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The effect of shell thickness and noble metal decoration on the gas-sensing characteristics of two-dimensional
(2D) materials has not been reported yet. Herein, we synthesized 2D pristine and Au-decorated WS2-SnO2
core-shell nanosheets (Au NSs). SnO2 shells with various thicknesses (up to 60 nm) were deposited on the WS2
NSs. Subsequently, Au was deposited on the synthesized WS2-SnO2 core-shell NSs (WS2-SnO2 NSs) under UV
irradiation. Flexible polyamide substrates were used to fabricate gas sensors, which operated in self-heating
mode upon applying different voltages for CO detection. Bare and Au-decorated gas sensors with shell thick
nesses of 15 and 30 nm revealed the highest CO sensing performance at a low voltage of 3.4 V. The flexibility of
the gas sensors was demonstrated by the negligible degradation of the sensing performance after 10,000 bending
cycles. We also evaluated the sensing characteristics under humid conditions. The developed gas sensors with
very low applied voltage and high performance for CO gas sensing are very promising for commercial
applications.

1. Introduction
Carbon monoxide (CO) with high toxicity is a colorless and odorless
gas [1–3], and its primary source is the burning of different fossil fuels
[4], which are the most widely used fuel sources. Mild exposure to CO
results in nausea and dizziness, and in severe cases, damages cardio
vascular and neurological tissues [5,6]. CO has a very high affinity for
oxygen carrying proteins, resulting in the release of carboxyhemoglobin,
leading to impaired oxidative phosphorylation [6]. The threshold limit
for CO exposure is 10 ppm according to the National Air Quality Strategy
of the United Kingdom [7].
Semiconducting metal oxide and metal sulfide materials used in
resistive-based sensors have unique advantages, including high
response, good stability, short-term dynamics, affordability, simple
operation, and easy fabrication [8,9]. However, a major problem asso
ciated with most of these materials is the high sensing temperatures
required (up to 450 ◦ C), which both affect power consumption and limit

their usage in remote areas [10]. In this context, there are different
strategies for decreasing the optimal sensing temperature. For example,
noble-metal decoration [10–12], core-shell composite manufacturing
[13,14], morphology engineering [15,16], UV light activation [17,18],
and self-heating operation modes [19,20] have been employed to reduce
power consumption. Self-heating gas sensors, in which heat is generated
within the sensing material by applying an external voltage, can supply
their operational power without an external heater [21]. Most
self-heated gas sensors are fabricated from metal oxides nanowires
(NWs) because of the high efficiency of NWs for the generation of heat
[22,23]. However, less attention has been paid to two-dimensional (2D)
materials in self-heating mode. WS2 is a 2D metal sulfide that has gained
attention for gas sensing applications in recent years [24–26]. Our group
previously used self-heated Au-decorated 2D WS2 nanoflakes or nano
sheets (NSs) [27,28] with an optimal voltage of only 2 V. However, the
response of these materials to CO was insufficient. WS2 can be coated
with another material (to form a shell) in a core-shell morphology to
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enhance its sensing performance. In this context, SnO2 is a reasonably
good candidate with high carrier mobility, high stability, high intrinsic
sensing properties and low price [29,30]. Hence, WS2-SnO2 NSs, in
which the interface between WS2 and SnO2 is maximized, is a promising
material for enhancing the sensing characteristics under self-heating
conditions. Furthermore, optimization of the core-shell composite
shell thickness is important to realizing good sensing performance [31].
In addition, it has been confirmed that Au has promising characteristics
for the detection of CO gas when decorated on the surface of gas sensors
[32,33]. Au shows catalytic activity toward CO gas [34], and it gener
ates Schottky barriers with metal oxides [32], which greatly modulate
the resistance of the sensing material.
Previously, Co3O4 nanowire@MnO2 ultrathin NS core/shell arrays
[35], MnOx nanowires@C@MnOx NS core-shell [36] and NiCo2O4
@NiMoO4 core-shell hybrid NW/NS arrays [37], and Co3O4 @CoNi-LDH
core/shell NS arrays [38] were reported by different researchers for
pseudocapacitor applications. Additionally, 2D MoO2/MoSe2 core-shell
NS arrays were reported by Chen et al. as electrocatalysts for the
hydrogen evolution reaction [39]. Li et al. prepared CuO NW@Co3O4
ultrathin NS core-shell arrays as catalyst for the oxygen evolution re
action [40]. However, NS-based core-shell structures for gas sensing
have rarely been reported. As an example, Gong et al. reported the
synthesis of SnO2/ZnO core-shell NS arrays for ethanol detection [41].
However, they did not control the thickness of the shell layer. Although
we previously reported the fabrication of WS2/SnO2 core-shell NSs [42],
as far as we know, there are no studies based on Au-decorated NS-based
cores-shell structure that demonstrated control of the shell thickness for
gas sensing studies in previous literature. In comparison to WS2/SnO2
core-shell NSs [42], we investigated the synergetic effects of Au- and
SnO2 shell- addition, obtaining a higher response of 13.13 at 3.4 V to 10
ppm CO gas.
To further explore the gas sensing capacity of WS2 NSs in self-heating
mode, we coated WS2 with a SnO2 shell by atomic layer deposition
(ALD) with excellent control of thickness [43]. Accordingly, the shell
material (0–60 nm) was deposited on the WS2 NSs. Subsequently, Au
nanoparticles (NPs) were decorated on the core-shell materials under
UV irradiation. Room-temperature self-heating studies showed that shell
thicknesses of 15 and 30 nm were optimal for pristine and Au NSs shell
sensors, respectively. Both sensors exhibited an optimal applied voltage
of 3.4 V. In this study, we present the self-heated CO-sensing features of
pristine and Au NSs for the first time, and the promising results obtained
here can open new avenues for further research into self-heated 2D
core-shell sensors.

