
Full Length Article

Effects of ambient humidity and temperature on the NO2 sensing
characteristics of WS2/graphene aerogel

Wenjun Yan a,b,c, Marcus A. Worsley d, Thang Phame,f,g, Alex Zettl e,f,g, Carlo Carraro a,b, Roya Maboudian a,b,⇑
aBerkeley Sensor & Actuator Center, University of California, Berkeley, CA 94720, United States
bDepartment of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, United States
c Smart City Research Center of Zhejiang, Hangzhou Dianzi University, Hangzhou 310018, China
d Physical and Life Science Directorate, Lawrence Livermore National Laboratory, Livermore, CA 94550, United States
eDepartment of Physics, University of California, Berkeley, CA 94720, United States
fMaterials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States
gKavli Energy NanoSciences Institute at the University of California, Berkeley and the Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States

a r t i c l e i n f o

Article history:
Received 3 February 2018
Revised 7 April 2018
Accepted 20 April 2018
Available online 22 April 2018

Keywords:
WS2/graphene aerogel
Heterojunction
NO2 sensing
Humid air conditions

a b s t r a c t

The effects of ambient humidity and temperature on the NO2 sensing characteristics of WS2/graphene
aerogel (WS2/GA) composite are investigated. In order to probe the gas sensing performances of WS2/
GA, the sensor is fabricated by integrating WS2/GA with a microfabricated two-electrode device. The
WS2/GA is characterized by scanning electron microscopy (SEM), transmission electron microscopy
(TEM), Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and nitro-
gen porosimetry. This hybrid nanomaterial is found to improve the selectivity to NO2, compared to con-
trol graphene and WS2 aerogels. The NO2 sensing performance of the WS2/GA-based sensors is
investigated under different relative humidities (0–60%), and ambient temperatures (room temperature
(RT) to 180 !C). In all cases, the sensors exhibit p-type behavior. In dry atmosphere, faster response and
better recovery are obtained with increasing temperature, reaching optimum sensing performance
around 180 !C. At room temperature, interestingly, humidity is found helpful for enhancing the response
and recovery of the sensor to NO2. Detection limits in the range of 10–15 ppb NO2 were determined. A
possible gas sensing mechanism for this composite aerogel is proposed.

" 2018 Published by Elsevier B.V.

1. Introduction

Nitrogen dioxide (NO2) gas is an increasing problem for air
quality all over the world. The gas can cause serious problems such
as lung damage, acid smog or rain. As little as 50 ppb can cause air-
way inflammation in lungs. Additionally, humidity is not a well-
characterized parameter in practical environments. The detection
of NO2 at ppb-level concentrations in harsh environment (such
as high humidity and high temperature) requires advances in sens-
ing materials to provide the necessary performance characteristics.
In previous reports, most NO2 sensors working under high humid-
ity were based on metal oxides [1–4] and yttria-stabilized zirconia
(YSZ) [5,6]. For these sensors, the detection concentration of NO2

was high (>1 ppm) [1,3], or the sensitivity to NO2 decreased rapidly

as the relative humidity of the atmosphere increased [4,7]. There-
fore, significant work remains to develop high performance NO2

sensors in various challenging environments.
The applications of graphene in a wide range of areas, including

chemical sensing with low detection limits, have been explored
due to its remarkable properties such as large surface area, excel-
lent thermal conductivity, and high Young’s modulus [8]. More
recently, two-dimensional layered transition metal dichalco-
genides (TMDCs), such as WS2, are being explored as promising
alternatives to graphene, because of their adjustable bandgap
while exhibiting a high surface area [9]. The NO2 sensing perfor-
mance of WS2 nanosheets has been reported recently [10]. Unfor-
tunately, both graphene and WS2-based sensors exhibit poor
selectivity and incomplete recovery at room temperature
[8,10–14], which limits their practical application. However, gra-
phene with proper surface modification, including with TMDCs,
can show great selectivity to various analyte gases [15,16]. An
improved response/recovery rate and complete recovery can be
attained by heating the sensing material [13,17]. Additionally,
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limited reports on the NO2-sensing characteristics of graphene in
high humidity atmosphere are available [18–20].

In general, when a 2D layered sensing material is integrated
into a device as a thin component, its surface area is limited by
the device footprint. Assembling 2D sheets into 3D aerogel opens
up a new way to enhance sensing performance by maintaining a
high surface area in an open porous network [21–24]. Herein, the
WS2/graphene composite aerogel are synthesized and character-
ized. The effects of ambient humidity and temperature on the
gas sensing properties of the composite aerogel are investigated
in order to achieve an optimized NO2 gas sensor working in a range
of practical daily conditions.

