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ABSTRACT: Low-cost, one-step, and hydrothermal synthe-
sized 3D reduced graphene oxide hydrogel (RGOH) is
exploited to fabricate a high performance NO2 and NH3

sensor with an integrated microheater. The sensor can
experimentally detect NO2 and NH3 at low concentrations of
200 ppb and 20 ppm, respectively, at room temperature. In
addition to accelerating the signal recovery rate by elevating
the local silicon substrate temperature, the microheater is
exploited for the first time to improve the selectivity of NO2 sensing. Specifically, the sensor response from NH3 can be
effectively suppressed by a locally increased temperature, while the sensitivity of detecting NO2 is not significantly affected. This
leads to good discrimination between NO2 and NH3. This strategy paves a new avenue to improve the selectivity of gas sensing
by using the microheater to raise substrate temperature.
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■ INTRODUCTION

Continued development of industry and agriculture brings
increased production and emission of toxic, combustible, and
flammable gases.1−7 Among them, NOx, O3, SO2, CO, and
ammonia (NH3) are the most common and harmful air
pollutants, which endanger human health in the long term.8

Development of highly sensitive, highly selective, and cost-
effective gas sensors that enable monitoring of environmental
pollutants and detection of trace chemicals is important for
both industrial and civilian purposes.2,4 Such materials as
inorganic semiconductors, conductive polymers, optical fibers,
carbon nanotubes, and two-dimensional materials have been
exploited as effective gas sensing elements.3,9−12 Among them,
graphene (Gr) has recently attracted intense attention in gas
sensing because of its atom-thick two-dimensional conjugated
structures, large surface areas, low electrical noise, high
conductivity, and outstanding electronic properties.2,3,13 Re-
duced graphene oxide (RGO) possesses a high surface-to-
volume ratio, which provides sufficient surface areas and defects
for gas adsorption, reaction, and catalytic activities.2,14 RGO
conveniently interacts with gas adsorbates from weak van der
Waals forces to strong covalent bonding.3 Both of them can
alter the local carrier density of RGO, changing the electrical
resistance. RGO has inherently low electrical noise due to its
two-dimensional, atomic-scale, and high-quality hexagonal
lattice.3 Hence, very little charge transfer between RGO and
gas can induce a noticeable change of its resistance.4

Furthermore, RGO can be modified with other functional

groups or hybridized with other sensing materials to improve its
sensitivity and selectivity.2,3,15 Finally, a variety of strategies can
be employed to produce high-quality Gr, chemically modified
RGO, and derived hybridization in a low-cost and large-scale
manner.2 Since Gr/RGO shows unique and attractive merits for
gas sensing, it holds significant potential for future practical
applications.1,14

Until now, pristine Gr, modified RGO, and RGO composite
have been deployed to construct high-performance gas
sensors.3,16−19 However, most Gr-based gas sensors focus on
the utilization of 2D Gr nanosheets, and little attention has
been paid to 3D Gr. 3D Gr/RGO has recently exhibited many
advantages, such as increased surface areas and reactive sites,
which make it an attractive alternative for gas sensing,
supercapacitors, and other electrochemical applications.2,20−26

For 3D Gr gas sensors, the enlarged interaction surface areas
enhance the sensing performance, including higher sensitivity,
faster response, and even a lower limit of detection (LOD) for
particular gases.2,13,27 Although several examples of 3D Gr/
RGO based gas sensors have been reported to display good
performance, these strategies suffer from either a complex
fabrication process or high cost. For instance, a macroscopic
foam-like 3D Gr network fabricated by chemical vapor
deposition (CVD) has been used for highly sensitive gas
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detection.13,24 However, the CVD synthesis methodology
intrinsically demands expensive equipment, high temperature,
and a vacuum environment, which increases fabrication cost.
Additionally, 2D RGO nanosheets assembled on micro-
patterned 3D SU8 micropillar arrays have been employed to
improve the sensing performance compared to a corresponding
2D planar RGO-based sensor.2 However, costly lithography is
needed to fabricate the 3D SU8 pillars.2,28 Furthermore, atomic
layer deposition of a layer of transitional Al2O3 on the pillars
and chemical modification of the Al2O3 surface are required to
enable the adsorption of (Graphene Oxide) GO nanosheets on
SU8 pillars,2 which complicates the device fabrication. Both of
the above-mentioned two-step methodologies for preparation
of gas sensors require external templates such as nickel foam
and SU-8 pillars to construct 3D Gr/RGO structures.
In this work, we demonstrate that the 3D reduced graphene

