZnO nanorods arraying on double
sides of graphene were synthesized for ethanol gas sensors [32].
ZnO quantum dots/graphene nanocomposites were fabricated for
formaldehyde gas sensor [33]. Gas sensor based on graphene mod-
ified by atomic layer deposition ZnO film was utilized to detect
formaldehyde with high sensitivity [34]. rGO-ZnO nanoparticles
hybrids exhibited enhanced NO, sensing performances [35]. How-
ever, it remains a great challenge to improve the sensitivity of
these sensors to ppb level NO,. Being motivated by the limited
research on the merging of hierarchical ZnO nanostructures with
rGO and their gas sensing applications, therefore, it is of significance
to develop novel hierarchical rGO/ZnO hybrids.

Herein, we presented a strategy for synthesizing hybrids with
flower-like hierarchical ZnO and rGO. The approach was based on
a facile and mild solution-processed method. Moreover, in com-
parison with pristine flower-like ZnO, the enhanced gas sensing
properties of hierarchical rGO/ZnO hybrids successfully demon-
strated their potential application as a superior NO, sensing
material. The sensors based on as-prepared rGO/ZnO hybrids exhib-
ited much more sensitivity to NO,, and could detect NO, as low as
5 ppb. In addition, it showed good sensing properties in terms of
selectivity, stability and response/recovery speed.

2. Experimental
2.1. Synthesis of the rGO/ZnO hybrid

All chemicals were the analytical-grade reagents and used
without any other further purification. Graphene oxide (GO) was
prepared by a modified Hummer’s method as described in refer-
ence [36]. The rGO/ZnO material was synthesized via a conventional
heating treatment using water bath with Zn(Ac),-2H,0 and GO as
the precursors. 0.4 g Zn (Ac) »-2H, 0 powder was dissolved in 20 mL
deionized water to homogeneous solution at first. Then, NH3-H,0
was added dropwise to the solution until obtained clear solution.
Afterwards, 4 mg GO was added with vigorous stirring and then the
mixture was kept and heated by water bath at 80 °C for 20 min. The
product was collected by centrifugation and washing several times
with deionized water, and dried at —50°C. Finally, after sintering
at 350°C for 2h with a temperature ramp of 2°Cmin~!, 1.7 wt%
rGO/ZnO hybrid was obtained. For comparison, rGO and bare ZnO
were prepared under the same condition. All samples were freeze-
dried without any treatment before characterization.
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2.2. Characterization

X-ray diffraction (XRD) patterns of the as-prepared products
were conducted on a Rigaku D/max-2500 X-ray diffractometer,
with Cu Ko radiation (A =1.5406 A). The surface morphology and
microstructure of the products were observed using a JEOL JSM-
7500F field emission scanning electron microscope (FESEM), which
was operated at 15kV. Transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM), and
selected-area electron diffraction (SAED) were conducted on a JEOL
JEM-3010 microscope with an accelerating voltage of 200 KV. X-ray
photoelectron spectroscopies (XPS) were measured on an ESCALAB
MKII X-ray photoelectron spectrometer. The specific surface area
was computed using the five-point Brunauer-Emmett-Teller (BET)
method by a Micromeritics Gemini VII apparatus (Surface Area and
Porosity System).

2.3. Fabrication and measurement of gas sensors

Gas sensors based on the pristine ZnO and rGO/ZnO hybrid were
fabricated, and the detailed fabrication procedure of sensor devices
was as follows. The as-synthesized sensing material was first mixed
with deionized water to form a homogeneous paste and then coated
onto a ceramic tube (4 mm in length, 1.2 mm in external diameter,
0.8 mm in internal diameter), at each end of which a pair of gold
electrodes had been previously installed. After the coating layer
drying in air at room temperature, a Ni-Cr alloy coil was inserted
into the alumina tube as a heater in order to control the work-
ing temperature of sensor. After connecting the leads to the tube
base, the sensor was finally constructed. The as-produced sensors
were subjected to an aging process for one week to enable stable
properties.

The sensing properties of gas sensor were measured on a static
system under laboratory conditions. Environmental air (30% R.H.)
was used as both a reference gas. A typical testing process was as
follows. Firstly, the sensor was put into the chamber of air to get a
steady state, then the sensor was took to a chamber filled with the
calculated amount of the tested gas or liquid diluted by air. When
the response reached a constant value, transferred the sensor back
to the chamber of air, and waited for recovering.