2. Experimental

2.1. Synthesis and characterization methods

The WS2/GA synthesis process is schematically shown in Fig. 1.
High-quality graphene was synthesized according to our previous
report [22]. Typically, 3 mL of an aqueous graphene oxide suspen-
sion (2 wt% graphene oxide) was mixed with 500 lL concentrated
ammonium hydroxide (NH4OH). The vial was sealed and placed in
an oven at 85 !C for 12 h. The resulting wet gel was washed in
deionized water to remove NH4OH followed by an exchange of
water with acetone inside the pores. Supercritical CO2 was used
to dry the gel, which was then converted to the graphene aerogel
(GA) by pyrolysis at 1050 !C under nitrogen for 3 h. The GA was
subjected to an additional thermal annealing at 2000 !C in He to
improve the graphene crystallinity. For WS2 coating, the GA was
immersed in 1 mol/L ammonium thiomolybdate (ATT) solution
and submerged in liquid nitrogen to rapidly freeze the solution.
The frozen solution is then freeze-dried to produce an ATT-
coated graphene aerogel. The ATT-coated graphene aerogel was
annealed in 2% H2/Ar mixture at 700 !C for 4 h to yield the WS2/-
graphene aerogel (WS2/GA).

The morphology and structure of the WS2/graphene aerogel are
characterized using scanning electron microscopy (SEM, FEI Sirion
XL30), transmission electron microscopy (TEM, JEOL 2010) and X-
ray diffraction (XRD, AXS D8 Discover General Area Detector
Diffraction System form Bruker with radiation from a Cu target,
Ka, k = 0.15406 nm). Raman spectroscopy (HORIBA Jobin Yvon
LabRam spectrometer equipped with an Olympus microscope,
and a 632.8 nm laser as the excitation source), and X-ray photo-
electron spectroscopy (XPS, Omicron Dar400 system with an
achromatic Al Ka X-ray source) are used for chemical and elemen-
tal analyses. Surface area properties are determined by Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods

using an ASAP 2020 surface area analyzer (Micromeritics Instru-
ment Corporation) via nitrogen porosimetry. For the nitrogen
porosimetry analyses, samples of approximately 0.1 g were heated
to 150 !C under vacuum (10!5 Torr) for at least 24 h to remove all
adsorbed species.

2.2. Sensor fabrication and sensing testing

The WS2/GA is sonicated into suspension in isopropyl alcohol
(0.5 mg/mL). A 1 mL drop (five drops of 0.2 mL each) is placed onto
a sensor electrode device, while heating the chip at 100 !C for 3 h
on a hotplate to promote solvent evaporation and material deposi-
tion at the center of the electrode chip. The schematic diagram of
the conductometric gas sensor is shown in Fig. 2a.

For sensor testing, the device is placed in a stainless steel gas
flow chamber ("13 cm3 volume). Gas exposure and signal collec-
tion are controlled using Labview and an open-source Java-based
instrument and control and measurement software suite, Zephyr.
Gas tanks of NO2 (Praxair, 20 ppm in N2) are controlled with mass
flow controllers (Bronkhurst) and mixed with an appropriate
amount of water vapor and air to yield the desired gas concentra-
tion and relative humidity with a total flow rate of 300 sccm. For
sensor signal collection, a bias voltage is applied to the sensor
and the sensor’s resistance is measured with a Keithley 2602A
source-meter. The temperature of the sensing environment is con-
trolled by heating the sensor chamber using resistive heating.

3. Results and discussion

3.1. Characterization

Raman spectrum of WS2/GA in Fig. 2b confirms the presence of
WS2 and graphene. The main peaks found for WS2 are A1g (419
cm!1) and E2g (353 cm!1). The peak position for the A1g mode,
which is the strongest indicator of coupling between layers, is con-
sistent with literature reports for few-layered WS2 [25,26]. The
Raman peaks associated with carbon for WS2/GA are very similar
to those of graphene aerogel with strong, broad D (1328 cm!1)
and G (1588 cm!1) bands and weak, poorly defined D’ (1615
cm!1) and 2D (2651 cm!1) bands [21]. The 2D/G band intensity
ratio and the position of the 2D band indicate the number of layers
and stacking sequences [27]. The hybrid aerogel has a 2D/G band
intensity ratio "1, and a single, broad 2D peak with a large upshift
compared to monolayer graphene, indicating few-layer tur-
bostratic graphene [27]. A weak D + D0 peak (2932 cm!1) demon-
strates the disordered structure of graphene [28].

