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ABSTRACT: In this report, we developed an additive-free synthesis
of In,O; cubes embedded into graphene networks with InN
nanowires (InN-NWs) and graphene oxide (GO) as precursors by
a facile one-step microwave-assisted hydrothermal method. In absence
of GO, the InN-NWs maintained their chemical composition and R
original morphology upon the same treatment. At varying mass ratios | 55
of InN-NWs and GO, the different morphologies and distributions of
In,O; could be obtained on graphene sheets. The uniform
distribution, which is usually considered favorable for enhanced
sensing performance, was observed in In,O; cubes/reduced graphene
oxide (rGO) composites. The room-temperature NO, sensing
properties of the In,O; cubes/rGO composites-based sensor were < (IN) (in,0;) {co) — (fco)
systematically investigated. The results revealed that the sensor

exhibited a significant response to NO, gas with a concentration lower to 1 ppm, and an excellent selectivity, even though the
concentrations of interferential gases were 1000 times that of NO,. The enhanced NO, sensing performances were attributed to
the synergistic effect of uniformly distributed In,O; cubes and graphene sheets in the unique hybrid architectures without the
interfering of extra additives.
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1. INTRODUCTION

Graphene-based materials have been considered as distinctive
building blocks for fabrication of gas sensors because of their
unique two-dimensional (2D) structures and physical proper-
ties, such as fast electron transport kinetics, high specific surface
area, etc.'* In despite of such outstanding behaviors, pristine
graphene materials themselves usually exhibit unsatisfied
sensing properties, such as relatively low sensitivity, and poor
reversibility.”~” Many efforts have been devoted to improve the
sensing performance of graphene materials, including thermal
treatment,® chemical modification,”™** microwave,'> and UV
irradiation treatment.'* Among all these methods, the chemical

Physical mixing of pristine graphene materials and well-
functionalized micro/nanomaterials is apparently the most
convenient way for the formation of hybrid composites.”!
Unfortunately, this simple combination usually induces a severe
aggregation and nonuniform distribution of functionalized
micro/nanomaterials in graphene networks, subsequently
leading a degradation of gas-sensing performances. The
hydrothermal treatment of graphene oxide and metal salt
solution has been considered as a facile and effective method to
obtain uniformly distributed micro/nanomaterials with specific
morphologies in the graphene networks."”*° Generally, the
good sensing performances are accompanied by uniform

modification approach attracted the most intensive attention
because of the fact that it can be performed on a large scale at a
relatively low cost.">'® Furthermore, during the process of
chemical modification, functional micro/nanomaterials could
be incorporated into graphene networks to form hybrid
composites, which have been proven to be an effective way
to improve the sensing performances because of the diverse

functionalities and synergistic effect in the composites.l7_20
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distribution and ideal morphologies of the functional micro/
nanomaterials.”>>®> Extra additives (surfactants or polymers),
such as CTAB, SDS, PEG, etc., are usually applied to tune their
morphologies and distribution during the hydrothermal
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process. However, it is a tedious task to remove the

additives after the synthesis, and the residual additives in the
composites not only hinder the gas penetrating but influence
the electronic conductivity of the hybrid structures, thus
inducing a poor sensing performance.””*® Therefore, it is highly
desirable to develop an additive-free synthesis of uniformly
distributed functional micro/nanomaterials on graphene sheets.

Indium oxide (In,0;), as a typical wide-bandgap n-type
semiconductor, has exhibited promising applications in gas
sensors.”> Up to now, various morphologies and functionalities
of In,O; micro/nanomaterials have been developed.30 How-
ever, to the best of our knowledge, there are no available
reports about the combination of In,O; with graphene as
sensing materials.

In this work, we report an additive-free synthesis of In,O;
cubes uniformly embedded into graphene sheets with InN
nanowires (InN-NWs) and GO as precursors by a facile one-
step microwave-assisted hydrothermal method. Without the
help of graphene sheets, the bare InN-NWs precursor cannot
transform to In,Oj; and basically maintained their chemical
composition and original morphology upon the same treat-
ment. When InN-NWs and GO at varying mass ratios were
applied as precursors, the different morphologies and
distribution of In,O; were achieved on graphene sheets. The
uniform distribution, which is usually considered favorable for
enhanced sensing performance, was observed in In,O; cubes/
rGO composites. The as-fabricated sensor based on In,0;
cubes/rGO composites exhibited an excellent selectivity and a
significant response to NO, at a concentration lower to 1 ppm
at room temperature.

