
RESEARCH ARTICLE
www.advancedscience.com

A Photovoltaic Self-Powered Gas Sensor Based on All-Dry
Transferred MoS2/GaSe Heterojunction for ppb-Level NO2
Sensing at Room Temperature

Yue Niu,* Junwei Zeng, Xiangcheng Liu, Jialong Li, Quan Wang, Hao Li,
Nicolaas Frans de Rooij, Yao Wang,* and Guofu Zhou

Traditional gas sensors are facing the challenge of low power consumption for
future application in smart phones and wireless sensor platforms. To solve
this problem, self-powered gas sensors are rapidly developed in recent years.
However, all reported self-powered gas sensors are suffering from high limit
of detection (LOD) toward NO2 gas. In this work, a photovoltaic self-powered
NO2 gas sensor based on n-MoS2/p-GaSe heterojunction is successfully
prepared by mechanical exfoliation and all-dry transfer method. Under
405 nm visible light illumination, the fabricated photovoltaic self-powered gas
sensors show a significant response toward ppb-level NO2 with short
response and recovery time and high selectivity at room temperature (25 °C).
It is worth mentioning that the LOD toward NO2 of this device is 20 ppb,
which is the lowest of the reported self-powered room-temperature gas
sensors so far. The discussed devices can be used as building blocks to
fabricate more functional Internet of things devices.

1. Introduction

Gas sensing technologies have recently attracted much attention
owing to the significantly increasing threats of both industrial
chemicals and daily air pollution.[1,2] As an important part of
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Internet of things devices, a new genera-
tion of gas sensor requires low power con-
sumption and reliable selectivity, ensuring
potential applications in smart phones and
wireless sensor platforms.[2,3] Recent works
have shown promising concepts to real-
ize self-powered gas sensors that are ca-
pable to detect gases dispensing the need
for external electric power.[4] Until now,
three kinds of self-powered gas sensors
have been reported, which are based on
piezoelectric, triboelectric, and photovoltaic
effect, respectively.[5–7] Especially, photo-
voltaic self-powered gas sensors are acti-
vated by solar energy instead of mechani-
cal power, which averts the demand of the
complexity and heavy weight of vibrating
devices.[8,9]

The photovoltaic self-powered gas sen-
sors are normally fabricated with p-n junc-
tions, which could generate and separate

carriers under light illumination. For example, Hoffmann et al.
reported self-powered gas sensors based on n-ZnO/p-Si.[9] Since
the band gap of ZnO is quite large (3.37 eV), only UV light
could be used to activate the devices. In recent years, 2D mate-
rials have become promising alternatives to the metal oxide ma-
terials in room-temperature gas sensing, which benefits from
their inherent large surface-to-volume ratio and high carrier
mobility.[10,11] Furthermore, 2D materials heterojunctions with
photovoltaic properties have been used as current rectifiers, pho-
todetectors, and solar cells.[12] Nevertheless, 2D materials hetero-
junctions based photovoltaic self-powered gas sensors are still
barely reported. In 2020, Kim et al. reported 2D materials hetero-
junctions (MoS2/WSe2 and WSe2/WS2) based photovoltaic self-
powered gas sensors for the first time and explored their response
to NO2 and NH3 with limit of detection (LOD) of 10 ppm.[13]

Note that compared with traditional 2D materials-based gas sen-
sors, all the reported self-powered sensors are still suffering from
higher LOD above 1 ppm.[7,9,14] However, severe damages to hu-
man’s eyes or respiration system will be inflicted once the NO2
concentration reaches only 1 ppm.[15] As a member of the 2D
materials family, GaSe, a layered metal-monochalcogenide III-
VI semiconductor, shows excellent electrical and optical proper-
ties, high photoresponsivity and large specific surface area, thus
making it a great candidate material as gas sensors. In 2020, Wu
et al. reported a GaSe-based NO2 gas sensor at room temperature
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with the LOD of 0.5 ppb.[16] Wang et al. fabricated a self-powered
photodetector based on GaSe/WS2 heterojunction which showed
high photoresponsivity and quite short response time.[17] To the
best of our knowledge, the heterojunction combining GaSe with
other 2D materials as gas sensor has not been reported so far.

In this work, a photovoltaic self-powered NO2 gas sensor based
on the vertical MoS2 (n-type)/GaSe (p-type) heterojunction has
been fabricated via mechanical exfoliation and all-dry transfer
method. A significant type II p-n junction at the interface was ex-
pected to effectively modulate the carrier transport between the
two materials. Under 405 nm light illumination, the MoS2/GaSe
heterojunction exhibited excellent gas sensing performances to-
ward NO2, including short response and recovery time and high
selectivity both with bias voltage and in self-powered mode. In
particular, the LOD toward NO2 of the obtained photovoltaic self-
powered gas sensor reaches 20 ppb, which is the lowest among
the reported self-powered room-temperature gas sensors so far.