oxide hydrogel (RGOH) synthesized by a one-step, hydro-
thermal, and self-assembly method can be used for high
performance gas sensing (Figure 1a). Since the sensing
materials themselves are assembled as 3D porous micro-/
nanostructures, the complicated and expensive fabrication of
3D templates is bypassed. We find that the 3D RGOH sensor
can detect NO2 in air with parts-per-billion concentrations.
This method of fabricating 3D RGO-based gas sensor is facile,
cost-effective, and simple compared to previously reported
strategies. Furthermore, a miniaturized microheater is inte-
grated in the gas sensor to investigate temperature-dependent
gas sensing performance. For the first time, we find that an
elevated temperature can significantly reduce the sensitivity of
detecting NH3, without significantly deteriorating the sensitivity
of detecting the target gas, NO2. Therefore, the locally raised
temperature allows for the improvement of selectivity of NO2

detection. Furthermore, it is found that the microheater can
accelerate the signal recovery process, which is desirable for
practical gas sensing applications.

■ METHODS

Synthesis of GO. GO was prepared from graphite powder via
Hummer’s method.20,29 Briefly, graphite (3.0 g) was added to
concentrated sulfuric acid (69 mL) while stirring, followed by the
addition of sodium nitrate (1.5 g). The mixture was cooled to 0 °C.
Subsequently, potassium permanganate (9.0 g) was added slowly to
keep the reaction temperature below 20 °C. After the reaction system
was slowly transferred to a 35 °C water bath for 30 min, 138 mL water
was added slowly, and the solution was stirred for another 15 min.
Additional water (420 mL) and 30% H2O2 (3 mL) were added,
making the color of the solution change from brown to yellow. After
air cooling, the mixture was filtered and washed with 1:10 HCl
aqueous solution (250 mL) to remove metal ions. The removal of acid
can be made by repeated washing with water and centrifugation. The
obtained solid was dispersed in water by ultrasonication for 40 min.
The resulting GO aqueous dispersion was subjected to centrifugation
at 3800 rpm for 35 min to remove aggregates. Finally, the remaining
salt impurities were removed by dialysis for the following application.

Preparation of Self-Assembled RGOH. RGOH was synthesized
according to a previously reported method.20 The typical RGOH can
be hydrothermally synthesized simply by putting 2 mg/mL of
homogeneous GO aqueous dispersion in a sealed Teflon-lined
autoclave and heating the system at 180 °C for 10 h. Then the
autoclave was naturally cooled to room temperature and the as-
prepared RGOH was taken out with a tweezer. The surface adsorbed
water of RGOH was removed by a filter paper. Finally, a certain
amount of RGOH solid was redispersed in water by ultrasonication to
form a homogeneous 1 mg/mL aqueous dispersion of RGOH.

Fabrication of 3D RGOH Sensors. The interdigital electrodes
were fabricated by thermal evaporation of 5 nm Cr/60 nm Au on an
oxidized silicon wafer (300 μm thick, with a 300 nm thick SiO2 layer
on both sides) using a shadow mask. The gap between adjacent gold
strips was 40 μm. Before drop casting the RGOH aqueous dispersion,
the silicon wafers were treated with oxygen plasma at 20 mW for 3 min
to render them hydrophilic. After drop casting the RGOH aqueous
dispersion on the Au interdigital electrodes, the dispersion spread on
the substrate due to adequate wetting of the substrate. After water
drying, the RGOH bridged the gaps on the interdigital electrodes,

Figure 1. (a) Schematic illustrating a 3D RGOH-based gas sensor with an integrated microheater. The interdigital electrodes that were bridged by
RGOH were fabricated on the top side of the Si/SiO2 wafer, while the microheater was fabricated on the bottom side. (b) Low-magnification SEM
image of the RGOH bridged interdigital electrodes. (c) Room temperature I−V curves of GO and RGOH that were deposited on interdigital
electrodes and measured by a two-probe method. The RGOH exhibits an Ohmic conductive characteristic, while GO is nearly insulating. (d) High-
magnification SEM image showing the interior 3D porous nanostructures of RGOH. (e) SEM image showing one of the RGOH-bridged gaps on the
interdigital electrodes in (b).
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which made them conductive and the sensor capable of detecting
certain gases. FE-SEM 7600 was deployed to characterize the
morphology of the RGOH, RGOH bridged interdigital electrodes
and the microheater.
Fabrication and Characterization of the Microheater. Micro-

