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A simple method to synthesize graphene—zinc oxide nanocomposite has been
developed. A reduced graphene oxide—ZnO nanocomposite was prepared using
a reflux method with ethylene glycol as medium. X-ray diffraction analysis,
scanning electron microscopy, energy-dispersive spectrometry, and nitrogen
adsorption—desorption measurements were used to characterize the resulting
composite materials. The highest response of about 98% was observed when
using pure ZnO at 300°C, while the second highest sensor response of about
96% was achieved by graphene—ZnO with 1:3 composition. It was found that
the graphene—zinc oxide hybrid has potential to improve sensor performance
at low temperature. The graphene—ZnO hybrid with 1:3 composition showed
good response of 36% at 125°C, an operating temperature at which pure ZnO
showed no response.
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INTRODUCTION

Improving air quality and mitigating air pollution
have become a major mission worldwide. Air pollu-
tion is actually a heterogeneous mixture of gases
and particulate matter." The main gaseous compo-
nents of air pollution are ozone, carbon monoxide
(CO), nitrogen dioxide, and sulfur dioxide.® CO gas
is an odorless, colorless, and tasteless air toxin that
can be poisonous to humans. CO gas can be
produced by incomplete combustion of hydrocar-
bons. The most significant emission sources of CO
gas are motor vehicles, tobacco smoke, heating
systems, portable generators, and gas stoves.? Con-
sequently, CO gas is a common contaminant of both
outdoor and indoor environments.? Exposure to CO
gas may cause headache, dizziness, vomiting, and
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nausea. In fact, all people are at risk of poisoning by
CO gas, but unborn babies, infants, the elderly, and
people with chronic heart disease, anemia, or res-
piratory problems are generally more at risk than
others. Given these dangers, it is urgently necessary
to enable accurate monitoring of CO concentrations.
CO gas monitoring systems need sensors and data
acquisition systems that can detect presence of CO
gas at any concentration. Moreover, high-perfor-
mance CO sensors that increase the accuracy and
reliability of such monitors are highly sought after.

One potential application of graphene is detection
of gaseous molecules, enabling its use in gas sensing
applications. Graphene’s high surface area to mass
ratio, high electrical conductivity, and ability to
work at room temperature represent advantages
that could be utilized in gas sensing. Presence of a
gas molecule on the surface of graphene causes the
molecule to be adsorbed, resulting in electron
conductance. The gas molecule can be an electron
donor or acceptor, changing the amount or mobility
of charge carriers in graphene.* While it has been
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shown that graphene can detect small amounts of
gas, indeed even a single molecule,’ it lacks the
ability to detect larger amounts of gas at ppm scale.
Variation of the composition as well as doping of
graphene onto existing sensing materials are
believed to be appropriate approaches to improve
the detection range in terms of sensitivity and
selectivity.

Zinc oxide (ZnO) has already proved to be able to
detect gas molecules with high sensitivity. It has a
wide bandgap and many point defects on which
physisorption and chemisorption occur.® ZnO can be
synthesized as many nanoscale structures, such as
nanoparticles, nanorods, and nanosheets, which
offer increased surface area and hence increased
sensor sensitivity and selectivity.”® However, for
gas sensing applications, ZnO requires high oper-
ating temperature of 250°C to 400°C to achieve
optimum sensitivity and enhance the surface molec-
ular desorption kinetics for faster recovery time. As
a result, such sensors require high power to achieve
their full potential and, in many cases, still show
slow recovery time. The future will see avoidance of
high-temperature operation for metal oxide devices
in many applications, because electrical devices
should offer low power consumption for environ-
mental reasons.

Many experiments have already demonstrated
the role of graphene when doped into metal oxide
materials for use in various applications, including
gas sensing. In particular, the adsorption capacity
and electron transport channels offered by gra-
phene have led to the emergence of gas sensors
with improved performance.'® For gas sensing
applications, doping of graphene into a metal or
metal oxide resulted in good response at relatively
low temperature.'’™'® However, to date, study of
the sensing mechanism of graphene-ZnO compos-
ites has remained sparse. This paper reports a
simple approach for synthesis of graphene—ZnO
composite layers for gas sensing using an easy and
low-cost preparation technique. The requirements
for a gas sensor vary depending on its application
and may include low cost, low power, high sensi-
tivity, and fast response and recovery times. Low
cost requires a simple yet effective method to form
the gas sensor. In this research, graphene synthe-
sized by the chemical exfoliation process was used,
being both low cost and feasible for mass produc-
tion, compared with other synthesis processes. As
the aim of this work is to synthesize graphene—
ZnO composites, reduced graphene oxide (rGO)
was purchased from a commercial source. To
synthesize the composites, a reflux method was
used, being both simple and low cost. An alumina
plate was used as substrate, on which the
graphene-ZnO nanocomposite sensor was depos-
ited. In this research, 30 ppm CO was chosen, as
this value is commonly used in many standards as
the level at which CO begins to be dangerous to
human health.
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EXPERIMENTAL PROCEDURES
Synthesis of Graphene-ZnO Nanocomposite

