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We introduced a selective and self-heated CO gas sensor based on Au-decorated WS2 nanosheets. Au nanoparticles (NPs) were decorated on WS2 NSs using UV irradiation technique at diﬀerent irradiation times (1, 15
and 30 s). SiO2 grown on Si was used as substrates and the gas sensors with top electrode conﬁguration were
fabricated. Gas sensors were able to work under self-heating mode with an applied voltage of 2 V for selective CO
sensing. The results of CO gas sensing demonstrated the promising eﬀects of Au for the enhanced response and
selectivity towards CO gas. Also, the low-voltage operation at room temperature resulted in low-power consumption. This study demonstrates realization of selective CO gas sensor using a facile approach along with low
power consumption.

1. Introduction
Although graphene, the best-known two-dimensional (2D) material,
has very exciting properties from both theoretical and practical standpoints, accessing these properties in practical applications can be a
challenge. It is chemically inert and can only be activated through
functionalization with other materials, a process which will sometimes
cause degradation of some of its outstanding properties. In contrast, 2D
layered transition metal dichalcogenides (TMDs), with the general
formula MX2 where M is a transition metal (usually, Mo, W, Nb, Ti, Ta)
and X is a chalcogen (S, Se, Te), possess very versatile chemistries,
which provides opportunities for researchers in diﬀerent ﬁelds to develop TMD-based devices with ease [1]. TMDCs can be prepared in 2D
sheets with high surface-area, are semiconducting with tunable band
gaps and good mobility of charge carriers (∼500 cm2/(V.s)), are made
of earth-abundant materials, and exhibit low toxicity [2–5].
Among the diﬀerent TMDs, tungsten disulﬁde (WS2) is of particular
interest as it possesses desirable properties such as excellent thermal
stability, oxidative resistance, favorable band structure and high
phonon-limited electron mobility [6]. Semiconducting WS2 in bulk
form has an indirect band gap of 1.4 eV, while a monolayer of WS2 has a
wide, direct band gap of 2.1 eV [5]. The structure of WS2 is very useful
for gas sensing applications. It is composed of vertically-stacked layers
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of covalently bonded WeS atoms. Each layer is connected to its
neighboring layers by relatively weak van der Waals forces, which
allow target gases to freely diﬀuse between the layers [7]. Due to these
advantageous structural properties, WS2 is a promising candidate for
the realization of high-performance gas sensors at and near room
temperature [8–11]. In addition, WS2 has also been used as humidity
sensor [12,13], strain sensor [14], DNA hybridization sensor [15] and
evanescent wave absorption sensor [16].
In the context of gas sensing applications, pristine WS2 gas sensors
show poor response [17]. Moreover, because of strong gas adsorption,
the recovery of pristine WS2 gas sensors is generally long and sometimes incomplete at room temperature, limiting applications in real
environments [18]. A promising strategy to enhance gas response of
WS2 nanosheets (NSs) is fabrication of composites [19]. For example,
WS2/WO3 composites were reported for improved sensing performance
[20]. Another promising strategy to enhance overal sensing properties
of resistance-based gas sensors is decoration of noble metals on the
surfaces of the sensing layer. This is due to the catalytic eﬀect of metal
and lower energy required for adsorption and interaction of gas molecules with the sensing layer [21,22]. For example, polyakov et al. reported enhanced sensing reponse of WS2 NSs decorated with Au nanoparticles [23].
In this study, we fabricated pristine and Au-decorated WS2 gas
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(UHV) using irradiation of HeI 21.2 eV ultraviolet light. The temperature of the gas sensors in self-heating mode was measured by an infrared imaging camera (FLIR E75). The thermal resolution of the IR
camera is less than 20 mK at 30 °C. Therefore, the camera can detect
even the 0.1 °C-diﬀerence in temperature.

sensors for CO gas sensing. We investigated the eﬀects of irradiation
time for Au deposition on WS2 and studied the eﬀects of applied voltage
on the sensing performance of gas sensor. It was shown that selective
CO gas sensors with very low power consumption (28.6 μW) can be
fabricated using Au-decorated WS2 NSs. The sensing mechanism is
discussed in detail. This study has opened new doors for the fabrication
of low-power and selective CO gas sensors using a combination of noble
metals and TMDs.