fabrication and micromachining technologies were exploited to
fabricate microheaters on the backside of the silicon wafer,30 on the
front side of which the RGOH bridged interdigital electrodes were
fabricated. First, a 5 μm thick AZ 9260 photoresist layer was spin
coated on the Si wafer, followed by photolithography, sputtering of 10
nm Cr/300 nm Pt and lifting off the photoresist to pattern platinum
(Pt) heating lines (300 nm thick) onto the substrate. The gold (Au)
contacting pads (300 nm thick) were patterned in the same way by
another photolithography, sputtering and lift-off process. The
microheater has serpentine Pt lines with width of 25 μm and the
contact pad size of 1 × 1 mm2. In order to generate sufficient heat
using low voltage and low power consumption, four microheaters were
electrically connected in parallel to an external direct current (DC)
power supply to reduce the resistance of the system. When a DC
voltage was applied on the electrodes of the microheater, the Joule
effect of the integrated microheater quickly heated the device to the
desired temperature, which was measured in situ by an infrared camera
(TYPE F30W, NEC Avio Infrared Technologies Co., Ltd.).
Gas Sensing Measurement. Sensing measurements were

performed in a gas chamber using two terminal devices. Dry synthetic
air was exploited as a carrier gas to dilute the test gas and purge the
devices after stopping the test gas feeding. The flow rate of the carrier
gas was kept at a constant (500 sccm). For the NO2 gas source with an
initial NO2 concentration of 10 ppm in pure nitrogen, the NO2 gas
concentration could be tuned from 10 ppm to 200 ppb by diluting the
gas source based on our experimental setup. For the NH3 gas source
with an initial concentration of 1000 ppm, the test gas concentration
could be adjusted from 1000 to 20 ppm by diluting the gas source. The
applied voltage between the two electrodes was 0.1 V. Volatile organic
compounds such as methanol and toluene were delivered using a
saturated vapor stream at room temperature. For all responses and
recovery percent presented in the figures, five different samples were
measured to obtain average values. Error bars shown in the figures
were obtained from the standard deviation of the responses or
recovery percent of the five samples.

■ RESULTS AND DISCUSSION

Characterization of 3D RGOH. Figure 1b and d−e
exhibits scanning electron micrograph (SEM) images of
RGOH as deposited on the interdigital electrodes. We can
clearly see the three-dimensional, porous and interconnected
micro/nanostructures of the 3D agglomerates of RGO. The
pore sizes of the 3D network range from several hundred
nanometers to tens of micrometers. The walls of the pores are
composed of thin RGO sheets, assembled together at the
physical cross-linking sites to form 3D agglomerated nano-
structures.20 The resistance decreased from ∼1011 Ω of GO to
1000 Ω of RGOH, which confirmed the successful conversion
of insulating GO into conductive RGOH (Figure 1c). The
good conductivity of RGOH makes it suitable for gas sensing
application.
X-ray diffraction (XRD) patterns demonstrate the effective

deoxygenation of GO, leading to the formation of a
microporous network of RGOH upon hydrothermal reduction
(Figure 2).31 The XRD peak of freeze-dried RGOH is broad,
which suggests that the Gr sheets are ordered poorly along their
stacking direction and that the 3D RGOH mesh consists of
layers of Gr nanosheets.20 From the XRD patterns, the
interlayer spacing of the freeze-dried RGOH is calculated by
Bragg’s law to be 3.7 Å, which is much smaller than that of the
GO precursor (6.95 Å) and slightly larger than that of graphite
(3.35 Å).31 It indicates that the Gr sheets agglomerate into a

3D RGOH mesh, which is consistent with the morphology of
the RGOH characterized by SEM (Figure 1d). The recovery of
π-conjugated system of RGOH also leads to good conductivity,
which agrees well with the measured I−V curves in Figure 1c.

