Journal of ELECTRONIC MATERIALS, Vol. 45, No. 8, 2016
DOI: 10.1007/s11664-016-4600-8
© 2016 The Minerals, Metals & Materials Society

CrossMark

@

Nitrogen Dioxide-Sensing Properties at Room Temperature
of Metal Oxide-Modified Graphene Composite via One-Step

Hydrothermal Method

DONGZHI ZHANG, 2 JINGJING LIU,! and BOKAI XIA!

1.—College of Information and Control Engineering, China University of Petroleum (East China),
Qingdao 266580, People’s Republic of China. 2.—e-mail: dzzhang@upc.edu.cn

A metal oxide/graphene composite film-based sensor toward room-tempera-
ture detection of ppm-level nitrogen dioxide (NOs) gas has been demonstrated.
The sensor prototype was constructed on a PCB substrate with microelec-
trodes, and a tin oxide-reduced graphene oxide (SnO,-rGO) composite as
sensing film was prepared by one-step hydrothermal synthesis of tin tetra-
chloride pentahydrate solution in the presence of graphene oxide (GO). The
SnO,—rGO hybrid composite was examined by scanning electron microscope
and x-ray diffraction (XRD). The gas sensing properties of the SnO,-rGO
composite were investigated at room temperature by exposing it to a wide
concentration ranging from 1 ppm to 2000 ppm toward NOy gas. The experi-
ment results showed that the sensor exhibited a high response, superior
selectivity, good repeatability, rapid response/recovery characteristics and low
detection limit of 1 ppm, which exceeded that of a pure rGO sensor. The gas
sensing mechanisms of the proposed sensor toward NO, were possibly at-
tributed to the nano-hybrid structures and n—p heterojunctions created at the
interface of the SnO, nanocrystals and rGO nanosheets.
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INTRODUCTION

Nitrogen dioxide (NO5) is one of major compounds
of vehicle exhausts, as well as the main emission
from thermal power plants and chemical production
processes.'™ Furthermore, NO, gas is not only an
atmospheric pollutant harmful to environment but
also a toxic gas resulting in some serious diseases of
human beings. Because of its noxiousness for health
and the environment, extremely precise quantita-
tive detection of NO, gas has attracted considerable
attention. Until now, a number of methods have
been devoted to NO, detection, such as S}?ectropho-
tometry,® photo-acoustic,® chemiresistive,’ potentio-
metric,’ amperometric,” optical fiber,'® surface
acoustic wave (SAW),'" and quartz crystal micro-
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balance (QCM).'> However, these methods have
their own shortcomings, such as time consuming,
not suitable for portable use, and requiring expen-
sive equipment, limiting their wide application.'®
Recently, considerable attention has been attracted
to metal-oxide semiconducting (MOS) material-
based sensors for NOy detection, such as indium-
tin-oxide,'* tungsten trioxide (WOs3),'® tin oxide
(Sn0y),'® and zinc oxide (Zn0),'” which are widely
used. These sensors have exhibited great potential in
terms of sensitivity, small size, and fast response and
recovery times, but mostly have a dependence on high
operating temperatures, resulting in high power
consumption and difficulty in integration. Therefore,
exploring a novel sensing material and method toward
NO,, detection at room temperature is highly desired.

Graphene is an emerging two-dimensional mate-
rial that possesses extraordinary electrical and
mechanical properties that promise a new generation
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of innovative devices.'®2° Various graphene-based
devices have been proposed and have demonstrated a
huge opportunity for practical applications.?!??
Although great potential has reported for various
gas species on graphene, special problems such as
long response time and narrow detection range have
restricted its commercialization. Notably, graphene-
based metal oxide hybrid composites are emerging as
a class of candidate materials to construct high-
performance gas sensors. Deng et al. fabricated a
NO, gas sensor using reduced graphene oxide (rGO)-
conjugated Cu,O nanowire mesocrystals as sensing
materials,?® and Srivastava et al. exploited gra-
phene—WO3; nanocomposite for a faster response in
NO, sensing.?* Jiang et al. successfully synthesized
paper-like Fe,Os/graphene nanosheets as sensing
materials to detect HoS gas.?® Singh et al. have
reported that ZnO-decorated luminescent graphene
exhibited a good response toward CO, NH3 and NO,
at room temperature.?® Neri et al. reported sol-gel-
synthesized SnOy/rGO nanocomposites on alumina
substrates, and their sensing characteristics toward
8 ppm NOy were investi§7ated at an operating tem-
perature around 200°C.“" Room-temperature-oper-
ated gas sensors with the advantages of low power
consumption and easy integration are highly
desirable.