2. Result and Discussion

The vertically stacked MoS2/GaSe heterojunction was fabri-
cated with all-dry transfer method as illustrated in Figure 1a.
Briefly, the multilayer GaSe nanoflakes were mechanically exfo-
liated and transferred onto one side of the pre-patterned Cr/Au
electrodes.[18] The multilayer MoS2 nanoflakes were then trans-
ferred onto the other side of electrodes and overlapped with the
GaSe nanoflakes as shown in Figure 1b. The atomic force mi-
croscopy (AFM) image of the heterojunction is shown in Fig-
ure 1c. The height of the GaSe nanoflakes is ≈39.3 nm and that
of the MoS2 nanoflakes is ≈7.5 nm. Then, the specific vibrational
properties of the heterojunction were investigated by Raman
spectroscopy. As shown in Figure 1d, the peaks of E2g mode at
384.6 cm−1 and A1g mode at 409.2 cm−1 are the fingerprint peaks
of multilayer MoS2.[19] Meanwhile, the peaks at 134.1, 213.9, and
308.3 cm−1 were the characteristic peaks of GaSe.[20] The Raman
spectra of the MoS2/GaSe heterojunction indicate the van der
Waals feature of the heterojunction, among which the peak in-
tensity of GaSe is relative lower. Figure 1e presents the photo-
luminescence (PL) spectra of MoS2 and MoS2/GaSe heterojunc-
tion. The intensive PL peak of MoS2 flakes was highly suppressed
by GaSe in MoS2/GaSe heterojunction, which is attributable to
the rapid separation of carriers. Compared with MoS2 flakes, the
slight blue shift of the heterojunction is attributed to the p-type
doping of GaSe, indicating a strong interlayer coupling between
MoS2 and GaSe.[21]

The optoelectronic performances of the fabricated devices
were characterized in darkness and upon illumination using a
home-made probe station system. Figure 2a shows the I–V curves
of the heterojunction in darkness and under 2.4 mW cm−2 light
illumination with different wavelengths, which reveals a rectifi-
cation behavior of the heterojunction. The photo-response un-
der 405 nm light illumination is higher than those under 530
and 660 nm light illumination, indicating the heterojunction
is more sensitive to 405 nm light illumination. Then, we fur-
ther tested the optoelectronic performance of the heterojunction
under 405 nm light illumination with increasing power densi-
ties (Figure 2b). The photocurrent increases monotonically with
the increasing illumination power density because of the pho-
togeneration of electron–hole pairs that are separated by the

applied drain–source bias voltage (photoconductive generation
mechanism).[22] Figure 2c shows the detailed I–V curves at low
bias voltage. The built-in electric field at the interface between
MoS2 and GaSe separates the photogenerated electron–hole pairs
at zero bias voltage, giving rise to the so-called short-circuit cur-
rent (Isc), a fingerprint of the photovoltaic effect. Isc shows a stable
and repeatable response with light illumination switching (Fig-
ure S1, Supporting Information). The open-circuit voltage (Voc)
is also a signature of the built-in electric field. Both Isc and Voc
increase as the incident optical power increases (Figure S2, Sup-
porting Information). What is more, we introduce a key parame-
ter, Photoresponsivity (R), to evaluate the photosensitivity of the
sensors and it is defined as Equation (1):

R = Iph ∕Pin (1)

where Iph is the photocurrent and Pin is the incident light power.
At a 2.4 mW cm−2 illumination intensity and a voltage bias of
0.02 V, the heterojunction exhibits a responsivity of 841 mA
W−1, which is comparable to black phosphorus/WSe2 hetero-
junction and one or two magnitudes larger than other reported
heterojunction-based photodetectors.[23]

The gas sensing experiments were performed by a home-built
gas sensing system.[24] As it is discussed above, 405 nm light illu-
mination was applied onto the sample to improve the gas sensing
performance, since the heterojunction has best photo-response
to 405 nm light among the three wavelengths. By applying the vis-
ible light instead of UV light, the potential damage from the light
source could be minimized and the illumination influence of the
light sources and light intensities we applied on the tempera-
ture could be ignored.[25] Figure 3a shows the gas sensing per-
formance of the heterojunction with various NO2 concentration
under 12 mW cm−2 405 nm light illumination (at 1 V bias volt-
age). The gas sensing response of the devices is defined as Equa-
tion (2):