Characterization of Microheater. Although an external
heater can be deployed to rapidly achieve complete desorption
of gas, it makes the device bulky, complicated and not portable.
Because of the low thermal conductivity of the SiO2 layer (∼1
W m−1 K−1) on the Si/SiO2 substrate, a microheater imbedded
on the substrate can introduce a local heating effect with low
power consumption and miniaturized device size, which favors
portability.30 When a DC voltage U is applied to the
microheater, the Pt resistor heats the substrate due to the
Joule effect with the power of P = U2/R, in which R is the
resistance of microheater. The resistance can be determined by
R = ρl/(tw), where ρ, l, t, and w are electrical resistivity, length,
thickness and width of the resistor, respectively. The 25 μm
wide serpentine Pt lines shown in Figure 3a play the key role in
heating, while other metal lines serve as bonding pads. As such,
electrical wires on the substrate are much wider (e.g., the Au
contact pads have the size of 1 × 1 mm2). In this case, the
resistance of the microheater is dominated by the Pt lines,
which generate the majority of heat and temperature much
higher than other parts of the substrate.
Generally, the temperature-resistance relationship of a

microheater can be expressed by the following eq 1:

α α α= + − = − +R R T T R R T R T[1 ( )] ( )0 0 0 0 0 0 (1)

where α is the temperature coefficient of resistance (TCR) of
the resistor, and R0 is the resistance at the reference
temperature T0 = 20 °C.30 Figure 3b shows that the current
and the average temperature of the microheater rise
monotonously with the increased voltage. The slope of the
current−voltage (I−V) curve gradually reduces because of the
incremental change of the resistance of the microheater at
elevated temperatures. The experimental obtained relationship
between the temperature and the resistance of the microheater
(dash-dot black line in Figure 3c) can be linearly fitted as R =
0.32664T + 76.417, as shown as the red line in Figure 3c.
Comparing with eq 1, we obtain R0 − αR0T0 = 76.417 and αR0

= 0.32664. Thus, the corresponding TCR can be calculated as α
≈ 0.00394 °C−1, which is consistent with that of pure Pt (α ≈
0.0039 °C−1).30 Hence, the temperature of the microheater can
be monitored by measuring the resistance according to eq 1
and local temperatures of the substrate can be adjusted
conveniently by programming the applied voltage (Figure 3b−
c). The infrared camera captured an optical image of the
substrate on the RGOH side, showing that the substrate was
heated to 38 °C with the applied voltage of 5 V (Figure 3d). An
increase of voltage caused the temperature of substrate to rise
(Figure S1).

Figure 2. XRD patterns of GO (black) and freeze-dried RGOH (red).
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NO2 Sensing. The normalized resistance is plotted as R/R0,
where R0 and R are the resistance measured before and after gas
exposure, respectively. And the response is defined as (R0 −

R)/R0 = ΔR/R0. The signal recovery percent is defined as the
ratio of the change of resistance in an air purge process to that
in the target gas exposure process. The RGOH sensor exhibited
an obvious resistance change when it was exposed to NO2 gas
with the concentration decreasing from 10 ppm to 200 ppb
(Figure 4). The resistance of the RGOH sensor reduced

noticeably when NO2 was introduced. Furthermore, the
response decreased monotonically from 3.74% to 0.19%
when the concentration of NO2 gas was reduced from 10 to
2 ppm at the exposure time of 600 s (Figure 4a−b). We found
that the response decreased from 3.74% to 1.5% with shortened
gas exposure time from 600 to 300 s for 10 ppm of NO2

(Figure 4b), demonstrating that the gas adsorption process
needed sufficient time to reach saturation. Possibly the residual
oxygen defects such as epoxides and carboxylic acids in RGOH

Figure 3. Characterization of the microheater. (a) SEM images of a single microheater (left) and magnified Pt lines on the microheater (right). (b)
The current and the temperature of the microheater at different voltages. (c) The calculated (dash-dot black line) and linearly fitted (straight red
line) resistance versus temperature curves of the microheater. (d) The infrared camera captured optical image of the gas sensor when the DC voltage
of 5 V was applied to the microheater.