Chemical Co., Japan) was dissolved in 2-propanol. Subsequently, the
WS2-SnO2 NSs were added to the gold solution, and metallic Au was
decorated under illumination by a halogen lamp (0.11 mW/cm2 and λ =
360 nm), followed by annealing (500 ◦ C/30 min/N2 ambient).

2. Experimentation

3. Results and discussion

2.1. Synthesis of WS2-SnO2 core-shell NSs

3.1. Morphological and structural evaluations

Monolayer WS2 powder (ACS Materials, USA, (SKU#: WS2P0002);
thickness of ~1 nm; diameter of 0.1–4 µm; monolayer ratio: > = 90%)),
was dispersed in 2-propanol and was then dropped on a Si wafer to form
the core material. SnO2 was coated on the resulting substrate by ALD
(Lucida D100) at 150 ◦ C. Tetrakis(dimethylamino)tin(IV) (UPChem,
Korea) TDMASn; [(CH3)2N]4Sn) and deionized (DI) water were
employed as Sn and oxygen sources, respectively. During the ALD pro
cess, each cycle consisted of TDMASn pulsing (1 s), purging with Ar (20
s), and purging with DI water (1 s) with the pressure fixed at 1.4 Torr.
The shell thickness was controlled in the range of 0–60 nm by varying
the number of ALD cycles. The products were annealed at 600 ◦ C/0.5 h
(N2 ambient). Then, WS2-SnO2 core-shell NSs were scraped off the Si
wafer and dispersed in 2-propanol once again before dropping them on
the sensor electrode.