For simplicity, the rGO-ZnO composite is called
GZ. rGO was obtained from Skyspring Nanomate-
rials Inc. Analytical-grade zinc nitrate tetrahydrate
[Zn(NO3)94H50] as ZnO precursor and ethylene
glycol were obtained from Merck and used without
any further purification. The rGO:Zn(NO3)4H50
mole ratio of precursors was 3:1, 1:1, and 1:3, with
the amount of rGO kept constant in each case, with
40 ml, 60 ml, and 80 ml ethylene glycol, respec-
tively. The simple reflux system employed consisted
of a flat-bottomed flask, Liebig condenser with
stand, Bunsen burner with wire gauze and tripod,
and minisubmersible water pump to circulate con-
densing water.

The reflux procedure started with mixing the
precursor with ethylene glycol in the flask, followed
by ultrasonication for 30 min to ensure a homoge-
neous mixture. After that, the mixture was refluxed
at 190°C. First, pure ZnO was synthesized by
observing the change in color; this reflux process
took 12 h. While refluxing the three composites, the
change that occurred in the mixture was difficult to
observe because the rGO caused the mixture to be
colored black, hence the reflux process for the three
variations was also set at 12 h. After 12 h of reflux,
the system was aged for 12 h for settling. The
resultant was filtered then washed three times with
ethanol and Aqua Bidest. The resulting material
was calcined at 450°C for 2 h, finally obtaining the
powder sensor materials, denoted as rGO, GZ 3:1,
GZ 1:1, GZ 1:3, and ZnO.

Material Characterization

X-ray diffraction analysis (Philips Analytical,
40 kV, 30 mA, 20 range 15° to 60° with step size of
0.020°) was used to confirm the crystal structure of
the five samples. Chemical properties of the samples
was analyzed using Fourier Transform Infrared
Spectroscopy (FTIR) Thermoscientific Nicolet 4700.
Surface morphology was characterized by scanning
electron microscopy (SEM, LEO type 420i) at
100,000x magnification. Brunauer—Emmett-Teller
(BET) surface area analysis was carried out by
nitrogen adsorption—desorption using a Quan-
tachrome Instruments version 11.03. Elemental
composition was determined using a JEOL JED-
2300 analysis station.

Sensor Fabrication

Sensor devices were prepared using a thick-film
method as follows: A certain amount of powder was
carefully dispersed in ethylene glycol to form a
paste, which was then deposited onto the alumina
substrate, on which a conductive silver paste elec-
trode had been previously deposited. The resulting
film was then dried at 200°C for 1 h. Figure 1 shows
a schematic of the sensor devices, indicating the
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position of the sensing film layer of graphene—ZnO
nanocomposite and the electrode. Figure 2 depicts
the scheme for gas sensor testing. Gas cylinders
containing CO and nitrogen were connected to a
mixing chamber. Bacharach PCA3 was used to
confirm the concentration of CO in the mixing
chamber. Until the desired ppm level was obtained,
the diluted CO gas was streamed to the first
bubbler. Fuji PXR-9 temperature controller and
Omron G3PX-220EH power controller were used to
control the desired operating temperature. Picotest
M3500A was used to log the sensor resistance data
to a computer.