The response (S) of the gas sensor is defined as the ratio of the
resistance of the sensor in the tested gases (Rg) to that in air (R,)
when tested gases are oxidative gases, that is S=Rg/Ra, while the
tested gases are reductive gases, S=R,/Rg. The response and recov-
ery time are defined as the time taken by the sensor to achieve
90% of the total resistance variation in the case of adsorption and
desorption respectively.
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Fig 1. XRD patterns of GO and rGO (a), ZnO and 1.7% rGO/ZnO (b).



J. Liu et al. / Sensors and Actuators B 249 (2017) 715-724 717

Fig. 2. FESEM images of ZnO (a, b) and 1.7% rGO/ZnO (c, d).

3. Results and discussion
3.1. Morphological and structural characteristics

Powder X-ray diffraction (XRD) was conducted to identify the
composition and crystalline phase of the final products. Fig. 1 shows
the typical XRD patterns of the as-synthesized GO, rGO, ZnO and
rGO/ZnO hybrids. The diffraction peak at around 260 = 11.2° in Fig. 1a
belongs to the (001) reflection of GO. For the rGO sample, the char-
acteristic diffraction peak can be observed at 23.5°, corresponding
to the (002) planes of graphene [37,38]. The variation of diffrac-
tion peaks revealed successful transformation from GO to rGO via
the same treatment as the synthesis of ZnO and its hybrids. All the
diffraction peaks in the XRD pattern for ZnO were accorded well
with those from the standard Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card (No. 79-206) of the hexagonal wurtzite
structure ZnO with a=0.324nm and c=0.521 nm. Moreover, no
other diffraction peaks derived from other crystalline phase were
found. It is demonstrated that the rGO decoration process did not
deteriorate the original crystal structure of pristine ZnO since all
diffraction peaks of ZnO phase in the rGO/ZnO hybrids existed at
almost the same 20 position as that of the pristine ZnO. However,
no obvious diffraction peaks were derived from rGO. It is probably
because of the small content of rGO and the weak diffraction peaks
intensity of rGO itself [39,40].

The morphologies of the samples were investigated by FESEM.
Fig. 2 shows typical FESEM images of ZnO and rGO/ZnO hybrid
at different magnifications. In the SEM image of ZnO (Fig. 2a),
nanorods-bundled assembly structure with flower-like morphol-
ogy could be observed. The high-magnification SEM image

indicates that the bundles-like petals have an average length of
about 500 nm. When rGO was added to hybrid with ZnO, we could
observe flexible rGO sheets covered on the surface of ZnO or mixed
among ZnO flowers with visible edges in Fig. 2¢, d. ZnO in hybrid
still assembled to flower-like hierarchical structure, and the size
of flower approximated pristine ZnO. However, the addition of
rGO resulted in loose ZnO petals in partial location, which assem-
bled by less nanorods. It is obvious that the graphene additive
in the experiment had the ability to affect the morphologies of
as-synthesized ZnO products to an extent. The morphology and
structure of rGO/ZnO were further characterized with TEM (Fig. 3a),
which were in good accordance with the FESEM images. We could
observe flexible rGO sheets decorated on the flower-like ZnO.
Fig. 3b presents the HRTEM image of rGO/ZnO, it can be seen that
the fringe lattices at the interface between two components and
the adjacent lattice interplanar spacing of ZnO was 0.16 nm, corre-
sponding to the (110) planes of the wurtzite ZnO.

The surface composition and element analysis for the as-
prepared products were characterized by XPS. As shown in Fig. 43,
the XPS spectra of GO and rGO/ZnO both reveal two peaks at 285
and 530eV, corresponding to C 1s and O 1s, respectively. Note
that rGO/ZnO hybrids exhibit several bands associated with Zn
2p, Zn 3s, Zn 3p and Zn 3d bands, which further confirms the
presence of Zn element in the final hybrid samples. Additionally,
the Zn 2p 4, and 2p 3, bands in rGO/ZnO spectrum attribute to
the binding energies 1042 eV and 1019 eV, respectively, suggest-
ing the presence of ZnO nanostructure [41]. The high-resolution
C1s XPS spectra of GO and rGO/ZnO (Fig. 4b, c) show peaks at
284.6, 286.6 and 288.4 eV, accounting for the C—C, C—0 and C=0
[42]. In contrast, the peak intensity of C—O and C=0 in rGO/ZnO
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Fig. 3. Typical TEM image (a), HRTEM image (b) of 1.7% rGO/ZnO hybrid.

tremendously decreased, and the content of C—C correspondingly
increased dramatically. The results suggested that most oxygen
containing groups were removed during the hydrothermal treat-
ment, leading to the successful transformation from GO to rGO. All
these observations further confirm that rGO/ZnO hybrids have been
successfully prepared.