This paper demonstrates a ppm-level NO, gas
sensor based on a tin oxide-reduced graphene oxide
(SnO2-rGO) hybrid composite. The sensor prototype
was fabricated on a PCB substrate with microelec-
trodes. The nanostructural, morphological and com-
positional properties of the SnOy,—rGO hybrid
composite was inspected by SEM and XRD. The
sensing properties of the sensor were investigated
at room temperature toward NO, gas over a wide
concentration. The sensing performance such as
sensitivity, response/recovery times, repeatability
and stability have been demonstrated. Further-
more, the possible sensing mechanism of SnOo—
rGO hybrid film toward NO, gas has been
discussed.

EXPERIMENTAL
Chemical Reagents and Materials

Tin tetrachloride pentahydrate (SnCly5H50)
(299%) was obtained from Shanghai Hansi Chemi-
cal Industry (Shanghai, China), and the commercial
available high-purity GO nanosheets (>99%) were
supplied by Chengdu Organic Chemicals (Chengdu,
China). All the above chemicals were used as
received without further treatment.

Sensor Fabrication

The sensor was fabricated on a low-cost PCB
substrate with a pair of rectangular-ambulatory-
plane interdigital electrodes (RAP-IDEs). Figure 1
shows the optical image of the sensor structure on

the substrate. The sensing film of the SnO;—rGO
hybrid composite was prepared through hydrother-
mal treatment of SnCl, solution in the presence of
GO. First, SnCl,-5H,0 and GO were added to 20 mL
of deionized (DI) water by ultrasonic treatment for
10 min and stirring for 1 h, followed by transferring
the above solution into a stainless steel autoclave
and heated at 180°C for 12 h. GO was converted
into conductive rGO under hydrothermal reduction.
The as-prepared products were obtained via cen-
trifugation at 3000 rpm for 10 min, and subse-
quently washed several times with DI water to
remove excess chloride ion. Finally, the resulting
SnO,-rGO dispersion was drop-coated onto the
substrate, followed by vacuum-drying in an oven
at 50°C for 2 h. For the purpose of making compar-
isons, the rGO film sensor was prepared for subse-
quent use by the above method but without the
addition of SnCl-5H50.

Experimental Setup

The experiment was performed under specific
conditions (30% RH, room temperature of 25°C).
The gas-sensing properties of the sensor were
investigated by exposing the sample to various
concentrations of NOy gas, ranging from 1 ppm to
2000 ppm. The desired gas concentration was
obtained by injecting the required quantity of NO,
gas into a sealed chamber using a syringe. The
sensor response in resistance was recorded by using
a data logger (Agilent 34970A, USA), which was
connected to a computer via a RS-232 interface. The
figure-of-merit used to characterize the sensor per-
formance was the normalized response (S), deter-
mined by S = (R, - Ry/R, x 100%, where R,
and R, are the electrical resistance of the sensor
in the given concentration of NOy gas and air,
respectively.

RESULTS AND DISCUSSIONS
Sample Characterization

The surface micromorphology of the rGO film and
SnOs—rGO hybrid composite were characterized
by field emission scanning electron microscopy

Fig. 1. Optical image of the sensor structure on a PCB substrate.
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(FESEM; Hitachi S-4800). Furthermore, the
microstructures of rGO film and SnOo—rGO hybrid
composite were performed with an x-ray diffrac-
tometer (Rigaku D/Max 2500PC).

Figure 2 shows the observed SEM images of as-
prepared rGO film and the SnOs,—rGO hybrid
composite. The SEM image of rGO in Fig. 2a
indicates that the rGO film has wrinkles which
overlap at the edges, and exhibits randomly aggre-
gated rGO sheets. The result in Fig. 2b shows that
SnO, nanocrystals are attached on the surface of
the rGO sheets, in which the presence of SnO,
nanocrystals reveals that hydrothermal treatment
of GO and SnCly solution is an effective method for
synthesizing the SnO3-rGO hybrid composite.

The XRD characterization for rGO, SnO, and
SnO,-rGO is illustrated in Fig. 3. The XRD analysis
was carried out by using Cu Ko (1 =1.5418 A)
radiation, with a scanning range of the diffrac-
tion angle (20) of 10°-80°. The XRD pattern of the
rGO in Fig. 3a shows a prominent peak at the 20
angle of 24.7°, and the interlayer distance d can be
determined as 3.60 A according to the Bragg
formula, 1= 2dsin(0). The XRD pattern of the
SnO, nanocrystals in Fig. 3b exhibits several strong
scatting peaks attributed to the different corre-
sponding planes of the nanocrystals. Figure 3c
shows the XRD spectrum of the SnOy,—rGO hybrid
in which the broad peak for rGO is not obvious,
probably due to the rGO being wrapped by SnO,
nanoparticles during hydrothermal synthesis.