2.3. Gas sensing tests
The gas sensing tests were similar to those elsewhere [24]. The
fabricated gas sensors were put into the gas chamber with possibility of
temperature control. By varying the mixing ratio of dry air to the target
gas using mass ﬂow controllers with a total stream of 500 sccm, gas
ﬂow was controlled during the gas sensing tests. The sensors’ resistances were recorded using a source meter as a function of time in
diﬀerent atmospheres. Both pristine and Au-decorated WS2 gas sensors
were studied under the same sensing setup and gas ﬂow conditions. The
sensor response (R) was deﬁned as R = Rg/Ra (for reducing gases) and
R = Ra/Rg, (for NO2 as an oxidizing gas) where Ra and Rg are the resistances of the gas sensor in air and in the presence of the target gas,
respectively. For self-heating experiments, diﬀerent voltages were applied to the gas sensor via the source meter during measurements at
room temperature. The response time was calculated as the time it took
the resistance of the sensor to change to 90% of the original baseline,
and the recovery time was calculated as the time needed for 90% of the
signal to be recovered [25].

2. Experimental
2.1. Fabrication of gas sensors
For fabrication of gas sensor, SiO2-coated Si substrate was equipped
with interdigitated bi-layered electrodes comprising of Ti/Pt (50 nm/
200 nm thick) layers that were sequentially deposited on the substrates
by a sputtering process. First, a 5 mg monolayer WS2 powder (ACS
Materials) with a thickness of ˜ 1 nm, was dispersed in 0.01 ml of 2propanol for 15 min. Then, 0.075 μl of the solution was drop coated (in
three drops) onto the prepared substrates. Afterwards, the substrates
with deposited WS2 were dried at 60 °C for 10 min.
For fabrication of Au-decorated WS2, the surface of the WS2 NSs
were decorated with Au NPs using an ultraviolet (UV) irradiation. First,
0.4 g of HAuCl4·H2O was dissolved in 2-propanol for 15 min. Then, the
synthesized WS2 NSs were dipped into the gold solution and subsequently they were UV irradiated using a halogen lamp (intensity
=0.11 mW/cm2, λ = 360 nm) at diﬀerent times (1–30 s). Finally, the
Au-decorated WS2 NSs were annealed at 500 °C for 30 min in N2 atmosphere. The dried Au-decorated WS2 NSs powder was dispersed in 2propanol for 15 min. Subsequent sensor`s fabrication was similar to
pristine WS2 gas sensor. Fig. 1a and b schematically shows the fabrication process of pristine and Au-decorated WS2 NSs gas sensors, respectively.

3. Results and discussion
3.1. Structural and morphological analyses
Fig. 2a and its inset, shows FE-SEM images of pristine WS2 NSs
deposited on the substrate equipped with interdigitated electrodes. It
can be seen that the WS2 almost fully covered the surface of substrate
with suﬃcient contacts among them. Fig. 2b provides the TEM micrograph of pristine WS2 that clearly show the ultrathin nature of WS2 NSs
and Fig. 2c conﬁrms the presence of Au along with WS2 as the latticeresolved TEM image shows lattice fringes with spacings of 0.236 nm
and 0.270 nm that can be indexed as the (111) and (100) planes of Au
[26] and WS2, [27], respectively. Further, TEM images of pristine and
Au-decorated WS2 NSs at diﬀerent irradiation times are shown in
Fig. 3(a)–(d) for pristine, 1, 15, and 30 s irradiated samples, respectively. These images clearly demonstrate the presence of Au NPs on the
surfaces of WS2 NSs. Particle density (amount/50 nm2 WS2 NS) and size
of Au NPs were calculated from TEM images and are presented in
Fig. 3(e). Particle sizes increase with increasing irradiation time,

2.2. Characterization
Microstructural and morphological studies were performed using
ﬁeld-emission scanning electron microscopy (HR-SEM SU 8010) and
transmission electron microscopy (FE-TEM JEM-2100 F). Raman
spectra were obtained using a LabRAM HR spectrometer (HORIBA
Jobin Yvon, France) with a laser excitation wavelength of 514.5 nm.
XPS spectrum was recorded using a K-Alpha system of Thermo
Scientiﬁc, equipped with a monochromatic Al-Kα source (1486.6 eV).
Ultraviolet photoelectron spectroscopy (UPS) measurements (Thermo
Fisher Scientiﬁc Co. Theta probe) were performed in ultrahigh vacuum

Fig. 1. Schematic representation of preparation steps of pristine and Au-decorated WS2 NSs.
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Fig. 2. (a) FE-SEM images of pristine WS2 NSs on the substrate. Inset in (a) shows a higher magniﬁcation image. (b) TEM image of pristine WS2 NSs (c) latticeresolved TEM image of Au-decorated WS2 NSs.