2. EXPERIMENTAL SECTION

Material Synthesis. Graphene oxide (GO) was synthesized from
purified 1graphite powder according to the modified Hummers
method.*>" The purified GO were then dispersed in distilled water to
make a 2 mg/mL solution. Exfoliation of GO was achieved by
ultrasonication using an ultrasonic bath (Kudos, SKS200H, 200 W,
China). InN-NWs were prepared by chemical vapor deposition
(CVD) method (see the Supporting Information, Figure S1).>* The
In,0;/rGO composites were prepared by microwave-assisted hydro-
thermal method. In a typical preparation process, 1 mL of GO aqueous
suspensions (2 mg/mL) was added into 9 mL of distilled water, and
was sonicated for 30 min. Subsequently, the varying mass of InN-NWs
was added into the above GO solution, and a well-dispersed solution
was obtained by ultrasonication for 1 min. After that, the uniform
dispersion was sealed in a 100 mL Teflon container and transferred
into a microwave digestion system (SINEO, MDS-6G, China). The
reaction was then preformed at 150 °C for 30 min under microwave
irradiation (2450 + S0 MHz). After cooling to room temperature
naturally, the resulting products were cleaned by centrifugation/
washing cycles with distilled water for three times, and then air-dried at
100 °C for 24 h. In our experiment, the mass ratios of InN-NWs and
GO were controlled as 0.1:1, 0.5:1, 1:1, 3:1, and S:1, respectively. For
comparison, individual InN-NWs and GO were separately conducted
by the same procedure without any other additives.

Characterizations. X-ray powder diffraction (XRD) was per-
formed on a Rigaku D/Max 2500 diffractometer with Cu K1 radiation
(A = 0.15406 nm). The samples were scanned at a rate of 5°/min over
the 26 range of 5—65°. The morphologies of the as-obtained samples
were characterized by field-emission SEM (Nova NanoSEM 450, FEI)
with an accelerating voltage of 3 kV. Raman spectra were recorded on
a Raman confocal microspectrometer (HR-800, Jobin-Yvon, Horiba,
France) excited by a He—Ne laser (632.8 nm, 13.6 mW). Fourier-
transform infrared (FT-IR) spectra of KBr powder pressed pellets
were recorded on a Spectrum 100 FT-IR (PerkinElmer Instrument
Co.) with a scan range of 4000—400 cm™'. X-ray photoelectron

spectroscopy (XPS) analysis was carried out on an ESCALAB2S0
spectrometer (Thermo VG Co, USA) with Al K, (1486.6 €V) as X-ray
radiation.

Fabrication and Gas-Sensing Measurements. For fabricating
the sensing devices, the sensing materials were dispersed in absolute
ethanol by ultrasonication, and then the mixed solution was dropped
onto a ceramic plate (1.0 X 1.5 mm) which was previously mounted a
pair of gold electrodes on the frontal sides by screen printing
technique (see the Supporting Information, Figure S2), followed by
drying at room temperature. The gas-sensing measurements were
carried out in a 100 mL homemade testing chamber. A gas mixing line
equipped with mass flow controllers (MFCs) was designed to prepare
the NO, at specific concentrations and relative humidity (RH) in the
testing chamber (see the Supporting Information, Figure $3).>>** The
resistance changes of sensor in air or tested gas were monitored by a
high-resistance meter (Victor, 86E, China), and the response signal
(S) of gas sensor was defined as the R,/R, (for oxidizing gas), or R,/R,
(for reducing gas) ratio (R,, resistance in air; R,, resistance in tested
gas). Before sensing measurements, the chamber was purged with air
until a constant resistance was obtained. The sensor was then exposed
to NO, and air flow alternately.