NO,-Sensing Properties

Figure 4 shows the response transients of the
SnOo—rGO hybrid composite sensor exposed to dif-
ferent concentrations of NOy gas. The sensing
behavior of the sensor was investigated at room
temperature by exposing it to a wide concentration
range from 1 ppm to 2000 ppm NO; gas. It is obvious
that the responses of the sensor changed rapidly on
being exposed to air and to NOy;. When the sensor
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was exposed to different concentrations of 1 ppm,
5 ppm, 10 ppm, 50 ppm, 100 ppm, 500 ppm, 1000
ppm and 2000 ppm NO, gas, the corresponding
response was almost up to 1.91%, 2.53%, 3.14%,
3.45%, 5.11%, 11.24%, 22.87% and 28.15%, respec-
tively. It was found that the sensor yielded a low
detection limit of 1 ppm at room temperature.

Figure 5 demonstrates the repeatability and stabil-
ity of the SnOo—rGO hybrid composite sensor under
four different concentrations of NOy gas at room
temperature. The repeatability characteristic was
measured for five exposure/recovery cycles repeatedly
to 1 ppm, 10 ppm, 100 ppm and 1000 ppm, respec-
tively. The excellent response/recovery behavior and
acceptable repeatability of the presented sensor
toward NO, sensing are shown.

In order to further investigate the response and
recovery times of the SnOo-rGO film sensor toward
different concentrations of NO, gas, Fig. 6 shows
the time-dependent response of the sensor to 1 ppm,
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Fig. 3. XRD pattern for (a) rGO, (b) SnO,, and (c) SnO>—rGO hybrid
composite (Color figure online).
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Fig. 2. SEM characterization of (a) rGO film and (b) SnO.—rGO hybrid film.



Nitrogen Dioxide-Sensing Properties at Room Temperature of Metal Oxide-Modified Graphene 4327

Composite via One-Step Hydrothermal Method
30

T T TE . E
251 0 e g 8 s
X 1 : I : | |%:‘o— I §
- 204 " [ [ 1 g L
[0} | [ [ | o
2 | | | | ! 1
6157 1 gl T 0§

% 1 + 1 & | | T
0109 1si® 1 TR
e glE° 1 L TN
o PV I 3 :
Z 04N N |
| —— T T T
0 1000 2000 3000 4000
Time (s)

Fig. 4. Response transients of the SnO,—rGO hybrid composite
sensor to different concentrations of NO, gas.
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Fig. 5. Repeatability of the SnO,—rGO hybrid composite sensor
upon exposure to (a) 1 ppm, (b)10 ppm, (c) 100 ppm, and (d)
1000 ppm of NO, gas, respectively.

5 ppm, 50 ppm, 500 ppm, 1000 ppm NO, gas and
recovery in air. The response time of the presented
sensor is about 81-100 s toward different concen-
trations. The relationship of the response time to
the concentration of NOgy was further investigated
as shown in Fig. 7. The fitting equation of response
time for the SnO5—rGO hybrid film sensor and NO,
concentration can be represented as ¢ = 81.22¢%%%,
and the fitting correlation coefficient, R?, is 0.9821.

Figure 8 shows the normalized response of the
SnOy—rGO hybrid film sensor as a function of NOg
gas concentration. The fitting equation for the nor-
malized response Y as a function of NO; concentra-
tion X can be represented as Y = 0.2348¢8X/0-6911 4
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Fig. 6. Time-dependent response/recovery curves of the SnO,—rGO
hybrid composite sensor exposed to various concentrations of NO,
gas (Color figure online).
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Fig. 7. Relationship of response time with gas concentration of NO,
for the sensor (Color figure online).

1.4956, and the fitting correlation coefficient, R?, is
0.9656. It is obvious that the sensor response is
increased with the rising concentration over a wide
detection range of 1-2000 ppm toward NO, gas.
Figure 9 illustrates the performance comparison
between the SnOo—rGO hybrid composite and the
pure rGO film sensor toward NO,. The gas sensing
test was performed by exposing the two sensors to
50 ppm, 500 ppm and 1000 ppm of NOy at room
temperature. The comparison results indicated that
the SnOy,—rGO hybrid composite sensor yielded
several-fold higher responses than that of the pure
rGO film sensor. Moreover, the response and recov-
ery times of the SnO,—rGO hybrid composite sensor
are much shorter than for the rGO film sensor.
Therefore, the SnO,—rGO hybrid composite sensor
is superior to the pure rGO film sensor in NO, gas
sensing. Furthermore, the selectivity characteristic
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Fig. 8. Normalized response of the SnO,-rGO film sensor as a
function of NO, concentrations of gas (Color figure online).
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Fig. 9. Performance comparison between the SnO,—rGO hybrid

composite sensor and the pure rGO film sensor toward NO, gas
(Color figure online).