(530.7 eV) and the second peak (532.6 eV) have been slightly shifted,
which may be due to electronic interaction between Au and WS2. A
comparison between O 1s regions of pristine and Au-decorated WS2 NSs
exhibits the higher amount of adsorbed oxygen species on the surface of
Au-decorated WS2 NSs, presumably due to catalytic eﬀect of Au on the
surface of WS2. Accordingly, a higher gas response can be expected for
this gas sensor.
Furthermore, we obtained the XPS regions of W 4f, W 5p3/2 and S 2p
at diﬀerent UV irradiation times (0, 1, 15, 30 s) and the results are
presented in Fig. S1. As shown in Fig. S1(a), the peaks related to the W
4f7/2, W 4f 5/2 and W 5p 3/2 can be seen. Also, as shown in Fig. S1(b),
the peaks related to the S 2p3/2 and S 2p1/2 can be seen. Overall, it can
be seen that the peaks shift to lower binding energies with increasing of
UV irradiation time. Also, for the 30 s irradiated sample, the 5p3/2 peak
has been disappeared in the W4f region. Therefore, it seems that with
increasing UV irradiation time, more Au particles can be reduced which
resulted in more intense electronic interaction between Au and WS2 and
thus a shift in the XPS peaks.

whereas particle density shows a maximum for 15 s irradiation time. It
seems that 1 s irradiation is not enough to produce enough Au NPs on
the surface of WS2, whereas 30 s irradiation will result in producing
large amount of Au NPs, being agglomerated and larger, which eventually leads to a decrease of particle density.
The Raman spectra of pristine and Au-decorated WS2 NSs, respectively, are shown in Fig. 4(a) and (b). Two broad peaks around
421 cm−1 and 352 cm−1 belong to the out-of-plane A 1 g vibration
mode of S atoms and in-plane vibration mode, E21g , respectively [21].
The ratio of the A1 g to E21g peaks is 0.693 for the pristine WS2 NSs,
which will increase to 0.872 for Au-decoratedWS2 NSs. Fig. 5 provides
the XPS survey of Au-functionalized WS2 NSs. The XPS peaks related to
O 1s, W 4p, W 4d, W 4f, S 2p, C 1s, Si 2p, Au 4d and Au 4f can be seen,
which demonstrates the existence of Au on WS2 NSs. Fig. 5c and d show
the deconvoluted O1 s region for pristine and Au-decorated WS2 NSs,
respectively. For pristine WS2 NSs, O 1s peak can be deconvoluted into
two peaks located at 530.7 eV and 532.6 eV. The ﬁrst peak can be
assigned to adsorbed oxygen species such as CO2, O2 and adsorbed H2O
[28], on the surface of WS2. Since adsorbed oxygen directly aﬀect the
gas sensing properties of the gas sensor, this peak can predict the gas
sensing properties. The second peak can be attributed to WeO bonds,
which is due to the surface oxidation of WS2 during the preparation
process [29]. For Au-decorated WS2 NWs, locations of the ﬁrst peak

3.2. Gas sensing studies
Before self-heating tests, we tested the behavior of gas sensor under
external heating at diﬀerent temperatures. Fig. 6a shows dynamic
3

Sensors & Actuators: B. Chemical 296 (2019) 126659

J.-H. Kim, et al.

Fig. 3. TEM images of Au-decorated WS2 NSs under diﬀerent UV irradiation times, (a) 0 s, (b) 1 s, (c) 15 s and (d) 30 s. (e) Particle density and average of particle size
of Au NPs as a function of UV irradiation time.