Figure 4. NO2 detection. (a) Responsiveness of the RGOH sensor to NO2 of various concentrations at 22, 28, and 38 °C, respectively. (b) Response
of the RGOH sensor to different NO2 concentrations at the exposure times of 600 and 300 s, respectively. (c and d) Signal recovery percentage and
quantitative response of the RGOH sensor respectively at different temperatures with both the exposure time and air purge time of 600 s. (e)
Investigation of the signal recovery process of 5 ppm of NO2 sensing by prolonging the air purge time to 6200 s at 22 and 38 °C, respectively. (f)
Response of the RGOH sensor to 200 ppb NO2. Gray and white vertical strips correspond to periods of time when the flow of NO2 is turned on and
off, respectively.
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result in higher binding energies and lead to the longer
response times.1 Notice that the response is a little adversely
affected with rise in temperature, but the influence is not strong
at low temperature. For example, the responses of the sensor to
10 ppm of NO2 are 3.74%, 3.02%, and 3.24% at the
temperatures 22, 28, and 38 °C respectively (Figure 4d).
This reveals that the sensor shows the best response to 10 ppm
of NO2 at 22 °C. However, when the temperature is further
elevated to 55 °C or higher by the microheater, the response is
seriously deteriorated (Figure S2), demonstrating that an
appropriate temperature is essential to maintain the sensitivity
of NO2 detection. Importantly, the elevated temperature led to
significantly increased signal recovery percentage within the
same purge time, an indication of the accelerated signal
recovery rate and therefore better reversibility of the device
(Figure 4c). For instance, the recovery percent increased from
45% at 22 °C to 92% at 38 °C within 600 s for 8 ppm of NO2

with the help of the microheater to accelerate the gas
desorption. Possibly the locally elevated temperature can help
to expel chemisorbed molecules from the RGOH’s surface by
exciting the molecules to vibrate so that they become a pulsive
state.13,32 There is a competition between adsorption energy
and thermal energy for the gas release. As the temperature rises,
the adsorption energy decreases,33 while the thermal energy
increases. Thus, the response is adversely affected with raised
temperature. However, the recovery is positively affected by
elevated temperature. This is because the heating facilitates the
recovery by lowering the energy barrier of the desorption of gas
molecules, which bypasses the demand of ultraviolet light
illumination.34 To further investigate the signal recovery
process, we purposely prolonged the air purge period after
exposure to 5 ppm of NO2. It was found that the signal only
reached the recovery percentage of 61.2% after air purge for
6200 s (Figure 4e). However, with the temperature elevated to
38 °C, the signal recovery percentage reached 91.3%. This
demonstrates that the microheater gives fast signal recovery,
which is significant for the practical application of gas
sensors.1,2,13 To investigate the device-to-device reproducibility

of the sensors, we employed five different samples to obtain a
statistical response. It is found that the response variation is
around 10.1%, indicative of good repeatability of the gas sensor
(error bars in Figure 4b−d).
Since the response in the first exposure to 10 ppm of NO2

was much larger than that in the subsequent exposure to 8 ppm
of NO2, the curves of response versus concentration were not
linear when the concentration of NO2 reduced from 10 to 1
ppm (Figure 4a−b). This can be attributed to incomplete
recovery in the first exposure to NO2 with high concentration,
which results from slow out-diffusion of gas molecules in the
multilayer stacking nanostructures of the 3D RGOH network.
The gas molecules diffuse between the stacks of Gr sheets in
3D RGOH after exposure to the gas, leading to increased
response. However, the diffuse of the gas molecules out of the
stack gaps is slow in the air purge process. Possibly, the
introduction of a high concentration of NO2 in the first
exposure makes the gas adsorb not only on the edges, but also
on the basal plane of a Gr sheet. The gas adsorption and
desorption on the surfaces and edges is faster. However, the gas
molecules adsorbed on the basal plane cannot be easily expelled
completely during the air purge process. Hence, the capability
of adsorbing new NO2 molecules was weakened during later
exposure to 8 ppm of NO2 process. However, the plot of the
response versus NO2 concentration exhibited an obviously
linear region from 1 to 8 ppm (Figure 4b). In contrast to the
nonlinear curves of response versus concentration when NO2

was introduced from high to low concentration, the curve of
response versus concentration was almost linear when NO2 was
introduced from low to high concentration (Figure S3).
According to the International Union of Pure and Applied
Chemistry (IUPAC), theoretical LOD can be obtained when
the signal is three times more than the noise.2,35 The theoretical
LOD can be calculated from the slope of the linear region of
the response curve and the root-mean-square (RMS) deviation
at the baseline.2,36 The theoretical LOD of 186 ± 8.1 ppb for
NO2 sensing was obtained by using this calculation method
(Figure S4 and Tables S1−S2). Notice that the RGOH sensor