The Raman spectra of GO and rGO are illustrated in Fig. 5. It
is obviously seen that the samples exhibit two major peaks, con-
taining the D band at1354cm~! and the G band at 1603 cm™!.
Furthermore, the intensity ratio of the D to the G band (Ip/Ig) for
rGO (0.99) is higher than that for GO (0.93). The Ip/Ig customarily
acts as a parameter to evaluate the disorder and defect degree of
various carbon materials, that is, the higher ratio of Ip/Ig account
for the higher degree of disordering in the carbon materials [43].
Given the fact that the higher Ip/Ig of rGO, we could demonstrate
that new graphitic domains for rGO were formed, in other words,

the GO sheets were cut into smaller ones with more edge defects
during the synthesis process.

The specific surface areas of the as-obtained samples were also
estimated (shown in Fig. 6), which presented that flower-like ZnO
hierarchical nanostructure modified by reduced graphene oxide
possess alittle smaller BET surface areas (13.1 g/m?) compared with
pure ZnO (14.2 g/m?2).

3.2. Gas-sensing properties to NO,

The gas sensing mechanism of a MOS-based sensor can be
described in terms of gases adsorption/reaction on the surfaces of
the sensing materials [33,44]. When the sensor is exposed in air,
oxygen molecules in air are chemisorbed on the surface and form
adsorbed oxygen species (0, —, 0, or 02-).In the process, electrons
are captured from the oxide conduction band, therefore an electron
depletion layer with less concentration of free electrons forms at
the surface of ZnO and the resistance increases consequently. While
the sensor is exposed to NO, gas, the NO, molecules contact with
and then adsorb at the surface of ZnO. Consequently, NO, molecules
can not only capture electrons from the conduction band but also
react with the adsorbed oxygen species, as illustrated as follows
[45,46]:

NO,(gas) +e~ < NO, (ads) @)
NO, (gas) + O; (ads) < NO; (ads) + O, (gas) (2)
03 (gas) + e~ « 05 (ads) (3)

The electron extraction in these process leads to an increase in
the resistance, which can be used for the detection of NO, gas. Fur-
thermore, the hierarchical morphology facilitates the adsorption
and diffusion of gas molecules around the active surface.

In the rGO/ZnO hybrids, the local p—n heterojunctions formed
between the n-type ZnO and the p-type rGO display significant
effects on the sensing performance of rGO/ZnO. The Fermi energy
of ZnO is supposed to be lower than that of rGO, with the work
functions of n-ZnO and rGO being about 5.20 and 4.75eV [47]. The
p-type rGO acts as an electron acceptor to extract electron from
ZnO surface to equate the Fermi level [27,48], which results in the
less electrons at ZnO surface and interface, and in turns leading to
higher potential barriers and the wider depletion layer. As a result,
when exposed to NO, atmospheres, potential barriers will further
increased and depletion layer will further widened. Compared with
the pristine ZnO, even same electrons transferred to the hybrids
surface would lead to a larger variation in resistance and bring
about enhanced sensor response. Based on the above assumption,
the enhanced sensitivity to NO, gas would be obtained by rGO/ZnO
sensor, whichis attributed to the formation of local p-n junctions. As
expected, our as-prepared hybrids showed excellent NO, sensing
properties. The investigation was illustrated as below.