10 V, respectively. Accordingly, it can be deduced that self-heating effect works on the gas sensors and can be used for sensing studies. We
investigated the eﬀect of applied voltage on the response of WS2 NSs,
with H2S gas. Fig. 8a, shows the dynamic resistance changes of pristine
WS2 gas sensor to 1, 10 and 50 ppm H2S gas under 1–10 V applied
voltages without external heating. The sensor shows a response to all
concentrations of H2S gas under all applied voltages. The resistance
decreases with increasing the applied voltage due to the fact that higher
applied voltage will cause more electrons jump to conduction band of
WS2 NS (Fig. 8b).
As presented in Fig. 9a, the magnitude of the response greatly depends on the applied voltage and the highest response is observed
under 2 V applied voltage and with further increase of the applied
voltage, the response of gas sensor decreases. Since the WS2 sensor

resistance curves of pristine WS2 NSs gas sensor to 1, 10 and 50 ppm
H2S gas at various temperatures. It can be seen that the gas sensor
shows n-type behavior, where the resistance decreases with introduction of H2S gas. In addition, the sensor also exhibits good reversibility,
where upon stoppage of H2S gas, the resistance returns to its initial
value in air. As plotted in Fig. 6b, the response of sensor increases with
increasing the sensing temperature, in which higher temperatures
provide more energy to promote the adsorption and reaction processes
on the surface of the gas sensor. The highest gas response at 120 °C was
1.35 for 50 ppm H2S gas.
Fig. 7 shows the temperature of pristine WS2 gas sensor as a function of voltage along with corresponding thermographs. The temperature of gas sensor at 0 V was 23.5 °C, which can be increased to 31.6,
31.7, 31.8, 31.9 and 32.2 °C, under an applied voltages of 1, 2, 3, 5 and

4
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catalytic performance of Au towards CO gas. Fig. 10a shows corresponding response versus applied voltage for 50 ppm CO gas. The
sensor shows a good response to CO gas under diﬀerent applied voltages, with the maximum response being located at 2 V. For comparison, the response of the pristine WS2 NSs gas sensor is also shown,
which clearly demonstrate the promising eﬀect of Au for CO sensing.
Fig. 10b shows the initial resistance of Au-decorated WS2 (irradiated for
1 s) as a function of applied voltage. The decrease of resistance with
increasing the applied voltage will be related to the increased conduction electrons. The initial resistance of the Au-decorated WS2 gas
sensor is higher than that of the pristine WS2 NSs gas sensor owing to
transfer of electrons from WS2 to Au NPs, which will be further discussed in sensing mechanism section. It is anticipated that increasing
the applied voltage will slightly increase the sensing temperature,
promoting the sensing process. However, the trend in Fig. 10a indicates
that another mechanism operates. Fig. 10b indicates that higher applied
voltage resulted in lower initial resistance. Low initial resistance corresponds to a high initial conduction volume/regions. In this case, the
same amount of gases adsorbed/removed with the higher conduction
volume will bring about a lower sensor response [30].
After ﬁnding of the optimal applied voltage (2 V), the Au-decorated
WS2 NSs gas sensors irradiated at diﬀerent times were exposed to 1, 10
and 50 ppm CO gas at 2 V to ﬁnd optimal gas sensor in term of response
to CO gas. Fig. S4 (Supplementary Information) shows corresponding
dynamic resistance curves and Fig. 11a summarizes the response values
versus the Au irradiation times and Au particle sizes. For all concentrations of CO gas, the Au-decorated WS2 NSs gas sensor irradiated
for 15 s showed the maximum response to this gas. This can be related
to the amount and size of Au NPs on the surface of WS2 which will be
discussed in the sensing mechanism section. After ﬁnding of the optimal
gas sensor, in order to evaluate selectivity of Au-decorated WS2 (irradiated for 15 s) gas sensor, it was exposed to 1, 10 and 50 ppm of interfering gases and dynamic resistance curves under 2 V applied voltage
are shown in Fig. S5 (Supplementary Information). Fig. 11b compares
the selectivity patterns of pristine and Au-decorated WS2 NSs gas sensor

Fig. 4. Raman spectra of (a) pristine WS2 and (b) Au-decorated WS2 NSs.