Figure 5. NH3 sensing. (a) Response of the RGOH sensor to NH3 with the concentrations increasing from 50 to 400 ppm at 22 °C. (b) Detection
of 20 ppm of NH3 with good repeatability and signal reversibility at 22 °C. (c) Response of the RGOH sensor to NH3 at different temperatures. (d)
Temperature-dependent response of the RGOH sensor to NH3 of different concentrations. The NH3 exposure time and the air purge time are 600 s
in all parts of the figure.
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can detect the NO2 with the low concentration of 200 ppb
experimentally (Figure 4f), which agrees well with the
theoretically calculated result. The theoretically and exper-
imentally achieved LODs by this 3D RGOH sensor are much
lower than those of previously reported 3D Gr/RGO based
NO2 sensors.2,13,27,37,38 Based on the Langmuir adsorption
isotherm, the relationship between sensor response and gas
concentration was derived,33,34 which could be utilized to
predict a LOD of 187 ppb and the saturated response of 4.8%
for NO2 sensing (Figure S5). The LOD calculated by the
aforementioned two methods is consistent. However, the
sensing performance of the 3D RGOH sensor is compromised
by the small response compared to that of previously reported
Gr or carbon nanotubes (CNT) based sensors.1,2,33,34,39,40 Such
a small response may arise from our homemade gas sensing
characterization system, since the sensing chamber is not
isolated very well from outside. Previously, it is reported that
the recovery rate of Gr and CNT-based sensing device can be
accelerated by heating or UV exposure.36,41,42 However, the
heat and UV light sources are relatively bulky. In this work, the
microheater integrated in the gas sensor offers the advantages
of miniaturized device size, reduced power consumption and
improved thermal safety. In order to calibrate the sensor, the
resistance of the RGOH device was measured as a function of
temperature (Figure S6a). It was found that the RGOH
displayed a semiconducting behavior with a negative coefficient
of thermal resistivity of about 7.05 V/K. After applying voltage
to the microheater, the resistance decreased quickly, stabilizing
in less than 100 s (Figure S6b).
NH3 Detection. In addition to NO2, the RGOH sensor also

displayed good response to NH3 (Figure 5). The responsive-
ness rose with the increased concentration of NH3 (Figure S7).
Importantly, the RGOH sensor showed good repeatability and
reversibility to NH3 with the concentration of 20 ppm, which
was the lowest NH3 concentration allowed by our gas sensing
system (Figure 5b). The capability to detect NO2 < 3 ppm and
NH3 < 25 ppm is important for practical sensors.2,43 Our
sensors were accurately responsive to NO2 at a concentration
much lower than 3 ppm and NH3 at a concentration below 25
ppm. In contrast with NO2 detection, the sensitivity of NH3

sensing decreased significantly with elevated temperature
(Figure 5c−d). Taking the detection of 1000 ppm of NH3 as
an example, the response reduced from 0.67% to 0.25% when
the temperature of the substrate was elevated from 22 to 38 °C.
Possibly the elevated temperature facilitates the desorption of
NH3 molecules from RGOH and therefore weakens the
sensor’s capability of adsorbing NH3 molecules. Notice that
the introduction of NO2 in the gas chamber led to decreased
resistance of the RGOH sensor, while the exposure to NH3

caused increased resistance. The opposite resistance change
trends for NO2 and NH3 facilitate the differentiation between
the two gases. The resistance change of RGOH is attributed to
charge transfer between RGOH and adsorbed gas mole-
cules.1,2,13 The oxygen containing groups such as residual
carboxylic and epoxide groups and water molecules existing in
chemically produced RGOH generate some holes into the
conduction band, which makes RGOH behave as a p-type
semiconductor.1,3,44 The Seebeck coefficient can also be
employed to explore the type of carrier in measured
materials.44,45 For example, the Seebeck coefficient is negative
for negatively charged carriers (such as electrons), and positive
for positively charged carriers (such as holes).45,46 In our work,
we identified the type of carrier in RGOH by measuring the

Seebeck coefficient of 3D RGOH for the first time (Figure S8).
It was found that the measured Seebeck coefficient of RGOH
displayed a positive value from 35 to 65 °C, indicating the p-
type semiconducting characteristic of RGOH. In addition, the
measured Seebeck coefficient of the 3D RGOH (300 μV/K at
35 °C) is much higher than that of previously reported
monolayer or multiple layer Gr,44 which may be attributed to
the effect of disorder induced scattering and defects in multiple-
layer Gr stacked 3D RGOH.44,47 For example, it is reported
that the Seebeck coefficient of multiple-layered Gr increases
monotonically with added layer and reaches its maximum value
at a hexalayer.44 Due to the p-type doping of RGOH, the
adsorption of p-type dopants, such as NO2, enhances hole
conduction and leads to a significant decrease in resistance,
while the adsorption of n-type dopants, such as NH3, decreases
hole conduction and therefore causes the increase in
resistance.1,2