3. RESULTS AND DISCUSSION

InN-NWs and GO at different mass ratios, as well as individual
InN-NWs and GO, were conducted by the microwave-assisted
hydrothermal reaction. The chemical composition of the
products obtained before and after microwave-assisted hydro-
thermal reaction was analyzed by XRD technique.

Figure la shows the typical XRD patterns of GO. A strong
peak at 26 of 10.64° corresponding to the (001) plane is clearly
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Figure 1. Typical XRD patterns of (a) GO, (b) rGO, and the as-
obtained In,O3/rGO composites with various mass ratios of InN-NWs
and GO as precursors: (c) 0.1:1, (d) 0.5:1, (e) 1:1, (f) 3:1, and (g)5:1
by microwave-assisted hydrothermal reaction at 150 °C for 30 min.

observed, indicating the successful preparation of GO by
oxidation of the graphite powder."”” For the XRD pattern of
rGO prepared by reduction of bare GO, as shown in Figure 1b,
the peak at 10.64° disappears and a broad peak appears at
approximately 22.2°, confirming the conversion of GO to rGO
after the microwave-assisted hydrothermal reaction.” Figure
lc-g illustrates the XRD patterns of the five composites
prepared from InN-NWs and GO at varying mass ratios. None
of obvious typical peaks belonging to rGO are observed in
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these XRD patterns. This implies that the graphene sheets are
highly disordered stacking with a low degree of graphitization
and the existence of In,O; in the composites prevents the
graphene sheets from restacking.”” Furthermore, except for the
diffraction peak marked with A, which is originated from (100)
plane of InN (JCPDS Card, No. 50—1239), all the other
detectable peaks are indexed as cubic phase In,0; (JCPDS
Card, No. 71—-2194). This indicates that InN could be
transformed to In,O; in the presence of the graphene sheets
by the microwave-assisted hydrothermal reaction. Although the
amount of residual InN in the In,O;/rGO composites is very
tiny, it is still noteworthy that along with the increase of the
mass ratio of InN-NWs and GO, the relative diffraction peak
intensity of the (100) plane from InN is gradually enhanced. In
contrast, without the addition of GO, InN-NWs were
hydrolyzed very slowly and basically maintained their chemical
composition and original morphologies upon the same
microwave treatment (see the Supporting Information, Figure
S4). As a proof of concept, the existence of graphene sheets
plays a vital role in the conversion from InN to In,0; during
the microwave-assisted hydrothermal process.

The morphologies of the as-obtained In,O; cubes/rGO
composites with InN-NWs and GO as precursors (mass ratio
was 1:1) were further investigated by SEM, as shown in Figure
2. Observed from the SEM image in Figure 2a, the graphene

87

Figure 2. (a, b) SEM images of the In,O cubes/rGO composites with
InN-NWs and GO as precursors (mass ratio was 1:1) at different
magnification.

sheets exhibit a clean and transparent film, and the In,0; cubes
are uniformly embedded into graphene networks, indicating an
effective strategy to incorporate In,O; cubes into graphene
sheets by one-step microwave-assisted hydrothermal method.
The enlarged-magnification SEM image is shown in Figure 2b,
and reveals clearly defined and well-faceted In,O; cubes with
size of 50—250 nm. Furthermore, the crumpled graphene
sheets with many folds and wrinkles (as indicated by green

arrows in Figure 2b) provide extremely high surface area, thus
facilitating the effective access of gases to the In,Oj surfaces.””

To investigate the effect of InNN-NWs precursor amount in
the GO solution on the morphologies and distribution of In,O;
on graphene sheets, we carried out the controlled experiments
with varying mass ratios of INN-NWs and GO (0.1:1, 0.5:1, 3:1
and 5:1) under the same experimental condition. SEM images
of the as-prepared In,O;/rGO composites are shown in Figure
3. When the mass ratio of INN-NWs and GO was controlled at

Figure 3. SEM images of the In,0;/rGO composites with different
mass ratio of InN-NWs and GO as precursors: (a) 0.1:1; (b) 0.5:1; (c)
3:1; (d) s:1.