showed its best performance under applied voltage of 2 V, selectivity
tests in the presence of interfering gases were performed under this
condition. Fig. S2 (Supplementary Information) shows the dynamic
resistance plots to 1, 10 and 50 ppm of diﬀerent gases. As it can be seen,
in the selectivity pattern provided in Fig. 9b. The response of gas sensor
to 50 ppm NO2, H2, CO, C7H8, C6H6, C3H6O, C2H6O and H2S is 1.044,
1.023, 1.051, 1.029, 1.055, 1.033, 1.037 and 1.061 respectively. Even
though the response to H2S gas (1.061) is higher than the response to
others, the sensor suﬀers from lack of selectivity which can limit its
application.
To investigate the eﬀect of applied voltage on the sensing behavior
of Au-decorated WS2 NSs, the Au-decorated WS2 (irradiated for 1 s) gas
sensor was exposed to 1, 10 and 50 ppm CO gas under diﬀerent applied
voltages and the dynamic resistance plots are presented in Fig. S3
(Supplementary Information). Choice of CO gas was due to well-known

Fig. 5. XPS survey spectra of (a) pristine WS2 and (b) Au-decorated WS2 NSs. (c) XPS O 1s region of pristine WS2 and (d) Au-decorated WS2 NSs.
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Fig. 8. (a) Dynamic resistance curves of pristine WS2 NSs to 1, 10 and 50 ppm
H2S gas under diﬀerent applied voltages (1–10 V). (b) Change of initial resistance with varying the applied voltage.

(irradiated for 15 s) for 50 ppm tested gases under an applied voltage of
2 V. The Au-decorated WS2 NSs gas sensor not only shows higher response to all tested gases relative to pristine WS2 NS gas sensor, but it
also shows the highest response to CO gas (Ra/Rg = 1.48), which is
much higher than that obtained for the pristine WS2 gas sensor (Ra/
Rg = 1.05).
In the next step, the sensing behavior of Au-decorated WS2 gas
sensor (irradiated for 15 s) was compared to pristine WS2 gas sensor
under an applied voltage of 2 V. Fig. S6a (Supplementary Information)
compares the dynamic resistance curves of pristine and Au-decorated
WS2 NSs gas sensors (irradiated for 15 s) to diﬀerent concentrations of
CO gas and corresponding calibration curves for both gas sensors are
reveled in Fig. S6b (Supplementary Information). Obviously, the response of Au-decorated gas sensor is higher than that of pristine gas
sensor at all CO gas concentrations. Even though some papers reported
enhanced response to NO2 gas after Au-decoration [31,32], in this
study, the response to NO2 was not signiﬁcantly enhanced after Audecoration. The possible reasons are explained in section 3.3 (sensing
mechanism).
Fig. 12a shows dynamic resistance curves of Au-decorated WS2 NSs
gas sensor (irradiated for 15 s) to very low concentrations of CO gas
under an applied voltage of 2 V. As shown, this sensor even shows a
noticeable response to 0.2 ppm of CO gas. Fig. 12b shows the corresponding calibration histogram where the response increases with increasing of the CO concentration. In Fig. 12c, response times and recovery times for diﬀerent CO concentrations are plotted. At low
concentrations of CO gas, the response time is relatively long, presumably because the diﬀusion of CO gas to deeper parts of the sensor
takes more time. Regardless of CO concentration, recovery times are

Fig. 6. (a) Dynamic resistance curves of pristine WS2 NSs gas sensor to 1, 10
and 50 ppm H2S gas at diﬀerent temperatures (b) Response to 1, 10 and 50 ppm
H2S gas versus operating temperature.

Fig. 7. Change of temperature of Au-decorated WS2 NSs gas sensor (irradiated
for 15 s) by varying the applied voltage along with corresponding thermographs.
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Fig. 9. (a) Response of pristine WS2 gas sensor to diﬀerent concentrations of H2S gas under diﬀerent applied voltages. (b) Selectivity pattern of pristine WS2 gas
sensor to 50 ppm of diﬀerent gases at 2 V.
Fig. 10. (a) Response of Au-WS2 gas sensor
(irradiated for 1 s) to 50 ppm CO gas as a
function of external voltage. For comparison,
the response of pristine WS2 gas at 2 V is also
shown. (b) Initial resistance of Au-WS2 gas
sensor (irradiated for 1 s) as a function of external voltage. For comparison, the initial resistance of pristine WS2 gas at 2 V is also
shown.