Electron microscopy gives more insight into how the WS2 and
graphene are assembled in the hybrid material. SEM images of this
hybrid material deposited on the sensor device (Fig. 2c and d) show
that the material is made of a continuous 3D assembly of intercon-
nected nanosheets, which is consistent with the microstructure of
this material before deposition (Fig. S1, Supporting Information).
Additionally, this morphology is very similar to that exhibited by
the graphene aerogel control sample (Fig. S2). Low-resolution
TEM of the hybrid aerogel shows the WS2 coating on graphene
aerogel (Fig. 2e). In high-resolution TEM analysis as shown in
Fig. 2f and g, graphene and WS2 can be distinguished from their
lattice spacing (3.5 Å vs 6.1 Å, respectively), indicating the gra-
phene in one to six-layer sheets and WS2 in one to five-layer
sheets. These results support the Raman spectra (Fig. 2b). There-
fore, the layered nature of the 2D materials are preserved in the
3D aerogel structure.

The XRD pattern in Fig. 3a further confirms the crystalline nat-
ure of WS2/GA, showing the characteristic peaks for hexagonal gra-
phene (JCPDS-ICDD 89-8487) and WS2 (JCPDS-ICDD 87-2417). The

Fig. 1. Schematic illustration of the synthesis process for WS2/graphene hybrid
aerogel.
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(002) peak of WS2 at "16!, as well as the strong (002) peak of gra-
phene at "26! suggests turbostratic stacked sheets in the aerogel
[29].

Nitrogen porosimetry was used to characterize the textural
properties of the hybrid aerogel. The nitrogen adsorption/desorp-
tion isotherm for the hybrid aerogel exhibits the Type 3 hysteresis
loop (IUPAC classification) at relatively high pressure (Fig. 3b),
which is typically associated with adsorption within aggregates
of plate-like particles, consistent with the morphology observed
in the SEM and TEM images (Fig. 2). Pore size distribution shows
a bimodal distribution with peaks at 4 and 40 nm for the hybrid
aerogel, with most of the surface area in the 4 nm range. The BET
surface area is 102 m2/g, which is much larger than the values
reported for other nanostructured WS2 [30,31] and is made possi-
ble by the graphene scaffold as shown via TEM (Fig. 2e–g), as well
as by the large native surface area of the graphene aerogel [30].

X-ray photoelectron spectroscopy was performed to determine
the composition and chemical states of the various species in the
aerogel. The XPS survey spectrum of WS2/GA demonstrates the
coexistence of W, S and C (Fig. S3, Supporting Information).
According to XPS analysis (Fig. 3c–e), W 4f signal in the aerogel
is due to W(IV) species in WS2 (W 4f7/2, BE = 32.5 eV), S 2p is due
to S2- (S 2p3/2, BE = 162.0 eV), C is due to C 1 s (BE = 284.1 eV).
The relative atomic concentration of W, S, C is 9.1, 19.3 and
71.6% respectively. This suggests there is no bonded oxygen in
the aerogel. The sulfur to tungsten ratio is calculated to be 2.11,
slightly S-rich.

3.2. Gas sensing performances

Nearly linear current vs. voltage behavior of the WS2/GA-based
sensor both in RT and 180 !C dry atmosphere suggests an Ohmic

contact between WS2/GA and sensor electrodes (Fig. 4). It also
shows a decreasing resistance in higher temperature (180 !C), con-
sistent with the typical behavior of semiconductors. An Ohmic con-
tact is also formed in the control GA-based sensor (Supporting
Information, Fig. S3).

We investigated the sensing performance of the device in terms
of percentage response, response time, percentage recovery and
recovery time. Percentage response is defined by the percentile
resistance change when the sensor is exposed to an analyte gas
as follows:

Response ¼ R0 ! Rg

R0
$ 100% ð1Þ

where R0 and Rg are the resistances of the sensor before and after
exposure to the analyte gas, respectively. Percentage recovery is
evaluated as follows:

Recovery ¼
Ra ! Rg

R0 ! Rg
$ 100% ð2Þ

where Ra is the resistance of the sensor exposed to air for a given
recovery time. The response time (tresponse) is defined as the time
taken to reach 90% of the full response after the introduction of
the target gas. The recovery time (trecovery) is defined as the time
taken to return to 90% of the baseline resistance after the flow of
target gas is stopped.