0.1:1, many amorphous In,0; particles were observed and
tended to aggregate to clusters, as shown in Figure 3a. When
the mass ratio of InNN-NWs and GO enhanced to 0.5:1, the bulk
In,0; were found (Figure 3b). As this ratio kept increasing
(3:1), a mixture of particles and nanowires were obtained in the
composites (Figure 3c). Meanwhile, it can be obviously seen
that some isolated particles deposited on the surface of the
nanowires, and the nanowires showed a coarse surface and a
noticeable fluctuation in diameter along their longitudinal axes.
When the mass ratio of InN-NWs and GO increased to 5:1,
more In,O; nanowires and less particles were observed in the
composites (Figure 3d).

A tentative explanation on the formation and growth of
In,O; with various morphologies in the composites are
schematically illustrated in Figure 4. As mentioned previously,
the additives (surfactant or polymers) are usually introduced to
the synthesis process, and these additives not only help the
dispersion of different matrices but tune the morphologies of
products.*>*® Without additives, the precursors and newly
generated nano/micromaterials may separate from the solution
phase and form precipitation. However, in our case, the GO
sheets themselves contain both the hydrophobic basal plane
and hydrophilic edges, which can also be considered as a
surfactant.®® Furthermore, their basal planes are decorated
mostly with epoxy and hydroxyl groups, while carbonyl and
carboxyl groups are located at the edges, representing as anchor
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Figure 4. Schematic illustration of the formation process of the In,0;/
rGO composites.
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sites.” Therefore, in the presence of the GO, the InN-NWs
precursor could be well-dispersed in the solution homoge-
neously (see the Supporting Information, Figure S5).*°
Meanwhile, in the presence of GO, the InN-NWs tend to be
hydrolyzed and decomposed into In,O; crystal nucleus in the
process of microwave-assisted hydrothermal treatment. Simul-
taneously, the insulating GO is reduced into conductive rGO,
which has been reported as the nucleation sites for further
crystal growth.'” These generated In,O; crystal nuclei
spontaneously aggregate into large assemblages to minimize
their surface energy, thus leading different morphologies.>

The concentration of In,O; crystal nuclei in the solution
shows a significant 1nﬂuence on the final In,O; morphology in
graphene networks.'” With less concentration of In,Oj crystal
nuclei, as examples in Figure 3a, b, they tend to aggregate and
form bulk In,O;. However, with suitable concentration of In,O;
crystal nuclei, as the example in our case of Figure 2a, b, they
tend to be nucleated and evolve into cube morghology through
Ostwald ripening process in the composites. In contrast, as
the concentration of In,O; crystal nuclei increases (e.g., Figure
3c), the fast growth facilitates the appearance of nonuniform
nanowires, with 1rregular nanoparticles loading on the surfaces
of the nanowires."® Furthermore, the corrugated rGO sheets
form in the hydrothermal process, resulting that partial In,0O;
nanoparticles are wrapped with the rGO sheets. As the
concentration of In,O; crystal nuclei keeps increasing (e.g,,
Figure 3d), more and more nanoparticles transform to wire-like
shapes by self-assemble, leading the appearance of more In,O;
nanowires in the composites.

It was noteworthy that the as-generated In,O; with diverse
shapes and sizes showed different effects on their distribution in
the graphene networks.>® The amorphous particles, bulk In,0;,
and nanowires all exhibited a relatively nonuniform distribution
on the graphene sheets, while the In,O; cubes were uniformly
embedded into graphene networks. As mentioned previously,
the ideal sensing performance is usually accompanled by
uniform distribution of sensing materials.”>*> Therefore, we
focused on the In,O; cubes/rGO composites for further
characterizations and used as the gas-sensing material.

The reduction of GO and the formation of In,O; in In,0;
cubes/rGO composites are further confirmed by using Raman
spectra. The Raman spectra of GO, rGO, and the In,O; cubes/
rGO composites are illustrated in Figure S. It is obviously seen
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Figure S. Raman spectra of GO, rGO, and In,O; cubes/rGO
composites.