We performed XRD measurements to study the phases and crystal
linity of synthesized products. In the XRD spectrum of pristine WS2 NSs,
all peaks were attributed to the crystalline planes of WS2 with a hex
agonal crystal structure (a = b = 3.154 Å and c = 12.360 Å) (JCPDS File
No. 87–2417) (Fig. S1). Peaks of crystalline SnO2 with a tetragonal rutile
phase (a = 4.73 Å and c = 3.18 Å) (JCPDS File No. 77–0452) appeared
after deposition of the SnO2 shell layer (Fig. S1). Fig. 1a exhibits the
typical XRD spectrum of the Au-decorated WS2-SnO2 NSs with a 60 nmshell, in which two weak Au peaks with a face-centered cubic crystal
structure (JCPDS File No. 89-3697; a = b = c = 4.079 Å) were observed.
The crystalline size of Au NPs was 13.99 nm as calculated by Scherrer`s
equation [37]: D = 0.89{λ/(β cos θ)} (λ = 0.154 nm). Here, D, β, and θ
are crystalline size, full width at half maximum of the Au (111) peak,
and Bragg angle, respectively. XRD results confirmed the formation of
products with the desired crystallinity and phase, with no other impurity
phase being detected. Fig. 1b shows the low-magnification TEM
micrograph of the Au-decorated WS2-SnO2 core-shell NSs (10 nm), and
the relevant HRTEM image (Fig. 1c) shows the fringes with parallel

2.3. Materials characterization
X-ray diffraction (XRD) investigations were carried out using a Phi
lips X′ pert MRD diffractometer. The crystallinity and phase studies were
conducted using CuKα1 with a wavelength of λ = 1.5406 Å at a 2θ of
5–65◦ . The morphologies of the products were investigated using
transmission electron microscopy (TEM, JEM-2100F). Energy-dispersive
X-ray spectroscopy (EDS) was used to determine the chemical compo
sition of the synthesized products. The chemical states were explored by
means of X-ray photoelectron spectroscopy (XPS; ThermoFisher Scien
tific) using the C 1 s reference peak (284.8 eV) for calibration. Ultravi
olet photoelectron spectroscopy (UPS; Thermo Fisher Scientific Co.)
under ultrahigh vacuum (UHV; <10− 10 Torr) was performed under UV
irradiation from an HeI (21.2 eV) lamp. The sensor temperature in the
self-heated condition was monitored by an infrared thermometer (IT480S; HORIBA).
2.4. Gas sensing evaluation
Polyamide with a bilayer (Ti/Pt) electrode was used as the substrate.
The sensing materials were dispersed in 2-propanol (0.01 ml). Subse
quently, three drops of the solution were released onto the substrate,
which was then dried at 60 ◦ C for 10 min. The concentration was set by
adjusting the ratio of the target gas and dry air using mass flow con
trollers (total flow rate = 500 sccm). Sensor response was calculated as R
= Ra/Rg, where Ra and Rg are the resistances in the presence of air and
the target gas, respectively. The response time indicates the time
required to reach 90% of the final resistance after the injection of CO
gas, and the recovery time was estimated to be the time required to
reach 90% of the initial resistance after the removal of CO gas [44]. In
the present work, the relative humidity (RH) was monitored using the
RH probe outside the chamber at 25 ◦ C. Measurement of RH value was
performed just before loading the mixed humid gas into gas chamber.
Subsequently, CO gas was injected into the gas chamber, and gas re
sponses were evaluated under self-heating conditions. The RH values
were measured to be 0%, 30%, 60%, and 90%. To prepare 90% RH
humid air, we mixed dry air (0% RH) with 100% RH humid air at the
ratio of 1–9 using mass flow controllers.

2.2. Au decoration
For Au decoration, 0.4 g of HAuCl4⋅4H2O (FUJIFILM Wako Pure
2
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Fig. 1. (a) XRD spectra of Au-decorated 60-nm-shell WS2-SnO2 core-shell NSs. (b) TEM image of Au-decorated WS2-SnO2 core-shell NSs (10 nm). (c) HRTEM image
of Au-decorated WS2-SnO2 core-shell NSs (10 nm). (d) HRTEM image of Au-decorated WS2-SnO2 core-shell NSs (30 nm).

spacings of 0.270, 0.236, and 0.260 nm, corresponding to (100), (111),
and (011) crystalline planes of WS2, Au, and SnO2, respectively. Fig. 1d
shows an HRTEM image of the Au-decorated WS2-SnO2 core-shell NSs
(30 nm), showing fringes with parallel spacings of 0.236 and 0.26 nm,
respectively, being related to (111) and (011) crystalline planes of Au

and SnO2. Thus, TEM studies confirmed the formation of crystalline
WS2, SnO2, and Au, in accordance with the XRD results.
Chemical analyses were performed to verify the product purity.
Fig. 2 illustrates the EDS results for the Au-decorated WS2-SnO2 coreshell NSs (10 nm), exhibiting peaks related to O (75.49 at%), S