Response (%) =
|||Rg − Ra

|||
Ra

× 100% (2)

where Ra is the resistance in air and Rg is the resistance in the
NO2 atmosphere of the gas sensors. Taking advantage of the high
surface-to-volume ratio, the MoS2/GaSe heterojunction shows a
relatively high NO2 sensing response even at a very low concen-
tration. The gas sensing response increases monotonically as the
concentration rises from 20 to 500 ppb. Compared with other re-
ported 2D materials-based gas sensors, the heterojunction under
illumination presents a higher response of 32% even toward 20
ppb NO2.[11,26] The data points in the inset of Figure 3a fit with
Langmuir isotherm for molecules adsorbed on the surface with
Equation (3):

Response (%) = 1998

1 + 1000
C(ppb)0.853

× 100% (3)

where C is the concentration in ppb. The fitting curve confirms
that the sensing mechanism for NO2 sensing is charge transfer
between the absorbed gas molecules and the heterojunction.[27,28]

Then we further explored the relationship between the gas sens-
ing response and light power intensity. The gas sensing response
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Figure 1. a) Schematic diagram of the fabrication of the MoS2/GaSe heterojunction. b) Optical image of the MoS2/GaSe heterojunction. Scale bar is
20 µm. c) AFM image and the corresponding height profiles of the heterojunction. Scale bar is 5 µm. d) Raman spectra for MoS2 and GaSe flakes and the
overlapped region in the heterostructure under 532 nm laser. e) PL spectra of MoS2 and MoS2/GaSe heterojunction obtained with Raman spectrometer
excited by a 532 nm laser. For GaSe, the intensity is too low to detect.

under 405 nm light illumination with different power densities
is shown in Figure 3b. The response toward 500 ppb NO2 mono-
tonically rises from 44% to 346%, when the light power density
increases from 0 to 12 mW cm−2. With the rise of the power den-
sity, more electrons are generated and transferred from the het-
erojunction to NO2, which accounts for the subsequent light en-
hancement of the gas sensing performance. Moreover, compared
with the individual materials, the MoS2/GaSe heterojunction pre-
sented a higher gas sensing response under the same condition

(Figure S4, Supporting Information). This phenomenon might
be explained in terms of the high electron–hole pairs photo-
generated efficiency at the interface of the heterojunction under
light illumination, which is consistent with the reported 2D ma-
terial heterojunction-based gas sensors.[27,29] Therefore, the func-
tion of the heterojunction is not only forming the p-n junction to
achieve the photovoltaic self-powered gas sensing performance,
but also facilitating the generation of photo-induced carriers to
improve the gas sensing properties of the gas sensor.
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Figure 2. I–V curves of the MoS2/GaSe heterojunction. a) In darkness and under 2.4 mW cm−2 light illumination with different wavelengths. b) In
darkness and under 405 nm light illumination with increasing power densities from 2.4 to 12 mW cm−2. c) Zoomed-in plot of I–V characteristics of the
MoS2/GaSe heterojunction.

Figure 3. Gas sensing performance of the MoS2/GaSe heterojunction at room temperature. a) Dynamic response of the heterojunction exposed to
different NO2 concentrations at 1 V bias voltage under 12 mW cm−2 405 nm light illumination. b) Gas sensing response of the heterojunction toward
500 ppb NO2 under 405 nm light illumination with increasing power density. c) Self-powered dynamic response of the heterojunction exposed to different
NO2 concentrations under 12 mW cm−2 405 nm light illumination. d) Self-powered gas sensing response of the heterojunction exposed to 500 ppb
NO2 under 405 nm light illumination with increasing power density. e) Self-powered gas sensing stability of the heterojunction toward 500 ppb NO2
under 12 mW cm−2 405 nm light illumination. Sample-day0 (red curve) was tested right after sensor fabrication and Sample-day30 (black curve) was
tested after 30-day exposure in ambient condition. f) The selectivity of the heterojunction to various gases under the same conditions.
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Based on the photovoltaic effect, the Isc could be used as the
signal to detect NO2 in the absence of external bias voltage.[13] Ac-
cordingly, the photovoltaic self-powered gas sensing experiments
were conducted on MoS2/GaSe heterojunction under light illu-
mination. The gas sensing response was calculated using the fol-
lowing Equation (4):

Response (%) =
|||||
Ig − Ia

Ia

|||||
× 100% (4)

where Ia is the Isc of the gas sensors in air and Ig is the Isc in
NO2 atmosphere of gas sensors. The corresponding dynamic re-
sponse of Isc with various NO2 concentration is shown in Fig-
ure 3c. The self-powered gas sensing response increases from
6.3% (20 ppb) to 64.3% (500 ppb) and the heterojunction shows a
good recovery at room temperature. The inset of Figure 3c shows
that the gas sensing response also fits the Langmuir isotherm in
Equation (5):