that all three samples exhibit two major peaks, containing the D
band at 1340 cm™! and the G band at 1595 cm™."? The G—
band is ascribed to the first-order scattering of the E2g mode."’
The D-band is associated with the structural defects, which are
related to the partially disordered structures of graphitic
domains or created by the attachments of functional groups
on the carbon basal plane.*' Furthermore, the intensity ratios of
the D to the G band (Ip/I;) for rGO and In,O; cubes/rGO
composites are 1.082 and 1.107, respectively, which is higher
than that of GO (0.938). These results demonstrate the
formation of new graphitic domains for both rGO and In,O;
cubes/rGO comgosites after the microwave-assisted hydro-
thermal process.”” Additionally, for Raman spectra of the In,O;
cubes/rGO composites, there are two peaks at 303 and 494
cm™), Wthh could be assigned to the characteristic modes of
cubic In,05.* This also indicates the formation of In,Q; in the
composites after the microwave-assisted hydrothermal treat-
ment. Similar results were observed in FT-IR spectrum (see the
Supporting Information, Figure S6).

To further characterize the as-obtained products, we
conducted the surface composition and element analysis by
X-ray photoelectron spectroscopy (XPS) technique. Figure 6a
exhibits the XPS survey spectra of GO, rGO and In,O; cubes/
rGO composites, revealing two peaks at 284 and 531 eV, which
can be attributed to C 1s and O Is, respectively.”® Furthermore,
In,0; cubes/rGO composites exhibit several bands associated
with In element (In 3p, 3d, 4d), 1nd1cat1ng the presence of In
element in the hybrid architecture.” In the case of rGO, the C/
O atomic ratio is 4.061, which is much higher than that of GO
(2.145). This increase of the C/O atomic ratio in rGO
demonstrates that microwave-assisted hydrothermal method is
capable of ehmmatmg most of the oxygen-containing functional
groups of GO.% However, the C/O atomic ratio in In,O,
cubes/rGO composites is 2.619, which is lower than that of
individual rGO but higher than that of GO (see the Supporting
Information, Table S1). This could be ascribed to the reduction
of GO and the incorporation of In,O; into graphene networks.
Except the O binding with In, the C/O atomic ratio of rGO in
In,0; cubes/rGO is 4.322, indicating a similar reduction degree
of GO in both the bare rGO (4.061) and In,0O; cubes/rGO
composites upon the same treatment (see the Supporting
Information, Table S1). In 3d XPS spectra of In,0; cubes/rGO
composites have two strong peaks with binding energy at 451.4
eV (In 3d;/,) and 443.8 eV (In 3ds),), as shown in Figure 6b,
demonstrating the formation of In,O; in the composites.”
Furthermore, C 1s spectra of GO and In,O; cubes/rGO
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Figure 6. (a) XPS survey spectra of GO, rGO, and In,0; cubes/rGO composites; (b) In 3d spectrum of In,O; cubes/rGO composites; (c) C 1s

spectrum of GO, and (d) In,O; cubes/rGO composites.

composites are shown in Figure 6¢, d, respectively. Three peaks
at 284.6, 286.7, and 288.5 eV are clearly observed, and are
attributed to the C—C, C—O and C=0 bands separately in the
samples.*' In contrast, a noticeable decrease in the peak
intensity of C—O and C=O was achieved after microwave-
assisted hydrothermal reaction, suggesting that most oxygen-
containing functional groups are successfullg removed in the
microwave-assisted hydrothermal treatment.”® As a result, these
observations indicate the successful reduction of GO and the
formation of In,O; by microwave-assisted hydrothermal
treatment of InN-NWs precursor in GO solution.

As mentioned above, both the uniform distribution of In,0O4
cubes in graphene networks, and the crumpled graphene sheets
with numerous wrinkles and folds in the hybrid architectures
are advantageous for gas-sensing applications.”” Therefore, in
our experiment, we fabricated a gas sensor using the In,O;
cubes/rGO composites, and evaluated its sensing performance.
NO, gas was selected as the target gas since it is the most
dangerous air pollutant to plants and respiratory system of
human beings and animals. In addition, it threatens environ-
mental security as a source of photochemical smog and acid
rain.”®*® Thus, the detection of NO, has attracted extensive
interest in health and environmental monitoring.