Fig. 2. EDS result for Au-WS2-SnO2 core-shell NSs (10 nm). (a) EDS point analysis, (b) EDS mapping analysis and (c) EDS line result.
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(3.26 at%), Sn (11.82 at%), W (3.74 at%), and Au (5.69 at%), thus
demonstrating the presence of all expected elements in the synthesized
products. Fig. 2b shows the EDS mapping analyses, indicating the dis
tribution of different elements in the synthesized materials. Fig. 2c
presents the results of EDS line analysis, exhibiting the signals related to
all expected elements. The EDS point analysis results of Au-decorated
WS2-SnO2 core-shell NSs (30 nm) are presented in Fig. 3, showing the
peaks related to O (68.14 at%), S (4.25 at%), Sn (7.94 at%), W (7.88 at
%), and Au (11.79 at%), confirming the successful synthesis of the
product. Fig. 3b displays the EDS mapping analysis results, showing the
almost uniform distribution of different elements. Fig. 3c presents the
result of the EDS line analysis, again demonstrating the presence of the
signals related to all desired elements.
XPS is a powerful tool for studying the chemical states of elements up
to a depth of 10 nm (Fig. S2 and Fig. 4). Figs. S2a and 4a show the XPS
survey scan of the Au-decorated core-shell NSs with 10 nm- and 30 nmshells, respectively, exhibiting all expected elements, including Sn, O,
W, S, Au, and C (from the environment as a reference). Figs. S2b and 4b
illustrate the deconvoluted W 4 f core-level region of Au-decorated coreshell NSs with10 nm and 30 nm shells, respectively. In both cases, peaks
related to W4+ (1 T) at 36.08 and 38.18 eV and W4+ (2 H) at 36.28 and
38.68 eV were observed. In addition, a small peak related to W5p region
was recorded. Figs. S2c and 4c show the corresponding S 2p core-level
regions of Au-decorated core-shell NSs with 10 nm and 30 nm shells,
respectively, demonstrating the presence of sulfur by exhibiting S 2p1/2
(162.73 eV and 162.93 eV) and S 2p3/2 (161.68 eV and 161.88 eV)
peaks. The Sn 3d core-level regions of Au-decorated core-shell NSs with
10 nm- and 30 nm-shell, are presented in Figs. S2d and 4d, respectively,
which show Sn 3d3/2 (495.48 and 495.38 eV) and Sn 3d5/2 (487.08 and
486.98 eV) peaks in accordance with previous literatures [45,46].
Furthermore, the O1s core-level region was deconvoluted into three
peaks related to chemisorbed oxygen (O Chem.), O-Sn4+ bonding, and
O-Sn2+ bonding (Figs. S2e and 4e, for 10 and 30 nm shell layer thick
nesses, respectively). Obviously, adsorbed oxygen species are significant