In order to demonstrate the potential application in gas sensing,
gas sensors based on the rGO/ZnO were fabricated and a series of
gas-sensing tests carried out to evaluate its sensing performances.
It is well known that the response of a gas sensor is highly affected
by the working temperature, hence, the relationships between
the working temperature and gas sensing properties of the sen-
sors based on 1.7 wt% rGO/ZnO and bare ZnO to 50 ppb NO, were
firstly tested, and the results are shown in Fig. 7. The response of
tested sensors varied with working temperature and exhibited a
temperature-dependent feature. As can be seen in Fig. 7a, the sen-
sor based on rGO/ZnO hybrid shows an enhanced response at each
tested temperature in comparison to the pristine ZnO. The maxi-
mum response of rGO/ZnO hybrids could reach to 12 at the optimal
working temperature of 100°C, which was about seven times
higher than that of ZnO. The temperature-dependent response time
and recovery time of the sensors are also provided in Fig. 7 b and
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c. It is clearly to see that the response time and recovery time
of both sensors decreased with the increase in working temper-
ature. Working temperature is a key factor affecting reaction rate,
which seriously influences gas-adsorption/desorption process, and
in turn has a great effect on response/recovery time. The same
decrease trends of response/recovery time have been reported in
many works based on ZnO material to detect NO, as ours [49-53].
The response time and recovery time of rGO/ZnO were both shorter
than those of ZnO at each temperature. The result demonstrated
that response time and recovery time were further reduced via
introducing rGO into sensing materials. The optimal working tem-
perature for the response of sensor based on rGO/ZnO, 100°C, also
befitted for the response time and recovery time, because those
both first decreased sharply with the temperature, up to 100 °C, the
decline turned to slowly. Thus, further gas sensing researches based

on rGO/ZnO were conducted at the optimum working temperature
of 100°C.

The dynamic transients of a series of samples at 100°C are
shown in Fig. 8, including rGO/ZnO hybrids, ZnO and rGO. It is well
known that ZnO is a classic n-type semiconductor that exhibits
increased resistance in oxidizing gas, such as NO,. Instead, p-
type semiconductor, such as rGO, owing to oxygen doping, shows
decreasedresistance in oxidizing atmosphere. As the results shown,
1.7, 10, 15wt% rGO/ZnO and pure ZnO displayed the increased
resistance upon exposed to 50 ppb NO,, exhibiting n-type semicon-
ductor behavior. However, the transition from n-type to p-type had
appeared when the rGO mass ratio reached 20 wt%. 20 wt% rGO/ZnO
became almost unresponsive to 50 ppb NO, and showed decreased
resistance towards 500 ppb NO,, which is p-type semiconductor
behavior. Besides transition behavior from n-type to p-type, rGO
mass ratios also had an effect on the sensor response. The sensor
response of samples decreased with increase in rGO mass ratio.
1.7 wt% rGO/ZnO showed the highest sensor response. Consider-
ing in the case of 1.7wt% rGO/ZnO sample, it had a little mass
ratio of rGO and exhibited n-type semiconductor behavior. Thus,
we think ZnO was dominant in the hybrid for NO, sensing. As
literatures reported, the addition of rGO could enhance the sen-
sitivity, which is attributed to two reasons: 1) improvement of the
specific surface area, 2) the formation of local p-n heterojunctions
in the interface between ZnO and rGO [54,55]. The specific sur-
face areas of the samples were estimated using the BET, and the
results demonstrated the surface areas are 14.2 and 13.1 m?g~! for
ZnO and rGO/ZnO respectively. The addition of rGO has no positive
effect on the surface area. Thus, we think the formation of local p-n
junctions between p-type rGO and n-type ZnO is the main reason
for promotion of sensing performance, because it could modulate
the space-charged layers at the interfaces between rGO and metal
oxides. When rGO mass ratio is further increased, rGO will cover
the surface active sites to hinder the reaction between gas and sur-
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face adsorbed oxygen species, leading to the decrease in sensor
response and the transition from n-type to p-type.

Fig. 9a displays the dynamic response-recovery curves of the
1.7% rGO/ZnO hybrid when orderly exposed to low-concentration
NO, ranging from 5 to 500 ppb at 100°C. It can be found that the
resistance increased immediately when the sensor was exposed to
NO, and then reached a steady state gradually. Soon afterwards,

12
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Fig. 8. The dynamic response of samples to NO; at 100°C. 1.7%, 10%, 15% rGO/ZnO
hybrids and ZnO toward 50 ppb NO3; 15% rGO/ZnO hybrid and rGO toward 500 ppb
NO,.