Figure 7a shows the dynamic resistance changes of the as-
fabricated In,0; cubes/rGO-based sensor to various concen-
trations of NO, under 50% RH at room temperature. The
sensor resistances decreased with the exposure of NO,,
indicating the p-type response of the senor.>® The sensing
time of each NO, concentration was fixed at 3 min for further
measurements and comparison. Furthermore, as the NO,
concentration goes up, the resistances of the sensor keeps
decreasing obviously. A linear fitting curve of the sensor
response versus the NO, concentration in the range of 1 to 15
ppm is obtained, as shown in Figure 7b, and the correlation
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Figure 7. (a) Dynamic resistance changes of the sensor based on
In,0; cubes/rGO composites to various concentrations of NO, under
50% RH at room temperature; (b) linear fitting curve of the sensor
response versus NO, concentration.

coefficient R? of the fitting curve is 0.993, indicating a good
linearity.

For comparison, pure In,0;-based and rGO-based sensors
were fabricated separately using the same amount of sensing
materials and exactly same fabricated procedure. The sensing
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properties of these sensors to NO, at 50% RH and room
temperature were compared. It is clearly seen that the In,O;
cubes/rGO-based sensor displays the highest response among
these three sensors (see the Supporting Information, Figure
S7). Such observations indicate that the combination of In,O,
cubes and rGO significantly enhances the NO,-sensing
performances of rGO-based sensor.

To further evaluate the response and recovery characteristic,
the sensing performances of the as-fabricated In,O; cubes/
rGO-based sensor to S ppm of NO, under 50% RH at room
temperature, 50, 80, 110 °C are also investigated, respectively.
The elevated working temperature leads relatively shorter
recovery time, but lower sensor responses (see the Supporting
Information, Figure S8). As we mentioned, for the safety
concern in some specific atmosphere, such as inflammable and
explosive environments, we evaluate the sensing properties of
as-prepared sensor at room temperature.

The repeatability of our sensing devices was also investigated.
The In,O; cubes/rGO-based sensor was exposed to S ppm of
NO, for 3 min under 50% RH at room temperature for five
response cycles. Although the recovery time in air is relatively
long (Figure 7), once the sensor gets refreshed, it still exhibits
good repeatability. As shown in Figure 8, all five response cycles

250
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Figure 8. Resistance changes of the In,O; composites-based sensor
during five cycles of exposure to S ppm of NO, for 3 min under 50%
RH at room temperature.

present very similar trends after exposure to NO,. The long-
term stability of the sensor was evaluated by exposure the
sensor to S ppm of NO, under 50% RH at room temperature
for a period of 2 weeks (see the Supporting Information, Figure
S9), and the sensor exhibits good stability and only less than
3% variation is observed.

Selectivity is also an important parameter for gas sensor in
practical applications. Figure 9 reveals the cross-response of the
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Figure 9. Response of the In,O; cubes/rGO composites-based sensor
to various tested gas under 50% RH at room-temperature.

In,O; cubes/rGO composites-based sensor to several possible
interferential gases, including ammonia, ethanol, acetone,
hydrogen, and methane. It is clearly observed that the sensor
exhibits the largest response to NO, among these gases, even
though the concentration of the other tested gases are 1000
times that of NO,. Such results indicate that the sensor exhibits
an excellent selectivity toward NO, under 50% RH at room
temperature. This enhanced selectivity could be explained by
the selective adsorption of NO, on rGO. NO, is an electron-
withdrawing molecule, tending to adsorb on electron-rich sites
such as the lone-pair electrons of O atoms in oxygen-containing
functional groups of rGO.> The chemically modified rGO
(In,03/rGO) contains defect sites and functional groups,
which could act as highly active centers for NO,.* After NO,
adsorption, the electron-withdrawing abilities of the oxygen-
containing functional groups and defects are enhanced. And
consequently, the resistance of the p-type In,0;/rGO sensing
layer decreased significantly.

A comparison of the sensor responses to NO, in the present
work and literature reports is summarized in Table 1.”*~* It is
noteworthy that the as-fabricated sensor in our work exhibits
better sensing performances compared with those reported
previously in the literature. Although there exist some In,O;-
based NO, sensors with larger sensitivity (R‘t,’/R_\),%Ag’50 the
high operating temperature limit their practical applications.
Thus, our sensor is still a promising candidate for detecting
NO, gas at room temperature.