3.3. Gas sensing mechanism

shorter than response times. We surmise that injected air quickly replaces CO molecules on the surface of gas sensor during the recovery
period.
Fig. 13 shows performance of Au-decorated WS2 NSs gas sensor
(irradiated for 15 s) in the presence of diﬀerent relative humidity (RH
%). Fig. 13a shows dynamic resistance plots of Au-WS2 NSs gas sensor
(irradiated for 15 s) to 50 ppm CO gas under 2 V external voltage at
diﬀerent RH%. As shown in Fig. 13b, with increases of RH% from zero
to 60%, the sensor response decreases. This is due to fact that water
molecules are adsorbed on the surface of gas sensor, decreasing the
available sites for adsorption of CO gas. Also, in Fig. 13c the response
and recovery times in the presence of RH% are plotted. With increase of
RH% both response and recovery time will be longer. When RH% increases CO molecules cannot easily reach to available sites on the
surface of gas sensor. Also, with increasing RH%, desorption of CO
becomes more diﬃcult.

As it was shown in gas sensing tests, WS2 NSs gas sensor revealed ntype semiconducting behavior, in which the resistance decreased in the
presence of H2S gas, which is a reducing gas. Accordingly, the main
charge carriers are electrons in WS2 NSs and we will apply the mechanism of n-type gas sensors in this study using an electron depletion
layer (EDL) concept. Initially, when the pristine WS2 sensor is in air at
near room temperature, oxygen molecules are adsorbed on the surface
of WS2 and extract electrons from conduction band of WS2 owing to
their high electron aﬃnity [8]:

O2 (air ) → O2 (ads )

(1)

O2 (ads ) + e → O2−

(2)

Therefore, adsorbed oxygen species will cause formation of an EDL
on the surface of WS2 NSs and thus decreases the resistance of gas
sensor. When WS2 gas sensor is exposed to H2S and CO gases gas,
Fig. 11. (a) Responses of Au-decorated WS2
NSs (irradiated for 15 s) gas sensors to CO gas
with varying average particle size of Au NPs
and irradiation time under an applied voltage
of 2 V. (b) Comparison between the selectivity
of pristine and Au-WS2 (irradiated for 15 s) gas
sensors to a variety of gases at the concentration of 50 ppm and under an applied voltage of
2 V.
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Fig. 12. (a) Dynamic resistance curves of the Au-decorated WS2 NSs gas sensor
(irradiated for 15 s) to low concentrations of CO gas at 2 V and (b)
Corresponding histogram of response at diﬀerent concentrations. (c) Response
and recovery times versus CO concentration of the Au-decorated WS2 NSs.

Fig. 13. (a) Dynamic resistance curves of Au-WS2 NSs gas sensor (irradiated for
15 s) to 50 ppm CO gas at 2 V at diﬀerent RH%. (b) Histogram of response of
Au-decorated WS2 NSs gas sensor (c) corresponding response and recovery
times as a function of RH%.

following reaction can take place on the surface of WS2:

H2 S + 3O2− → 2H2 O + 2SO2 + 3e−

(3)

2CO + O2− → 2CO2 + e−

(4)

sensing temperature (due to self-heating), and kinetic diameter of target
gases. Au NPs are known to be highly eﬃcient CO oxidation catalysts
even at low temperatures [34,35]. The good selectivity for CO gas in the
presence of Au NPs is ﬁrstly related to the low oxidation barrier for
complete oxidation of CO (1.20 eV). The interaction between CO and
Au NPs is very complex, and depends strongly on the overlap of the 5σ
and 2 π* orbitals of CO with the d orbitals of the Au NP. CO donates
electrons from its σ orbitals to the dσ orbitals of Au, and the ﬁlled dπ
orbitals of Au donate electrons back into the empty π orbitals of CO.
Furthermore, the down-shift of the Au d-band center increases the
stability of the CO/Au interface, resulting in easy conversion of CO to
CO2 [25,30]. Furthermore, since target gases need an energy to overcome activation energy of adsorption, it can be surmised that excerpt
for CO gas, operating temperature cannot provide enough energy for
adsorption of target gases. Finally, the smaller kinetic diameter of CO
(3.76 Å) relative to C6H6 (5.85 Å), C7H8 (5.9 Å) [36], H2S (3.6 Å) [37],
C2H6O (4.53 Å) [38], C3H6O (4.6 Å) [39], NO2 (04.01 to 05.02 Å) [40],
will result in deeper diﬀusion of CO gas into the sensor, bring about a
higher response.
To obtain work functions of Au and WS2, UPS spectra (Fig. S7
(Supplementary Information)) were used and using the same procedure
presented in Ref. 30, the work functions of Au and WS2 were calculated
to be 5.35 and 4.85 eV, respectively (Fig. 14a)). As shown in Fig. 14b,
because of work function diﬀerence between Au and WS2, Au will act as
electron acceptor and electrons are transferred from WS2 to Au.