Fig. 5(a) shows the effect of ambient temperature on the
response to 2 ppm NO2 of 10 min duration. The ambient tempera-
ture was varied from 20 to 180 !C. There is a clear trend from
higher response and slow response/recovery rate in 20 !C atmo-
sphere to lower response and faster response/recovery rate under
higher ambient temperature. The recovery increases from 25% to
100% gradually with the ambient temperature increasing from 20

Fig. 2. (a) Schematic diagram of the resistive WS2/GA-based sensor. (b) Raman spectrum of WS2/GA. (c, d) SEM images of WS2/GA on sensor device. TEM images of the as-
prepared WS2/GA: (e) low magnification image, (f, g) high resolution images, showing the graphene is coated by few-layer WS2.
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to 180 !C, while the response decreases from 6.5% to 3%. This
behavior is consistent with the following sensing mechanism. At
low temperatures, the adsorption of NO2 is substantial during the
gas exposure, while the desorption is weak due the strong bonding

between NO2 and WS2/GA. Thus, the equilibrium between adsorp-
tion and desorption is not reached within the probed timeframe.
With increasing temperature, the rate of NO2 desorption is
increased, allowing a balance between adsorption and desorption
to be reached more rapidly during gas exposure and afterwards
during the recovery step.

The most remarkable benefit of WS2/GA composite is the
improved selectivity to NO2, compared to the control WS2 aerogel
and GA samples. As reported in our previous work [32], the WS2
aerogel sensor responds to NO2, H2, NH3, and O2 gases with poor
selectivity in dry air. As shown in Fig. 6a, the GA sensor responds
to H2, NH3 and NO2, with the highest response percentage to
2000 ppm H2 at 180 !C. In contrast, the WS2/GA sensor shows
excellent selectivity to NO2 at much lower concentration (2
ppm), with a weak response to H2 and NH3 at much higher concen-
tration level (2000 and 200 ppm, respectively). Additionally, for
both GA control sample and WS2/GA, the resistance of the sensors
increases when exposure to reducing gases (such as H2 and NH3),
and decreases when exposure to oxidizing gases (for example,
NO2).

The enhancement of selectivity is attributed to the following
processes. According to the previous work, both graphene [14]
and WS2 aerogel [32] exhibit p-type behavior. Based on the energy
level diagram for graphene andWS2, similar to the reported one for
MoS2/graphene heterostructures [33], a potential barrier (U) is

Fig. 3. (a) XRD and (b) Nitrogen adsorption/desorption isotherms for WS2/GA. Inset of (b) shows pore size distribution for the hybrid aerogel. XPS spectra of (c) W 4f, (d) S 2p
and (e) C 1s regions in WS2/GA.

Fig. 4. Linear I/V plots of the WS2/GA-based sensor in dry environment of RT and
180 !C.
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formed due to the work function difference between graphene and
WS2 (Fig. 7a). When exposure to NO2, NO2 molecules capture elec-
trons of the sensing aerogel (Fig. 7b), decreasing the junction bar-
rier height. When exposure to reducing gases (e.g. NH3, Fig. 7b), the
reducing gas molecules contribute electrons to the sensing aerogel
increasing the junction barrier height, which adversely affects the
charge transfer between aerogel and analyte gas. Furthermore, as
the NO2 has a higher electron affinity, WS2 coating improves the
response to NO2, but suppresses the response to NH3 and H2.
NO2 adsorption on WS2/GA and the sensing mechanism agree well

with the previous reports on WS2 functionalized carbon nanofibers
[34], ZnO/graphene aerogel [15] and rGO-Cu2O [35] composite-
based gas sensors.

The effect of repeated exposure of the sensor to 2 ppm NO2 at
RT under different RH atmospheres is shown in Fig. 8(a). The resis-
tance of the sensor decreases upon exposure to NO2, consistent
with p-type behavior, according to the following Eq. (3):

NO2 þ e! () NO!
2 ð3Þ

After the sensor is exposed to 2 ppm NO2 for 3 sensing cycles, the
response decreases by about 71% in dry air, the response is stable
in 30% RH atmosphere, and the response decreases by about 16%
in 60% RH atmosphere (Fig. 8b). The recovery is incomplete in dry
air after exposed to air during the given recovery time of 10 min,
but complete recovery in both 30% and 60% RH atmosphere is
achieved in this timeframe (Fig. 8a). Hence, humidity enhances
the response and recovery behavior of the WS2/GA sensor to NO2

at RT, which is consistent with the sensing behavior of bottom-
gate graphene FET sensors [18]. Both under 30% and 60% RH condi-
tions at RT, the response time to 2 ppm NO2 is around 70 s, while
the recovery time is around 300 s. Moreover, as shown in Fig. 8a,
the resistance of the WS2/GA sensor decreases with the ambient
humidity increasing.