the resistance dropped to the initial value without obvious shift
when sensor was transferred back into ambient air to recover. The
corresponding responses of the sensors were highly dependent
on the concentration of NO,, and showed an approximately lin-
ear increasing trend in the range of 5 ppb to 500 ppb (the inset in
Fig. 9a). The linear correlation coefficient is 0.97. Apparently, when
the NO, concentration was as low as 5 ppb, the sensor response
still could reach 6.7. Comparison with the response of ZnO to
50 ppb NO; (only 1.7), the sensor based on rGO/ZnO exhibited much
lower NO, detection limit, which had 10-fold improvement against
pristine ZnO. The results demonstrated that rGO/ZnO hybrid exhib-
ited super-sensitivity to ultra-trace NO, and it could serve as a
promising sensing material for trace NO, detection. The time taken
in the response or recovery process was also related with NO,
concentration, however, the difference was not tremendous, as
shown in Fig. 9b. The response time were about 4.3, 5.1, 5.5 min
towards 500, 50, and 5 ppb NO,, respectively. Meanwhile, their
respective recovery times were around 4.8, 7.5 and 7.9 min. Despite
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as general results, the response/recovery time prolongs with the
decrease in tested gas concentration, our sensor exhibited good
response/recovery speed to NO, at ppb level.

The stability of the sensor towards ultra-trace NO, was also
investigated. It can be observed from Fig. 10 that the sensor main-
tains its initial response amplitude without a clear attenuation and
shift when it is alternately exposed to air and 10 ppb NO, through
five continuous response/recovery cycles, and has an approxi-
mate response/recovery time. The results indicated that the sensor
exhibited a good stability and reproducibility.

The selectivity of the sensor was also studied, and the results
as shown in Fig. 11 illustrated the cross-responses of the sensor
towards various testing gases, including SO, CO,, NH3, methane,
ethylene, methanol and ethanol. All of the gases were tested at
100 °C with a much higher concentration (at least 200-fold) against
NO,. The responses of the sensor to other various testing gases did
not exceed 3.6, while the response to 50 ppb NO; was 12, which

indicated that the sensors based on rGO/ZnO possessed good selec-
tivity to NO,.

The effect of environmental humidity on the response of the
sensor based rGO/ZnO towards 50 ppb NO, at 100°C was studied,
and the results are shown in Fig. 12. The sensor response decreased
with increase in ambient relative humidity. Under ambient 40%
relative humidity, the response sharply drops to ~80% compared
with that under 30% relative humidity. However, the variations of
sensor response were no longer significant under further elevated
humidity, the response just decreased to 77% when humidity was
100% R.H.

A comparison between the sensing performances of the
rGO/ZnO0 sensor fabricated in this work and literature reports for
NO, detection is summarized in Table 1 [30,35,56,57]. It can be
clearly seen that our gas sensor based on rGO/ZnO exhibited rel-
atively higher NO, response to lower concentration of NO, (ppb
level) and the lowest detection limit than those reported in the lit-
eratures, although our sensor did not work at room temperature.
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Table 1

The sensing performance comparison of different rGO/ZnO hybrids towards NO,.
Synthesis method Optimum working Sensing properties References

temperature (°C) . . .
NO, concentration (ppm) Response Detection limit
Solvothermal RT 5 1.256 5ppm [35]
Electrospinning 400 5 ~110 1ppm [56]
Solvothermal RT 50 1.08 50 ppm [30]
Thermal evaporation with CVD RT 100 1.174 10 ppm [57]
Hydrothermal 100 10 ppb 12 5ppb Present work
100 Amibent relative humidity (% R.H.)
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Fig. 10. The reproducibility of temporal response of 1.7% rGO/ZnO hybrid to 10 ppb
NO, at 100°C.
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100°C.

As far as we know, its excellent gas response holds overwhelming
superiority in gas sensors those based on graphene/metal oxide
hybrid including not only rGO/ZnO but also other metal oxide
hybrids.

4. Conclusions

In summary, uniform hybrids with flower-like hierarchical ZnO
and rGO have been successfully prepared by solution-processed
method under mild condition. The obtained products were applied
to sensor devices and their gas sensing properties were examined.
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Fig. 12. Effect of ambient relative humidity on the response of sensor based on 1.7%
rGO/ZnO exposed to 50 ppb NO, at 100°C.

It was found that the device based on 1.7 wt% rGO/ZnO exhibited an
ultralow detection limit (5 ppb) and a higher response toward NO,
in comparison to the pristine flower-like ZnO architecture, which
have confirmed the potential of rGO/ZnO hybrids for gas sensing
applications. Moreover, the enhanced sensing performances have
been demonstrated to be related to their unique hierarchical archi-
tecture andthe local heterojunctions in hybrids.
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