The above reactions release captured electrons back to the WS2,
thereby decreasing the width of the EDL and decreasing the resistance
of WS2 gas sensor. Furthermore, in the contact area between WS2-WS2
NSs, homojunctions are formed, creating a potential barrier. In the
presence of reducing gases, the height of potential barrier decreases and
modulation of the resistance occurs. However, the response of the
pristine WS2 gas sensor was not as high as that of the Au-decorated gas
sensor.
In the presence of Au NPs, owing to spill over eﬀect of Au NPs [33],
oxygen species ﬁrstly will be adsorbed on the surfaces of Au and then
are dissociated to oxygen atoms and then will be transferred to the
surfaces of WS2. Therefore, the number of chemisorbed oxygen ions on
the surfaces of WS2 NSs increases, and the EDL will be thicker relative
EDL width on pristine WS2 gas sensor. Accordingly, the initial resistance of the gas sensor increases. The existence of a high number of
oxygen ion species will facilitate fast surface sensing reactions between
gas molecules and surface oxygen ion species, which lead to an increase
in the response of the gas sensor. Accordingly, after exposure of gas
sensor to target gas molecules, a greater decrease in the resistance of
gas sensor causes a higher response of the gas sensor. This mechanism
works for almost all tested gases.
The good selectivity to CO gas can be due to catalytic eﬀect of Au,
8
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than C–S NWs, due to structural reasons. Second, it is possible that more
noticeable self-heating will appear at > 10 V.
Generally, there is an optimal value of applied voltage where the
maximum response is observed under self-heating mode of operation of
gas sensor. In lower applied voltages there is no enough heat inside of
the sensing layer and for higher applied voltages most of the generated
heat may be dissipated to the surrounding atmosphere or substrate
[42]. In this study, the maximum response was observed at 2 V. The
power consumption was calculated using W = V2/R relation, where V
is applied voltage and R is the measured resistance. In this study, a
power consumption of 28.6 μW was obtained based on (V = 2 V) and
(R = 139,865 Ω) values. Table S1 (Supporting Information) compares
the power consumption of some self-heated gas sensors with our present sensor, demonstrating a relatively low-power consumption of the
present sensor. Accordingly, in this particular sensors based on Au-decorated WS2 NSs, their materials, structures, and self-heating allow the
suﬃcient sensing at a low voltage of 2 V, contributing to the low powerconsumption.
The 2D materials gas sensors will have a lot of advantages, in
comparison to traditional semiconductor metal oxides. 2D materials
can be easily fabricated onto ﬂat substrates and the well-developed
semiconductor fabrication technologies can be synergetically employed. Also, they can be eﬃciently combined into ﬂexible and
stretchable substrates, enlightening their use in future devices and
systems. 2D materials generally have large surface areas maximizing
the interaction between the sensing layer and the target gas which is
beneﬁcial for sensing studies. [43]. With its layers being able to be
exfoliated, the number of layer can be controlled, tuning the semiconducting properties [44,45]. Furthermore, 2D graphene, with its
fascinating properties of zero bandgap, high carrier mobility at room
temperature, and lowest noise, was revealed to be able to detect a single
gas molecule [46]. Similarly, other 2D materials, such as transition
metal dichalcogenides (TMD), have outstanding materials and electronic properties, being expected to overcome the limitation of current
gas sensors. In particular, the WS2 has a wider working temperature
range than other TMDs and it is the most thermodynamically stable.
Furthermore among TMDs it has the largest mobility of the carriers,
making it very useful for sensing studies [47]. However, generally the
sensing layer based on the NSs will lose its most fascinating properties if
the NSs aggregate during fabrication of gas sensor. In fact, the very high
surface area of a single NS will dramatically decreases due to aggregation, reducing the active sites and adsorption capability for gas
molecules [48]. Even though the response of 2D materials may be lower
that corresponding nanowires, in some aspects they are superior. For
example, Tonezzer et al. reported gas sensing properties of 1D and 2D
ZnO [49]. At the same operative conditions, ZnO NWs showed a higher
response compared to similar thickness NSs but 2D NSs demonstrate an
improved limit of detection, due to having a larger cross-section, which
increased the base current, and lowered the limit of detection. In spite
of several drawbacks mentioned above, 2D materials will have enough
advantages to oﬀset the above shortcomings.