The resistance change of the WS2/GA at room temperature is
associated with the movement of the proton H± or H3O± within
the physisorbed water because of the Grotthus transport mecha-
nism [36–39]. The physisorption of water molecules takes place
below 100 !C. As humidity levels increase at room temperature,
the protons migrate more easily resulting in decreased resistance
of WS2/GA, and lower junction barrier. As well, based on Eqs. (3)
and (4)

NO!
2 þ Hþ () HNO2 ð4Þ

Fig. 5. (a) Response of the WS2/GA-based sensor to 2 ppm NO2 in dry environment at different ambient temperatures. (b) Response and recovery percentage of the WS2/GA-
based sensor vs. ambient temperature to 2 ppm NO2 in dry air, showing decreasing response and increasing recovery percentage with temperature.

Fig. 6. Selectivity of the WS2/GA sensor compared to the underlying GA sensor in
180 !C dry atmosphere.

Fig. 7. Gas sensing mechanism of the WS2/GA heterojunction. (a) Proposed band diagram. (b) Electrons transfer between the analyte gases and WS2/GA.
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high humidity is beneficial to NO2 adsorption. Therefore, humidity
is found helpful for enhancing the response and recovery of the
composite aerogel to NO2.

The real-time response of the WS2/GA sensor to NO2 of varied
concentrations from 0.05 to 2 ppm at RT under 60% RH atmosphere
is shown Fig. 8c. The response vs. NO2 concentration shows the
response increasing monotonically with NO2 concentration
(Fig. 8d). A practical limit for gas sensor requires a signal-to-
noise ratio (SNR) of at least 3. Thus, the theoretical detection limit
is around 10 ppb (SNR = 3), which is comparable to or lower than
previous reports on high-performance NO2 sensors such as gra-
phene/MoS2 (41.4 ppb) [40].

The WS/GA sensor does not exhibit any obvious changes in its
response to NO2 at 180 !C under different humidity conditions,
for example, as shown in Fig. 9a, for the percentage response to
2 ppm NO2. Additionally, the response time is around 100 s, while
the recovery time around 300 s to 2 ppm NO2 in all the conditions.
The resistance vs. time of the WS2/GA sensor to different NO2 con-
centrations in 180 !C dry ambient is shown in Fig. S5(a) (Support-
ing Information). Because of the weak OH-binding forces at higher
temperature [41], NO2 sensing performances remain stable at 180
!C under different humidity environments. The resistance vs. time
of the WS2/GA sensor when exposed to NO2 with varied concentra-
tions (0.05–2 ppm) at 180 !C in 60% RH atmosphere is shown

Fig. 8. (a) Resistance change of the WS2/GA sensor with cyclic exposures, (b) Percentage response during the sensing cycles to 2 ppm NO2 at RT under different RH
atmospheres. (c) Real time response and (d) response vs. NO2 concentration of the WS2/GA sensor to different NO2 concentrations at RT under 60% RH atmosphere.

Fig. 9. (a) Percentage response to 2 ppm NO2 at 180 !C under different RH atmospheres. The error bars represent the standard deviation of response of the 3 exposures to 2
ppm NO2. (b) Real time response and (c) response vs. NO2 concentration of the WS2/GA sensor to different NO2 concentrations at 180 !C under 60% RH atmosphere.
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Fig. 9b. Fig. 9c shows the response of the WS2/GA sensor increasing
monotonically with NO2 concentration. Based on the data, the
detection limit, corresponding to signal-to-noise ratio of 3 is 15
ppb.

4. Conclusions

We report on the effects of ambient humidity and temperature
on the NO2 sensing performance of the WS2/graphene composite
aerogel-based conductometric sensor. At room temperature, the
NO2 sensing behavior, including response and recovery, is
improved with increased humidity level of the environment. In
dry atmosphere, by increasing the temperature to 180 !C, the
response to and recovery rates of NO2 increase, and the signal
recovery is enhanced, but the signal response decreases. At a tem-
perature of 180 !C, the NO2 sensing performance of the hybrid sen-
sor remains stable over a wide humidity range (0–60%). The hybrid
aerogel sensor shows excellent selectivity to NO2 with the detec-
tion limit of 10–15 ppb. This work indicates the potential of WS2/-
graphene aerogel for the detection of NO2 outdoors, specifically for
the screening of atmospheric quality in a range of practical daily
conditions.
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