Response (%) = 68.72

1 + 500
C(ppb)1.39

× 100% (5)

Since the carriers for self-powered gas sensing at 0 V bias volt-
age all derive from the photogenerated carriers, the correspond-
ing gas sensing response is lower than the above conventional
response with bias voltage. However, it is worth mentioning that
the LOD is the lowest among the reported photovoltaic self-
powered gas sensors so far.[7,9,13] The self-powered gas sensing
performance with different light illumination power densities is
illustrated in Figure 3d and the corresponding response of Isc is
shown in Figure S5, Supporting Information. The same variance
tendency of gas sensing response identifies with the one with bias
voltage, representing decent photo-response and gas sensing per-
formance. To evaluate the noise immunity of the self-powered gas
sensing properties, the signal-to-noise-ratio (SNR) and the theo-
retical LOD of the heterojunction were calculated with the root-
mean square current noise amplitude (the detailed calculation
processes see Supporting Information).[30] The SNR of the pho-
tovoltaic self-powered gas sensing at 500 ppb NO2 is 54524.83,
which is quite comparable with the reported metal oxide-based
gas sensors by applying bias voltage at the same gas concentra-
tion level.[31] The response time was measured from the injection
of the gases to 90% of an end point (maximum), and the recovery
time was measured at the point where the current hits the one-
tenth point near the minimum from the maximum. According to
the transient response characteristic of the heterojunction toward
500 ppb under 12 mW cm−2 405 nm light illumination (Figure
S6, Supporting Information), the response and recovery time is
respectively 23 and 178 s, which is one of the top three shortest
response and recovery time toward ppb-level NO2 at room tem-
perature among the reported 2D material-based gas sensors so
far.[24,32]

The self-powered gas sensing stability of the MoS2/GaSe het-
erojunction is demonstrated in Figure 3e. The heterojunction
still exhibits an average response of 46% toward 500 ppb NO2
after 30-day exposure in ambient atmosphere, showing about
23% decay relative to the initial value, which reveals that the het-
erojunction possesses relatively long-term stability, and the gas
sensing performance reduction might be caused by the exposed

part of GaSe in the heterojunction. To investigate the humidity
effect on the gas sensing performance, the MoS2/GaSe hetero-
junction was exposed to different relative humidity (RH) from
20% to 70% under 12 mW cm−2 405 nm light illumination and
the corresponding gas sensing response toward 500 ppb NO2 was
recorded (Figure S7, Supporting Information). We found that the
gas sensing performance of MoS2/GaSe heterojunction would be
suppressed along with the increase of RH. The same phenom-
ena have also been reported from other 2D material-based gas
sensors.[26,33] Moreover, the sensor shows an outstanding selec-
tivity toward NO2 among other interfering gases including NH3,
methanol, ethanol, and acetone as shown in Figure 3f.

The mechanism of photovoltaic self-powered gas sensing can
be explained by the band diagrams of MoS2/GaSe heterojunction
schematically depicted in Figure 4a. The isolated materials (left
panel) are semiconductors with bandgap energies of 1.30 and
2.05 eV, respectively, for multiple-layered MoS2 and GaSe.[34,35]

When the two isolated materials are brought together, the differ-
ence in the position of the Fermi levels creates a built-in elec-
tric field, which induces the bending of both the conduction and
the valence band at the interface (middle panel). When the p-
n junction is exposed to light illumination, electron–hole pairs
in both MoS2 and GaSe layers are photogenerated and tend to
migrate at the interface. Owing to the build-in electric field, the
electrons are transferred to n-type MoS2 and the holes to p-type
GaSe, leading to the separation of carriers. At zero applied bias,
the photogenerated electron–hole pairs produce an Isc. The con-
centration of electrons would decrease since the NO2 has a strong
electron affinity and can easily capture electrons from the con-
duction band of the materials (right panel). As a result, the re-
sistance of the heterojunction dramatically increases and the Isc
decreases upon NO2 exposure. To experimentally investigate the
charge transfer and band shift process, Kelvin potential force mi-
croscopy (KPFM) was adopted before and after NO2 exposure.
The contact potential difference, as known as surface potential,
is determined by the work function difference between the sam-
ple (Wsample) and the AFM tip (Wtip) (Equation (6)):

CPD =
(
Wsample − Wtip

)
∕e (6)

where e is the elementary charge.[36] In our case, surface poten-
tial of the heterojunction were obtained before and after exposing
to NO2. The surface potential profiles were measured along the
white lines and the surface potential of SiO2 substrate was set as
reference. As shown in Figure 4b,c, after NO2 exposure, the sur-
face potential of the heterojunction increases to 151 from 112 mV,
indicating the Fermi level is shifted toward the valence band.[37]