for gas sensing reactions, where the reactions between CO molecules and
adsorbed oxygen species will release electrons, which ultimately
modulate the sensor resistance. Figs. S2f and 4f exhibit the Au 4f
core-level region of Au-decorated core-shell NSs for shell thicknesses of
10 and 30 nm, respectively. Both Au 4f5/2 (87.68 and 87.58 eV) and Au
4f7/2 (83.98 and 83.88 eV) peaks appeared in the Au 4f region,
demonstrating the presence of Au.
3.2. Gas sensing studies
Prior to the gas sensing tests, we recorded the temperatures of the
different gas sensors at various applied voltages. Fig. 5 shows the tem
peratures of pristine WS2, WS2-SnO2 core-shell NSs (15 nm), WS2-SnO2
core-shell NSs (30 nm) and Au-decorated WS2-SnO2 core-shell NS
(30 nm) gas sensors at different applied voltages in the range of 1–20
and 0–4 V. The C-S NS gas sensors show an increase in temperature due
to the applied voltage in comparison to pristine WS2 gas sensors. In
particular, the sensor based on WS2-SnO2 core-shell NSs (30 nm)
showed the highest temperature, presumably resulting from the more
abundant Joule-heating sites.
We investigated the CO sensing features of Au-decorated sensors
with different shell thicknesses (0–60 nm) exposed to 10 ppm CO gas at
3.4 V, as given in Fig. 6a and b. The figures illustrate the response and
baseline resistance values versus shell thickness. The sensor exhibited ntype characteristics because of the n-type nature of both WS2 and SnO2,
in addition to showing the maximum air resistance. The response
gradually decreased by further increasing the shell thickness, showing a
trend similar to that of the pristine sensor (Fig. S3a). For comparison, we
plotted the sensing response of the pristine sensor vs. the shell thickness
in Fig. S3b. The maximum response (Ra/Rg = 5.4) was seen for the 15nm-thick shell sensor. Unlike the pristine sensor, the 30-nm-thick shell
sensor showed the maximum response (Ra/Rg = 12.2) and maximum
baseline resistance. Furthermore, the baseline resistance of the pristine
sensor increased upon Au decoration. To check the applied voltage for

Fig. 3. EDS result for Au-WS2-SnO2 core-shell NSs (30 nm). (a) EDS point analysis, (b) EDS mapping analysis and (c) EDS line analysis.
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Fig. 4. XPS analysis of Au-WS2-SnO2 core-shell NSs (30 nm). (a) XPS survey, (b) deconvoluted W 4 f core-level region, (b) S 2p core-level region, (d) Sn 3d core-level
region, (e) deconvoluted O 1 s core-level region, and (f) Au 4 f core-level region.

Fig. 5. Temperature of pristine WS2, WS2-SnO2 core-shell NSs (15 nm), WS2-SnO2 core-shell NS (30 nm), and Au-decorated WS2-SnO2 core-shell NS (30 nm) gas
sensors at different applied voltages in the range of (a) 1–20 V and (b) 0–4 V.

the Au-decorated sensor, the optimal Au-decorated 30-nm-shell sensor
was exposed to 10 ppm CO at 1–4 V, as shown in Fig. 7a. As depicted in
Fig. 7b, the baseline resistance decreased with increasing voltage,
consistent with the trend observed for the pristine gas sensor. The
baseline resistance decreased almost linearly because more electrons
jumped into the conduction band of WS2 or SnO2 upon increasing the
applied voltage. Based on the response versus voltage curve (Fig. 7b),
the optimal voltage was 3.4 V. The response gradually increased with
increasing voltage, reaching the maximum value at 3.4 V. It then
decreased, similar to the case of the pristine sensor (Fig. S3c and d).
More heat was produced at a higher applied voltage (up to 3.4 V). A

further increase in the voltage increased the heat loss to the surround
ings, and thus the response decreased.
In the next step, we compared the selectivity of the optimized pris
tine gas sensor (15 nm shell thickness) with an optimal Au-decorated gas
sensor with a 30-nm shell by exposing them to 10 ppm of various gases
(CO, C7H8, HCHO, CH4, and C2H6O) at 3.4 V (Fig. S4a and b, respec
tively). The responses of the optimal Au-decorated and the optimal
pristine sensors are compared in the histograms shown in Fig. 8. The
responses of the pristine sensors to 10 ppm CO, C7H8, HCHO, CH4, and
C2H6O gases were 5.14, 5.08, 4.93, 5.19, and 4.87, respectively [42].
The responses of the optimal Au-decorated sensors to the previously
5
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4.14, and 3.33, respectively, and the corresponding responses of the
optimized Au-decorated sensor were 13.13%, 12.91%, 10.8%, and
7.42%, respectively. Thus, the responses of both sensors decreased with
increasing RH, in accordance with a literature [47]. However, the
optimized Au-decorated gas sensor exhibited a response of 7.42 in the
presence of 90% RH, which is acceptable for real situations⋅H2O mole
cules that adsorbed on the sensor surface limited the amounts of gas
adsorption sites for CO molecules. As a result, lower amounts of CO gas
molecules adsorbed, resulting in a lower gas response [48,49].
To verify the flexibility of the optimized Au-decorated sensor, the
dynamic resistance plots under CO (10 ppm) at 3.4 V after 1000, 2500,
5000, and 10,000 bending cycles were obtained (Fig. 10a). Fig. 10b
depicts the different sensor parameters versus the number of bending
cycles. The responses after 0, 2500, 5000, and 10,000 bending cycles
were 13.13, 12.98, 12.69, 11.98, and 10.72, respectively, indicating a
negligible decrease in the gas response after the bending cycles. The
response/recovery times after the previously mentioned bending cycles
were 20/35, 24/41, 39/48, 53/83, and 80/124 s, respectively.