The sensing mechanism of the sensor based on the In,0;
cubes/rGO composites is further discussed. As we all know,
vacancies and defects are the major charge carriers for typical p-
type rGO semiconductor,** whereas In,O; is an n-type
semiconductor with free electrons as major charge carriers.””
The effective electronic interaction between In,O; cubes and
rGO facilitates the gas molecule detection via the resistance
change of the hybrid architectures.'® In ambient air, oxygen
molecules are directly adsorbed onto the surface and capture
free electrons from the conductance band of the composites to
generate chemisorbed oxygen species, leading a high-resistance
depletion layer.”> When the sensor is exposed to NO,, the high
electrophilic NO, molecules not only capture the electrons
from the conductance band, but also react with the absorbed
oxygen species.”® Such adsorption and reaction further capture
the electrons from the p-type In,O; cubes/rGO composites,
resulting in an increase of the charge carrier concentration,
which eventually decrease the sensor resistance.”* When the
sensor is exposed in air again, the absorbed NO, species are
desorbed, leading a recovery of the initial condition.

The enhanced sensing performance of the In,O; cubes/rGO
composites is tentatively explained from the following aspects.
First, an additive-free synthesis is developed to avoid the
introduction of extra additives, which not only hinder the gas
penetrating but influence the electronic conductivity of the
composites.”® Second, the uniform distribution of In,O cubes
in the graphene networks guarantees the good gas penetration
and transport in the composites.”> Third, the existence of
graphene sheets in the hybrid architectures overcomes the poor
electrical conductivity of In,O; at room temperature. Finally,
the graphene sheets with many overlapped and crumpled
regions provide high surface areas, thus facilitating the effective
access of gases to the In,0; surfaces.”” Therefore, the enhanced
sensing performance for NO, at room temperature could be
achieved by using as-obtained In,O; cubes/rGO composites.
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Table 1. Detection of NO, Using Graphene-Based Sensors”

NO, operating
sensing materials additives (ppm) temperature response
Al-decorated graphene7 b 12 150 °C (R, — Rg) /R, = 2.89%
Ag-S-RGO* Na,CO;, NaBH,, sulfanilic acid, NaNO,, AgNO,, 5 RT (R, = R)/R, = 16.7%
HCI, hydrazine
ethanol-based CVD graphene polystyrene, SDS 10 RT (R, — R)/R, = 11%
nanomesh
nontreated graphene®® SDS S RT (G = Gp)/Go = 11.17% (caled: (R, — R,)/R,
= 10.05%)

flexible RGO" CH, EDC, NHS, NaBH, 5 RT (R, — R)/R, = 12%

ozone-treated graphene®® b S RT (R, — Ry)/R, = 3.7%

In,O;cubes/rGO (our work) ‘ S RT (R./R, — 1 =60.80% (caled: (R, — R,)/R, =

37.81%)

“SDS, sodium dodecyl sulfate; CH, cysteamine hydrochloride; EDC, N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride; NHS, N-
hydroxysuccinimide; RT, room temperature. bSensing materials prepared by CVD growth method. “Nonadditive, except InN and GO.

4. CONCLUSION

In summary, we have developed an additive-free synthesis of
In,O; cubes uniformly embedded into graphene networks by a
facile one-step microwave-assisted hydrothermal method. The
InN-NWs and GO were utilized as precursors. In absence of
GO, the InN-NWs precursor nearly maintained their chemical
composition and original morphology under the same
condition. After varying the mass ratios of InN-NW and GO,
different morphologies and distribution of In,O; were obtained
in the In,O;/rGO composites. The uniform distribution, which
is usually considered favorable for enhanced gas sensing
performance, was observed in In,O; cubes/rGO composites.
The as-fabricated sensor based on In,O; cubes/rGO
composites exhibited a significant response to NO, gas with a
concentration lower to 1 ppm at room temperature. An
excellent selectivity was also achieved, even though the
concentrations of interferential gases were 1000 times that of
NO,. The enhanced NO, sensing performances were attributed
to the synergistic effect of uniformly distributed In,O; cubes
and graphene sheets in the unique hybrid architectures without
the interfering of extra additives.
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