The results indicate that the electrons are transferred from the
heterojunction to NO2 molecules. The same phenomena were
also observed in other 2D materials-based heterojunctions.[27,38]

To investigate the NO2 sensing mechanism of the MoS2/GaSe
heterojunction, Raman spectra were adopted before and after
NO2 exposure at room temperature. The magnified images of the
in-plane (E2g) and out-of-plane (A1g) vibrational modes of MoS2
are shown in Figure 4d. The peak positions remain the same, sug-
gesting the structure of the heterojunction is stable after NO2 ex-
posure. However, the intensities of E2g and A1g exhibited distinct
decrease after exposing to NO2, which is caused by the phonon
self-energy renormalization and weakening of the phonons. This
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Figure 4. a) Schematic diagram of the sensing mechanism of the heterojunction. Band diagram of isolated MoS2 and GaSe (left), heterojunction between
the two materials under light illumination (middle) and the heterojunction with NO2 exposure (right). KPFM images of the heterojunction b) before and
c) after exposing to NO2. Scale bars are 5 µm. d) Raman spectra of the heterojunction before and after NO2 exposure at room temperature.

phenomenon indicates that NO2 is physically absorbed on the
surface of MoS2/GaSe junction.[39] A similar behavior has been
reported in the case of MnPS3.[28]

We have summarized recent works on various self-powered
gas sensors in Table 1. Compared with the self-powered gas sen-
sors based on piezoelectric or triboelectric theory, the photo-
voltaic based sensors possess lower responses but with no need
for applying extra mechanical energy. The gas sensing response
of the obtained MoS2/GaSe heterojunction is quite comparable
to the listed photovoltaic based gas sensors toward low concen-
tration NO2. It is noteworthy that the LOD toward NO2 of our
devices is the lowest among the reported self-powered gas sen-
sors, which might be owing to the excellent intrinsic gas sensing
properties of MoS2 and GaSe.[16,47]

3. Conclusion

In summary, the MoS2/GaSe heterojunction-based photovoltaic
self-powered gas sensors were fabricated by mechanical exfolia-
tion and all-dry transfer method. Our device presented a relative
high response and superior reversibility and selectivity at room

temperature under 405 nm light illumination both with bias volt-
age and in self-powered mode. The separation of photogenerated
carriers with the built-in electric field acted as the driving forces,
indicating a photovoltaic self-powered gas sensing behavior. Im-
portantly, the LOD of our device (20 ppb) toward NO2 is the low-
est of the reported self-powered room-temperature gas sensors so
far. Moreover, by KPFM and Raman spectra, the electron transfer
between heterojunction and NO2 molecules was confirmed to be
the dominant mechanism for NO2 sensing. The MoS2/GaSe het-
erojunction with excellent gas sensing performances could be re-
garded as a promising sensing platform for low power consump-
tion environmental monitoring systems.

4. Experimental Section
Preparation of MoS2 and GaSe Nanosheets: Through mechanical ex-

foliation method, MoS2 nanosheets were prepared from the bulk MoS2
crystals (SixCarbon Technology Shenzhen, China). First, the MoS2 crystal
was covered by a piece of Nitto tape (Nitto Denko, Japan, SPV 224P) fol-
lowed by scrupulously peeling off the tape. Then a poly(dimethylsiloxane)
(PDMS) viscoelastic stamp (Gel-pak, USA, WF-30-X4) was pasted on the
MoS2 sheets. Eventually, the MoS2 nanosheets could be obtained on the
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Table 1. Comparison of room-temperature self-powered gas sensing performance of our gas sensor with the reported self-powered gas sensors.

Materials Mechanism Target gas Conc.
a)

[ppm] Response
b)

[%] Light wavelength Ref.

ZnO Piezoelectric H2S 100 13.1A No [40]

NiO/ZnO Piezoelectric H2S 100 31.5A No [41]

Pd/ZnO Piezoelectric Ethanol 200 15.6A No [42]

SnO2/ZnO Piezoelectric H2 200 22.8A No [43]

NiO/ZnO (polyimide) Triboelectric Ethanol 103
≈37.5A No [6]

PANI/PTFE/PANI Triboelectric Ethanol 210 66.8B No [44]

Pd-ITO (PET) Triboelectric H2 104 75A No [45]

ZnO-RGO Triboelectric NO2 100 ≈1680A 365 nm (40 mW cm−2) [46]

p-SWNT/n-Si Photovoltatic H2S 0.4 2.23A 600 nm (1.8 mW cm−2) [7]