RESULTS AND DISCUSSION

Figure 3 shows the diffraction patterns of the five
samples of graphene-ZnO nanocomposite. The
broad peak observed for rGO at 26.5° can be
assigned to (002) plane, consistent with the typical
diffraction of rGO. Another broad peak at 43° is in
accordance with the graphite (100) plane, indicating
a lower degree of crystallization and presence of
some defects.'® The diffraction pattern of pure ZnO
showed signals from (100), (002), (101), (102), and
(110) planes of wurtzite crystal structure, matching
well with Joint Committee on Powder Diffraction

& Alumina substrate
Top view €&—— Silver electrode
-—— Sensor film
Side view ]

Fig. 1. Schematic of sensor device, showing electrode and de-

Standards (JCPDS) card no. 36-1451.'° In the
diffraction pattern of graphene—ZnO with 3:1 com-
position, the (002) plane of rGO was visible. More-
over, in graphene-ZnO with 1:1 and 1:3
compositions, no peaks for rGO were visible. This
phenomenon simply indicates that, in the gra-
phene-ZnO nanocomposite with 3:1 composition,
the ZnO particles did not fully cover the rGO sheets,
while in the graphene—ZnO nanocomposite with 1:1
or 1:3 composition, the ZnO particles completely
covered the rGO sheets. The diffraction patterns of
the three composites were also similar to that of
7Zn0, indicating that addition of rGO in the reflux
process did not affect the formation or orientation of
ZnO crystals. Furthermore, from the XRD plot, it
was observed that the concentration of graphene
added affected the width of the ZnO peaks. In other
words, introduction of graphene into ZnO affected
the crystallite size of ZnO. To investigate this effect,
the crystallite size was calculated using the Scher-
rer formula (Eq. 1), where K is the Scherrer con-
stant (0.9 for spherical particles), 41 is the
wavelength of Cu K, radiation (1.54 A), and B is
the full-width at half-maximum intensity of the
peak (Table I).!” The lattice constant was also
determined using Bragg’s law (Egs. 2 and 3).7
The crystallite size of ZnO tended to increase as
the concentration of graphene was increased, but
decreased for G:ZnO ratio of 3:1. The lattice con-
stants also changed in the presence of graphene.
Presence of graphene can cause lattice stress and
strain in ZnO.

K

d= Bcosl’ (1)
1 A

= \/;sinf)’ (2)
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Fig. 2. Scheme of gas sensing characterization system.
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c=——. (3)

The Fourier-transform infrared (FTIR) spectra of
graphene the G—ZnO nanocomposites, and ZnO are
shown in Fig. 4. The broad peaks at 3431 cm ™' for
graphene and G:ZnO 3:1 (Fl% 4d and e) came from
O-H stretching vibration.™ This peak became
smaller as the concentration of ZnO was increased,
and vanished for the ZnO sample. All sample
nanocomposites showed peaks at 1573 cm™ ! and
1184 cm ™!, attributed to stretching vibrations of
C=C and C-OH, respectlvely Moreover, the addi-
tional peak at 451 cm ! was attributed to ZnO.

Surface morphology analysis of all samples is
shown in Fig. 5. The graphene sheets are very hard
to observe in Fig. 5a and b. Graphene is a two-
dimensional material with very high specific surface
area. Its high surface energy makes it agglomerate

Table I. Crystallite size calculated using Scherrer formula and lattice constant calculated using Bragg’s law

for all samples

Sample Crystallite size (nm)
G:ZnO 3:1 18
G:ZnO 1:1 23
G:ZnO 1:3 22
ZnO 20

Lattice constant, a A)

Lattice constant, ¢ A)

3.24 5.19
3.25 5.20
3.23 5.19
3.24 5.20
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Fig. 4. (a) FTIR spectra of ZnO. GZ nanocomposites with ratios of (b) 1:3, (c) 1:1, and (d) 3:1. (e) rGO.
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Fig. 5. (a, b) Scanning electron microscopy (SEM) images of pure rGO. Graphene-ZnO nanocomposites with ratios of (c, d) 3:1, (e, f) 1:1, and