Improved Selectivity via Microheater. The capability of
the microheater to suppress the response of the RGOH sensor
to NH3 without significantly deteriorating the response to NO2

at elevated temperature provides an effective discrimination
between NO2 and NH3. For example, the response of the
RGOH sensor to NH3 at 38 °C was less than half of that at 22
°C, while the response to NO2 only changed 13% from 22 to
38 °C (Figure 6). Here, we utilize the adsorption energy (Ead)

between Gr and different gas molecules to explain the enhanced
selectivity at elevated temperature. According to a first-
principles study in previous research, the defective Gr shows
much higher adsorption energy with NO2 (−3.04 eV) than that
with NH3 (−0.24 eV).

48 Hence, the defective Gr displays much
stronger interaction with NO2 molecules than that with NH3

molecules. In the case of locally increased temperature by the
microheater, the adhesion between the defective Gr and NH3

molecules become less stable compared with that between the
Gr and NO2 molecules. Hence, the elevated temperature
reduces the sensitivity of NH3 detection significantly, but does
not affect the sensitivity of NO2 sensing greatly, leading to
improved selectivity of NO2 sensing. To the best of our
knowledge, this is the first time that the locally elevated
temperature is employed to enhance the selectivity of RGO
based gas sensing. In previous research, although it was

Figure 6. Response of the RGOH sensor to different gaseous
chemicals, including 10 ppm of NO2, 400 ppm of NH3, 600 ppm of
CO2, and other organic chemical vapors at different temperatures. The
solid and lined bars correspond to the responses at 22 and 38 °C,
respectively. The positive and negative values of the response
correspond to decreased and increased resistance upon exposure to
these gases.
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reported that the elevated temperature could be used to speed
up the recovery process at the expense of sensitivity,1,2,13,49−51

the dependence of selectivity on temperature was never
explored. It demonstrates that the microheater gives very fast
temperature modulation and control to characterize the sensing
materials and boost the gas sensing performance, including
improved selectivity, recovery and data interpretation. This
method may shed light on the improvement of the selectivity of
various chemical sensing devices.12,52 In contrast to NO2 and
NH3, the RGOH sensor displays little response to other gases
such as various gaseous organic chemicals (Figure 6), an
indication of good selectivity. Possibly, in addition to adsorbing
on the surface of RGOH, NO2 and NH3 molecules can also
penetrate and diffuse between the stacks of 3D RGOH due to
relatively high adsorption energy, making the resistance change
greatly.13,27,48 In contrast, molecules of alcohols such as ethanol
and methanol only interact with the top few layers of the 3D
RGOH stacks, resulting in smaller resistance change and
reduced response.53,54 To compare the NO2 sensing perform-
ance of 3D RGOH with that of 2D RGO nanosheets, we
deposited 2 mg/mL homogeneous GO aqueous dispersion on
the interdigital electrodes by drop casting, followed by
reduction of the GO to RGO by exposure to hydrazine vapor
up to 24 h at 100 °C. It was found that the response of the 3D
RGOH was 10 times higher than that of 2D RGO nanosheets
with the same experimental conditions (Figure 7). Probably the
improved gas sensing performance of the 3D RGOH results
from its enlarged interaction surface areas and increased
reactive sites.2,13

■ CONCLUSIONS

We have successfully fabricated a highly selective and sensitive
gas sensor by exploiting a one-step hydrothermal synthesized
3D RGO hydrogel as the sensing element. The 3D RGOH
based gas sensor is produced in a simple, high-yield, and cost-
effective manner, and it can be deployed to experimentally
detect NO2 and NH3 with low concentrations of 200 ppb and
20 ppm, respectively. For the first time, locally elevated
temperature created by an integrated microheater has been
employed to improve the selectivity of NO2 sensing by
quenching the response from NH3. This strategy provides new
insight into improving the selectivity of gas sensing, which may
be extended to the improvement of other chemical sensing
devices. The microheater is also employed to speed up the
signal recovery process. Comparing the sensing performances
between 3D RGOH and 2D RGO sensors, we found that the
transduction signal of the 3D RGOH devices increased more
than 10 times compared to that of 2D RGO devices,

demonstrating the usefulness of the 3D porous RGOH
nanostructures in gas sensing.
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