CdS@n-ZnO/p-Si Photovoltatic Ethanol 200 ≈6.5A Solar (100 mW cm−2) [8]

p-Si/n-ZnO Photovoltaic NO2 0.75 23.5 (Amine)A

12.8 (Thiol)A

Solar (30 mW cm−2) [9]

p-SiNWs/ITO Photovoltatic NO2 0.5 ≈87.5B 576 nm (20 mW cm−2) [14]

WSe2/WS2 Photovoltatic NO2/NH3 500 322/23B (Self-powered mode) Solar (10 W/m2) [13]

MoS2/WSe2 36/165B (Self-powered mode)

MoS2/GaSe Photovoltatic NO2 0.02 6.3B (Self-powered mode) 405 nm (12 mW cm−2) This work

32.2B (1 V bias voltage)

a)
Conc. represents concentration

b)
For convenience of comparison, the evaluation of the response is converted as A: Response (%) = | Vg−Va

Va
| × 100 % and B:

Repsonse (%) = | Ig−Ia
Ia

| × 100%

PDMS stamp by slowly removing the stamp off. The GaSe nanosheets
were prepared with the same approach.

Fabrication of MoS2/GaSe Heterojunction-Based Gas Sensors: The
multilayer MoS2 nanosheet was inspected and selected with polarization
microscope (Leica Microsystems, Germany, DM2700P) and then deter-
ministically transferred from the PDMS stamp to one side of the Cr/Au
electrodes pre-patterned on the SiO2/Si wafer by all-dry transfer method.
The multilayer GaSe nanosheet was then transferred onto the other side
of Cr/Au electrodes and overlapped with the MoS2 nanosheet to fabricate
MoS2/GaSe heterojunction-based gas sensor.

Characterization: The optical image of MoS2/GaSe heterojunction
was obtained on DM2700P polarization microscope with reflection mode.
The AFM and KPFM images were acquired by atomic force microscope
(Bruker, USA, Multimode 8). The Raman spectra and PL spectra were
tested by Raman microscope (RENISHAW, UK, inVia) under the 532 nm
excitation wavelength before and after injecting the NO2 gas in a quartz
chamber.

Photoelectric and Gas Sensing Properties Tests: The photoelectric prop-
erties tests of the MoS2/GaSe heterojunction in darkness and under light
illumination were performed though a Keithley 2450 source meter (Tek-
tronix, USA). The power density of the light-emitting diode (LED) light
sources was modulated by a power supplier and calibrated by a silicon
photodiode sensor (Thorlabs, USA, S120VC). All the gas sensing tests
were performed in a home-built gas sensing system. For the photovoltaic
self-powered gas sensing tests, the LED light sources were assembled with
the gas sensing chamber through a standard optical fiber at dark room.
The details of gas sensing tests are shown in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
Y.N. and J.Z. contributed equally to this work.This work was supported
by National Natural Science Foundation of China (Grant No. 51902109

and 51973070), Science and Technology Program of Guangzhou (No.
2019050001), National Natural Science Foundation of China (Grant No.
51773069), Innovative Team Project of Education Bureau of Guang-
dong Province, Startup Foundation from SCNU, Guangdong Provincial
Key Laboratory of Optical Information Materials and Technology (No.
2017B030301007), the 111 Project, Guangdong Recruitment Program
of Foreign Experts (191900016), and Special Funds for the Cultivation
of Guangdong college students’ Scientific and Technological Innovation
(“Climbing Program”, pdjh2021b0136).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
2D materials, all-dry transfer, gas sensing, heterojunction, photovoltaic,
self-powered

Received: February 4, 2021
Revised: April 3, 2021

Published online: May 24, 2021

[1] a) H. G. Moon, Y. Jung, B. Shin, Y. G. Song, J. H. Kim, T. Lee, S. Lee,
S. C. Jun, R. B. Kaner, C. Y. Kang, Adv. Sci. 2020, 7, 2002014; b) H.-Y.
Li, C.-S. Lee, D. H. Kim, J.-H. Lee, ACS Appl. Mater. Interfaces 2018,
10, 27858.

Adv. Sci. 2021, 8, 2100472 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100472 (7 of 8)

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[2] K.-Y. Choi, J.-S. Park, K.-B. Park, H. J. Kim, H.-D. Park, S.-D. Kim, Sens.
Actuators, B 2010, 150, 65.

[3] Y. Mo, Y. Okawa, K. Inoue, K. Natukawa, Sens. Actuators, A 2002, 100,
94.