(g, h) 1:3. (i, j) Pure ZnO.
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via van der Waals interactions, making it very
difficult to see the sheets on SEM images, although
sheet edges can occasionally be seen. In graphene—
Zn0O with 3:1 composition (Fig. 5¢ and d) edges of
rGO sheets were visible. On the surface of the rGO
sheets, very small ZnO particles were formed, but
their size could not be confirmed from the SEM
image. ZnO particles with size ranging from 50 nm
to 137 nm started to be visible at the 1:1 composi-
tion (Fig. 5e and f). The presence of ZnO nanopar-
ticles became clearer at graphene:ZnO ratio of 1:3,
as shown in Fig. 5g and h. Nanoparticles with size
ranging from 30 nm to 60 nm were attached to the
surface of rGO. The size of the ZnO particles at this
ratio was smaller than the ZnO observed for the
graphene-ZnO nanocomposite with ratio of 1:1,
indicating that the rGO concentration strongly
affected the size and distribution of ZnO. This
phenomenon can be explained as follows: For the
graphene—ZnO composite with 1:1 ratio, rGO was
plentiful enough to permit self-nucleation and thus
with the ZnO. Self-nucleation of ZnO made the
particles become bigger. At the 1:3 ratio, ZnO and
rGO prevented self-nucleation of each other and
made their distribution quite uniform and the ZnO
particles smaller. Furthermore, from Fig. 5i and j,

45
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Fig. 6. (a) BET surface area as function of relative pressure for rGO.
GZ nanocomposites with ratios of (b) 3:1, (c) 1:1, and (d) 1:3. (e)
ZnO.
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we conclude that the ZnO in the composite had the
same circular shape as the pure ZnO.

Based on the SEM results, we can also describe
the process that occurred while refluxing. The reflux
process of zinc nitrate tetrahydrate in ethylene
glycol results in formation of zinc glycolate. The
aging process for 12 h would cause zinc glycolate
particles to settle on the surface of the sheets as well
as in the spaces between the rGO sheets. Further-
more, the calcination process would cause the zinc
glycolate to decompose into ZnO particles, formed
on the surface of the rGO and between sheets of
rGO. ZnO that formed between rGO sheets
increased the distance between them, and con-
versely the size of the ZnO was restricted by the
distance between the rGO sheets.

The results of nitrogen adsorption—desorption
measurements on the five samples are shown in
Fig. 6, while the BET calculation results for the
specific surface area are presented in Table II,
together with the atomic percentages calculated
from energy-dispersive spectroscopy (EDS) analysis
(Fig. 7).

Based on the BET calculation, the specific surface
area of rGO and ZnO was 844 m?%g and 53 m%g,
respectively. The high specific surface area of rGO
could increase the specific surface area of the
graphene-ZnO composites. As a result, the higher
the concentration of rGO in the composite, the
higher its specific surface area. Presence of rGO in
the composite could increase the specific surface
area from 53 m?%g to 94 m%*g. EDS analysis of rGO
resulted in a C:0 ratio of 155:1, a good value
compared with many results.'® The number of
oxygen atoms in the composites was higher than
the number of zinc atoms, possibly because the
reflux and calcination processes caused some rGO
sheets to be oxidized. The Zn:O ratio in pure ZnO
indicates presence of oxygen vacancies, confirming
the n-type semiconductor nature of ZnO.

The data obtained from the sensor characteriza-
tion are plotted as the dynamic response of the
sensor. The change in the response on exposure to
the target gas was calculated using Eq. 4, where R,
is the resistance before exposure and R, is the
resistance with the target gas flowing through the
chamber. This response change is usually called the
response sensitivity, hence the term sensitivity is

used here. Besides the sensitivity, we also

Table II. Specific surface area and EDS results for all samples
Sample rGO GZ 3:1 GZ 1:1 GZ 1:3 ZnO
Specific surface area (m%/g) 844 67 76 53
EDS (at.%)

C 99.4 46.77 47.86 23.03 -

0] 0.64 42.21 38.15 62.21 34.62

7n - 11.02 13.99 14.76 65.38
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Fig. 7. Energy-dispersive spectra of (a) ZnO, (b) GZ 1:3, (c) GZ 1:1, and (d) GZ 1:3.

calculated the response and recovery times, i.e., the
time needed for the sensor to reach 90% of its
steady-state value.

AR(%) = }% x 100. (4)

Each sample was tested using 30 ppm CO in the
temperature range from 25°C to 300°C. The
dynamic response of the sensor for all samples is
shown in Fig. 8. As discussed above, the samples
were all semiconductors. All sensors except one (the
pure rGO sensor at room temperature) showed a
positive response, i.e., the resistance decreased
when exposed to the target gas. CO is a reducing
gas and will cause a decrease of the resistance for an
n-type semiconductor sensor.