Fig. 6. (a) Dynamic resistance plots of Au-decorated WS2-SnO2 core-shell NSs
gas sensors with different shell thicknesses to 10 ppm CO gas at 3.4 V. (b)
Corresponding response and base resistance versus the shell thickness.

mentioned gases were 13.13, 5.76, 6.04, 6.15, and 5.85, respectively.
Thus, the optimal Au-decorated gas sensor indicated higher selectivity
for CO gas with the optimal pristine sensor exhibiting negligible CO
selectivity. The response of the optimized pristine gas sensor and opti
mized Au-decorated gas sensor to low amounts (25–1000 ppb) of CO gas
was studied at 3.4 V, and dynamic resistance curves along with cali
bration curves were obtained (Fig. S5a and b, respectively). The re
sponses of the optimized pristine gas sensor to 25, 50, 100, 200, 500, and
1000 ppb of CO gas were 1, 1, 1.25, 1.59, 2.65, and 3.47, respectively.
Anyway, the responses of the optimized Au-decorated gas sensor to the
previously mentioned gases were 1, 1.85, 4.65, 7.67, 9.41, and 12.37,
respectively, which clearly demonstrated the higher response and
selectivity of the Au-decorated sensor.
The CO (10 ppm) response of the optimized sensors at 3.4 V was
studied under different levels of relative humidity (RH 0%, 30%, 60%,
and 90%), as shown in Fig. 9a. Fig. 9b represents the variation in the
sensing parameters with RH (%). The responses of the optimized pristine
sensor to 10 ppm CO gas at 0%, 30%, 60%, and 90% RH were 5.14, 4.86,

Fig. 8. Responses of optimized pristine WS2-SnO2 core-shell NSs with a shell
thickness of 15 nm and Au-decorated WS2-SnO2 core-shell NSs with a shell
thickness of 30 nm to 10 ppm CO gas at 3.4 V.

Fig. 7. (a) Dynamic resistance plots of Au-decorated WS2-SnO2 core-shell NSs with a shell thickness of 30 nm in the presence of 10 ppm CO gas at different applied
voltages. (b) Corresponding response and baseline resistance as a function of applied voltage.
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3.3. Proposed sensing mechanism
In fresh air, oxygen molecules abstract electrons from the sensing
material [50] and are converted into ionic species [51]:
O2 (g)→O2 (ads)

+ e− →O−2 (ads)

(1)

With an electron depletion layer (EDL) forming in air, the width of
EDL decreases in reducing gas, causing a noticeable response to this gas
[52].
2CO + O−2 →2CO2 + e−

(2)