[4] Z. Wen, Q. Shen, X. Sun, Nano-Micro Lett. 2017, 9, 45.
[5] Y. Nie, P. Deng, Y. Zhao, P. Wang, L. Xing, Y. Zhang, X. Xue, Nanotech-

nology 2014, 25, 265501.
[6] J.-H. Kim, J. Chun, J. W. Kim, W. J. Choi, J. M. Baik, Adv. Funct. Mater.

2015, 25, 7049.
[7] L. Liu, G. H. Li, Y. Wang, Y. Y. Wang, T. Li, T. Zhang, S. J. Qin, Nanoscale

2017, 9, 18579.
[8] M. W. G. Hoffmann, A. E. Gad, J. D. Prades, F. Hernandez-Ramirez,

R. Fiz, H. Shen, S. Mathur, Nano Energy 2013, 2, 514.
[9] M. W. Hoffmann, L. Mayrhofer, O. Casals, L. Caccamo, F. Hernandez-

Ramirez, G. Lilienkamp, W. Daum, M. Moseler, A. Waag, H. Shen,
Adv. Mater. 2014, 26, 8017.

[10] F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Kat-
snelson, K. S. Novoselov, Nat. Mater. 2007, 6, 652.

[11] A. N. Abbas, B. Liu, L. Chen, Y. Ma, S. Cong, N. Aroonyadet, M. Köpf,
T. Nilges, C. Zhou, ACS Nano 2015, 9, 5618.

[12] a) R. Frisenda, A. J. Molina-Mendoza, T. Mueller, A. Castellanos-
Gomez, H. S. J. van der Zant, Chem. Soc. Rev. 2018, 47, 3339; b) C.-H.
Lee, G.-H. Lee, A. M. van der Zande, W. Chen, Y. Li, M. Han, X. Cui,
G. Arefe, C. Nuckolls, T. F. Heinz, J. Guo, J. Hone, P. Kim, Nat. Nan-
otechnol. 2014, 9, 676; c) L. H. Zeng, Q. M. Chen, Z. X. Zhang, D. Wu,
H. Yuan, Y. Y. Li, W. Qarony, S. P. Lau, L. B. Luo, Y. H. Tsang, Adv. Sci.
2019, 6, 1901134.

[13] Y. Kim, S. Lee, J. G. Song, K. Y. Ko, W. J. Woo, S. W. Lee, M. Park, H.
Lee, Z. Lee, H. Choi, Adv. Funct. Mater. 2020, 30, 2003360.

[14] D. Liu, Q. Chen, A. Chen, J. Wu, RSC Adv. 2019, 9, 23554.
[15] L. C. Hsu, T. Ativanichayaphong, H. Cao, J. Sin, M. Graff, E.

Stephanou Harry, J. C. Chiao, Sens. Rev. 2007, 27, 121.
[16] Y. F. Zhao, H. R. Fuh, C. Ó. Coileáin, C. P. Cullen, T. Stimpel-Lindner,

G. S. Duesberg, O. Leonardo Camargo Moreira, D. Zhang, J. Cho, M.
Choi, Adv. Mater. Technol. 2020, 5, 1901085.

[17] Q. Lv, F. Yan, X. Wei, K. Wang, Adv. Opt. Mater. 2018, 6, 1700490.
[18] Y. Niu, R. Frisenda, E. Flores, J. R. Ares, W. Jiao, D. Perez de Lara, C.

Sánchez, R. Wang, I. J. Ferrer, A. Castellanos-Gomez, Adv. Opt. Mater.
2018, 6, 1800351.

[19] M. H. Woo, B. C. Jang, J. Choi, K. J. Lee, G. H. Shin, H. Seong, S. G.
Im, S. Y. Choi, Adv. Funct. Mater. 2017, 27, 1703545.

[20] P. Hu, Z. Wen, L. Wang, P. Tan, K. Xiao, ACS Nano 2012, 6, 5988.
[21] N. Zhou, R. Wang, X. Zhou, H. Song, X. Xiong, Y. Ding, J. Lü, L. Gan,

T. Zhai, Small 2018, 14, 1702731.
[22] X. Wang, L. Huang, Y. Peng, N. Huo, K. Wu, C. Xia, Z. Wei, S. Tongay,

J. Li, Nano Res. 2015, 9, 507.
[23] a) L. Ye, P. Wang, W. Luo, F. Gong, L. Liao, T. Liu, L. Tong, J. Zang, J.

Xu, W. Hu, Nano Energy 2017, 37, 53; b) J. Sun, Y. Wang, S. Guo, B.
Wan, L. Dong, Y. Gu, C. Song, C. Pan, Q. Zhang, L. Gu, Adv. Mater.