At room temperature, pure rGO acts as a p-type
semiconductor, whose resistance will increase on
interaction with CO. However, at high temperature,
the resistance of rGO decreased on interaction with
CO. This p-type semiconductor response of rGO at
room temperature is in agreement with some

previous reports,lz’go_23 proving that graphene acts

as a p-type semiconductor at room temperature. The
negative response of rGO at room temperature and
the positive response at higher temperatures indi-
cate a change in semiconductor type, from p- to n-
type, as the temperature was increased. Normally,
rGO acts as a p-type semiconductor with holes as
major charge carriers.’*?® This change at high
temperature indicates a change in the charge
carrier. In the case of the composites, all samples
showed n-type behavior, with resistance that
decreased on exposure to CO gas. This phenomenon
indicates that the sensors followed the behavior of
ZnO, with graphene resulting in enhanced conduc-
tivity and gas adsorption.?® In the sensing process,
similar to pure ZnO, oxygen ionsorption on the ZnO
surface plays an important role. In ambient atmo-
sphere, oxygen adsorbs on the ZnO surface, ionizes
to form O~ by taking an electron from the conduc-
tion band, and creates a depletion layer. The
interaction between CO and O~ will form CO5 and
release an electron back to the conduction band,
leading to a decrease in resistance. Furthermore,
presence of CO could also alter the barrier potential
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Fig. 9. (a) Schematic of sensing mechanism of pure ZnO and (b) graphene—ZnO nanocomposite sensors.

at the rGO-ZnO interface, also contributing to the
sensing mechanism. A schematic comparing the
sensing mechanisms is shown in Fig. 9.

The temperature dependence of the response of
the graphene-Zn0O nanocomposite sensors is shown
in Fig. 10. For all samples, the sensor response
increased as the operating temperature was
increased. High temperature gives the target gas
sufficient energy to overcome the activation energy
for surface reaction, hence the higher the

temperature, the higher the response. Furthermore,
the graphene—ZnO nanocomposites showed a
response at low temperatures below 150°C, while
pure ZnO only started to show a response at 150°C.
It was observed that the minimum operating tem-
perature of the graphene—ZnO nanocomposite sen-
sors with ratio of 3:1, 1:1, and 1:3 was 25°C (room
temperature), 75°C, and 100°C, respectively, clearly
lower than the value of 150°C for pure ZnO. These
results clearly prove that addition of graphene to
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ZnO can decrease the operating temperature of
sensors to the low-temperature region between
room temperature and 125°C. Moreover, sensitivity
above 60% was observed at operating temperature
of 150°C for the graphene—ZnO nanocomposite with
ratio of 1:1 or 1:3. In the range of 175°C to 300°C,
the response of the graphene—ZnO composites with
ratio of 1:1 and 1:3 followed the pattern for ZnO but
showed lower sensitivity.

To the best of the authors’ knowledge, to date,
there is no research on synthesis of graphene—zinc
oxide by reflux technique for CO gas sensors. The
results presented herein are competitive with other
works on different types of material for CO gas
sensing, or with similar materials for sensing of
different gases, as well as similar materials and
techniques for other gases, as summarized in
Table III. The developed nanocomposites can detect
CO gas well at concentration of 30 ppm, lower than
most other studies, where the CO concentration was
above 100 ppm. Moreover, the sensor also showed
good CO gas sensing response at 150°C, while other
sensors mostly showed good CO gas sensing perfor-
mance at temperatures above 300°C. This compar-
ison indicates that the presented nanocomposite
sensor has high potential to detect low CO concen-
tration well at low temperature.

CONCLUSIONS

The reflux technique proved to be a simple and low-
cost method to synthesize graphene—ZnO nanocom-
posite films. The rGO-ZnO composites exhibited CO
gas sensing in the range from room temperature to
125°C, lower than for pure ZnO. In this low-temper-
ature region, the graphene—ZnO nanocomposite with
ratio of 1:3 exhibited the highest sensor response,
followed by those with ratio of 1:1 and 3:1, which
showed the lowest response among the composites.
The performance of the graphene—ZnO nanocompos-
ites in this low operating temperature region is much
better than that of pure ZnO. Pure ZnO started to
show sensor response at operating temperature of
150°C. Although pure ZnO showed the highest
sensitivity at high temperature above 150°C among

Table III. Comparison of carbon monoxide gas sensors
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all the samples, the graphene—-ZnO composites
showed sensitivity not far below that of pure ZnO.
Moreover, addition of rGO to ZnO did not affect the
response time, while the recovery time was observed
to be improved.
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