Fig. 14. (a) Band structures of WS2 and Au before contact and after contact in
air. (b) Change of height of Schottky barrier formed between Au and WS2 after
exposure to CO gas.

Accordingly, resulted higher initial resistance in WS2 will cause a
higher sensor response because the relative change of resistance will
become larger upon the adsorption/desorption of the same amount of
gas species. In addition, a potential energy barrier will be developed at
the interface between Au and WS2 due to the band bending which is
caused by the diﬀerence in the Fermi levels of the Au and WS2. Electrons must overcome this potential energy barrier in order to cross this
interface [33]. Owing to presence of potential barrier, the number of
electrons in EDL of WS2 decreases, resulting in increase of the initial
resistance of the gas sensor. Thus, In CO ambient, the released electrons
will transfer to the WS2, leading to a decrease the height of Schottky
barriers (Fig. 14b). This can contribute to the decrease of the sensor`s
resistance, ultimately enhancing the sensor response.
An optimal Au density (irradiation for 15 s) led to the best sensing
performance. When Au density on the surfaces of WS2 was low (irradiation for 1 s and 30 s), the number of Au/WS2 heterojunctions was not
enough to signiﬁcantly modulate the resistance of gas sensor. Also,
when the size of Au NPs is high (irradiation for 30 s), their catalytic
activity decreases due to lower surface area relative to ﬁner Au NPs. Au
NPs irradiated for 1 s have the ﬁnest particle size, however, their
amounts is low, being relative to other samples. Au NPs irradiated at
15 s not only have ﬁne size but their density on the surfaces of WS2 in
the highest, which causes the best sensing performance of this gas
sensor.
Self-heating or Joule heating eﬀect in gas sensors means heat generation inside of the sensing layer under inﬂuence of applied voltage.
WS2 NSs have an intrinsic resistivity, contributing to heat generation
within the gas sensor. Indeed, since the charge carriers ﬂows through
the WS2, heat can be generated inside WS2 NSs grains. Furthermore, a
considerable number of the WS2 NSs are in direct contact with each
other and therefore, Joule heating in WS2-WS2 homojunctions also
occurs, where the resistance for ﬂow of electrons is high. However, in
comparison to Pt-functionalized [41] and Au-functionalized [30]
SnO2–ZnO C-S NW sensors the self-heating in the rage of 1–10 V is not
signiﬁcant. Instead, it is noteworthy that the present sensor exhibited a
signiﬁcant self-heating (i.e. 8.1 °C) by elevating the voltage from 0 to
1 V, which is distinguishable larger than those of Pt-functionalized (i.e.
-0.2 °C) and Au-functionalized (i.e. 1.6 °C) SnO2-ZnO C-S NW sensors. It
is not clear at this moment why Au-decorated WS2 NSs gas sensor exhibits the diﬀerent dependence on applied voltage, in comparison to Ptfunctionalized and Au-functionalized SnO2–ZnO C-S NW sensors. First,
it is possible that Au-decorated WS2 NSs generate less Joule heating

4. Conclusions
In this study, Au-decorated WS2 NSs were prepared for gas sensing
application. Au-decoration was performed using UV irradiation at three
diﬀerent times of 1, 15 and 30 s. They were fully characterized by
diﬀerent characterization techniques. Au-decoration at 15 s under UV
irradiation resulted in the realization of the best performance gas
sensor, where CO gas sensing results showed the possibility of detection
of CO gas at low applied voltage with low-power consumption and
suﬃcient gas selectivity. The results obtained in this study demonstrated the possibility of fabricating cheap, low power consumption,
selective and high-performance CO gas sensors using Au-decoration on
WS2 NSs.
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