1200

of the SnO5—rGO hybrid composite sensor toward NO,
gas was also investigated. Figure 10 illustrates the
measured selectivity of the sensor to 100 ppm of
various gas species at room temperature, including
NO,, methane, hydrogen, carbon dioxide, sulfur diox-
ide and acetone. It is clearly observed that the sensor
response to NOy gas was much higher than those of
other tested vapors at the same concentrations.

Gas-Sensing Mechanism

The above-mentioned experimental results demon-
strate that the SnOs—rGO hybrid composite sensor
has a good sensing performance toward NO, at room
temperature, including higher response, shorter
response and recovery times, and better repeatability
and stability. The enhancement of the gas sensing
performances of the SnO,-rGO-based sensor can be
attributed to the co-operative action of the SnO,
nanocrystals and rGO nanosheets.?®3° The
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Fig. 10. Response of the SnO,—rGO hybrid composite sensor to-

ward 100 ppm of NO,, CHy4, H,, CO,, SO, and CHz;COCH; at room
temperature (Color figure online).

introduction of SnO, nanoparticles plays a role in
preventing the aggregation of rGO sheets and form-
ing a nano-hybrid structure with much higher surface
accessibility, which greatly facilitates the adsorption
and diffusion of the NO, gas molecules. The decora-
tion of the SnOy nanocrystals on the rGO sheets
leads to more active sites for the adsorption of gas
molecules, and, thus, a higher response for the sensor
was obtained in comparison with that of pure rGO. In
addition, rGO is a highly conductive sp? carbon atom
film, serving as a paddle to promote the free electrons
transfer in the metal oxide nanoparticles, thus lead-
ing to a better response/recovery characteristic.

The gas-sensing mechanism associated with the
heterojunction formed at the interface of rGO and
SnO, is supposed to make another important con-
tribution. SnO, is an n-type semiconducting mate-
rial with a wide bandgap of 3.6 eV, and the
incorporation of p-type rGO nanosheets on the
SnO, nanocrystals creates p—n heterojunctions at
the interface of SnO, and graphene, as reported in
Refs. 31, 32, and 33. The SnO,—rGO junction and
the action mechanism for the sensor are shown in
Fig. 11. The oxygen molecules in air are absorbed on
the conduction band of SnO,, and these surface-
adsorbed molecules are ionized to oxygen ions with
a single negative charge through capturin% free
electrons from the surface of the Sn05.>4°® The
reaction can be summarized as shown in Egs. 1 and
2. The space charge region (the depletion layer) is
created by the oxygen ions on the SnO, surface,
making the sensor be in a high resistance state in
air. Once the sensor upon exposure toward NO, gas,
the adsorption of NO; gas molecules becomes
involved in the oxidation reaction with surface
oxygen ions adsorbed on the surface, which is
described as shown in Eqs. 3 and 4. The differences



Nitrogen Dioxide-Sensing Properties at Room Temperature of Metal Oxide-Modified Graphene 4329

Composite via One-Step Hydrothermal Method

Interface

Depletion layer

Fig. 11. SnO,-rGO junction and action mechanism for the sensor.

in the bandgap and Fermi level between rGO and
SnO, are modified through band bending in the
depletion layer when adsorbing or desorbing tar-
geted gas molecules. Such a reaction causes a
release of electrons captured in the ionized oxygen
species which return into the SnO, conduction
band, thus increasing the concentration of free
electrons and decreasing the measured sensor
resistance.

Og(gas) — Og(ads) (1)

Og(ads) +e~ — O, (ads) (2)

NOg +e~ — NO, (3)

2NO, + O; — 2NO™ + 209 + e~ 4)
CONCLUSIONS

We prepared a SnO,—rGO hybrid composite by
one-step facile hydrothermal synthesis and con-
structed a ppm-level NO, gas sensor on a PCB
substrate by a low-cost fabrication method. The film
of the SnOo—rGO hybrid composite was inspected by
SEM and XRD. Its sensing behaviors toward NO,
were investigated by exposing the sensor to NO, gas
over wide concentrations ranging from 1 ppm to
2000 ppm. The sensing performance such as sensi-
tivity, response/recovery times, repeatability and
stability were demonstrated. The possible mecha-
nism of NO, gas sensing for the SnOo—rGO hybrid
composite sensor was attributed to the p—n hetero-
junction formed at the interface of the SnOy/gra-
phene composite or the electron transfer between

the surface-absorbed oxygen species and NO, gas
molecules.
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