2020, 32, 1906499; c) N. Huo, G. Konstantatos, Nat. Commun. 2017,
8, 1.

[24] J. Zeng, Y. Niu, Y. Gong, Q. Wang, H. Li, A. Umar, N. F. de Rooij, G.
Zhou, Y. Wang, ACS Sens. 2020, 5, 3172.

[25] a) E. Espid, F. Taghipour, Crit. Rev. Solid State Mater. Sci. 2017, 42,
416; b) W. Yin, L. Yan, J. Yu, G. Tian, L. Zhou, X. Zheng, X. Zhang, Y.
Yong, J. Li, Z. Gu, Y. Zhao, ACS Nano 2014, 8, 6922.

[26] D. J. Late, Y.-K. Huang, B. Liu, J. Acharya, S. N. Shirodkar, J. Luo, A.
Yan, D. Charles, U. V. Waghmare, V. P. Dravid, C. N. R. Rao, ACS Nano
2013, 7, 4879.

[27] W. Zheng, Y. Xu, L. Zheng, C. Yang, N. Pinna, X. Liu, J. Zhang, Adv.
Funct. Mater. 2020, 30, 2000435.

[28] R. Kumar, R. N. Jenjeti, S. Sampath, ACS Sens. 2020, 5, 404.
[29] Z. Yang, D. Zhang, H. Chen, Sens. Actuators, B 2019, 300,

127037.
[30] V. Dua, S. P. Surwade, S. Ammu, X. Zhang, S. Jain, S. K. Manohar,

Macromolecules 2009, 42, 5414.
[31] W. Shin, G. Jung, S. Hong, Y. Jeong, J. Park, D. Kim, D. Jang, D. Kwon,

J.-H. Bae, B.-G. Park, Nanoscale 2020, 12, 19768.
[32] J. Guo, R. Wen, J. Zhai, Z. L. Wang, Sci. Bull. 2019, 64, 128.
[33] L. Liu, M. Ikram, L. Ma, X. Zhang, H. Lv, M. Ullah, M. Khan, H. Yu, K.

Shi, J. Hazard. Mater. 2020, 393, 122325.
[34] S. Qiao, B. Zhang, K. Feng, R. Cong, W. Yu, G. Fu, S. Wang, ACS Appl.

Mater. Interfaces 2017, 9, 18377.
[35] A. S. Kumar, M. Wang, Y. Li, R. Fujita, X. P. Gao, ACS Appl. Mater.

Interfaces 2020, 12, 46854.
[36] I. Sharma, B. R. Mehta, Nanotechnology 2017, 28, 445701.
[37] S. Zhao, J. Xue, W. Kang, Chem. Phys. Lett. 2014, 595, 35.
[38] Z. Feng, B. Chen, S. Qian, L. Xu, L. Feng, Y. Yu, R. Zhang, J. Chen, Q.

Li, Q. Li, 2D Mater. 2016, 3, 035021.
[39] J. Z. Ou, W. Ge, B. Carey, T. Daeneke, A. Rotbart, W. Shan, Y. Wang,

Z. Fu, A. F. Chrimes, W. Wlodarski, S. P. Russo, Y. X. Li, K. Kalantar-
zadeh, ACS Nano 2015, 9, 10313.

[40] X. Xue, Y. Nie, B. He, L. Xing, Y. Zhang, Z. L. Wang, Nanotechnology
2013, 24, 225501.

[41] Z. Qu, Y. Fu, B. Yu, P. Deng, L. Xing, X. Xue, Sens. Actuators, B 2016,
222, 78.

[42] Y. Lin, P. Deng, Y. Nie, Y. Hu, L. Xing, Y. Zhang, X. Xue, Nanoscale
2014, 6, 4604.

[43] Y. Fu, W. Zang, P. Wang, L. Xing, X. Xue, Y. Zhang, Nano Energy 2014,
8, 34.

[44] X. Xue, Y. Fu, Q. Wang, L. Xing, Y. Zhang, Adv. Funct. Mater. 2016, 26,
3128.

[45] S.-H. Shin, Y. H. Kwon, Y.-H. Kim, J.-Y. Jung, J. Nah, Nanomaterials
2016, 6, 186.

[46] Y. Su, G. Xie, H. Tai, S. Li, B. Yang, S. Wang, Q. Zhang, H. Du, H.
Zhang, X. Du, Nano Energy 2018, 47, 316.

[47] T. Pham, G. Li, E. Bekyarova, M. E. Itkis, A. Mulchandani, ACS Nano
2019, 13, 3196.

Adv. Sci. 2021, 8, 2100472 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100472 (8 of 8)

http://www.advancedsciencenews.com
http://www.advancedscience.com