The UPS results for the WS2 NSs, SnO2 thin film, and Au NPs are
depicted in Fig. S6a, while Fig. S6b indicates the energy cut-off values.
By employing a literature procedure [53], we calculated the work
functions (φ) to be 4.67, 4.32, and 5.67 eV for WS2, SnO2, and Au,
respectively.
For comparison, we evaluated the sensing mechanisms of the pristine
WS2-SnO2 core-shell NSs. In the thin-shell sensor, the entire SnO2 shell
was depleted of electrons in air due to the generation of an EDL on the
exposed surfaces of SnO2 as well as the movement of electrons from
SnO2 (φ = 4.32 eV) to WS2 (φ = 4.67 eV), (Fig. 11a). Although it is
possible that the decrease in the EDL upon CO introduction is not sig
nificant, the sensor response would be very high due to the nearly
complete depletion of electrons under ambient air. In contrast, for the
sensor with a thick SnO2 shell (Fig. 11b), just a part of the shell is
initially electron depleted in air. In a reducing gas, the resistance
modulation is not as high as that for the thin-shell gas sensor, resulting in
a lower response. Accordingly, the 15-nm-thick shell pristine sensor, in
which the shell is almost fully depleted of electrons in air, exhibited the
highest response to CO gas. Upon exposure to CO gas, it fully recovered,
leading to a high response. However, for the Au-decorated gas sensor,
additional mechanisms should be considered because of the workfunction difference between WS2 (4.67 eV), SnO2 (4.32 eV), and Au
(5.67 eV), as shown in Fig. 11c, which implies that some heterojunctions
are formed upon intimate contact of two different materials. In partic
ular, the electrons from the SnO2 shell move to the Au NSs, and a
Schottky barrier develops so that more parts of SnO2 are depleted of
electrons.
Fig. 11d and e illustrate the sensing mechanism for Au-decorated gas
sensors with various shell thicknesses. In thin-shell gas sensors, such as
the pristine WS2-SnO2 gas sensors, the whole shell layer is electron
depleted. In the thin-shell sensor, it is possible that the SnO2 shell be
comes inverted and thus accumulates holes due to the presence of Au
NPs. Upon the introduction of CO gas, the number of holes decreases, or
electron-conducting regions appear. In any case, some intermediate

Fig. 9. (a) Dynamic normalized resistance curves and baseline curves of opti
mized pristine WS2-SnO2 core-shell NSs and optimized Au-decorated WS2-SnO2
core-shell NSs to 10 ppm CO gas at a fixed applied voltage of 3.4 V and various
RH values (0–90%). (b) Corresponding response, response time, and recovery
time of Au-decorated and pristine WS2-SnO2 core-shell NSs versus RH%.

Fig. 10. (a) Transient resistance graphs of optimized Au-decorated WS2-SnO2 core-shell NSs with a shell thickness of 30 nm in the presence of 10 ppm CO at 3.4 V
bent up to 10,000 times. (b) Variation of sensor parameters with number of bending cycles.
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Fig. 11. Gas sensing mechanism of (a) thin-shell and (b) thick-shell pristine WS2-SnO2 core-shell NSs gas sensors. (c) Energy band diagram of Au-decorated WS2SnO2 core-shell NSs before and after contact. Gas sensing mechanism of (d) thin-shell and (f) thick-shell Au-decorated WS2-SnO2 core-shell NSs. (f) Resistance
modulation of pristine and Au-decorated WS2-SNO2 core-shell NSs gas sensors.

response will be observed. Since the thin-shell WS2-SnO2 sensors exhibit
an n-type behavior, an electron conduction region has been generated,
and the hole-accumulation region is completely removed. However, in
the case of a thicker shell, a significant amount of the SnO2 shell may be
electron-depleted without hole accumulation due to the presence of Au
NPs. This behavior is in contrast to the pristine WS2-SnO2 gas sensors.
Upon the introduction of CO gas, the electron depletion layer becomes
remarkably thin, leading to a high response. Another possibility is that
the SnO2 shell will be almost completely electron-depleted in air.
Therefore, the introduction of CO gas will bring about a very high
response because the initial resistance can be close to infinity.
In the present regime in which the number of adsorbed oxygen

species is smaller than that of surface electrons, a smaller initial electron
conduction volume is more favorable for enhancing the sensor response.
The initial volume of the conduction region in the Au NSs was signifi
cantly reduced compared to that of the pristine one as a result of the
electron flow. As a result, a higher response was obtained upon the
release of electrons.
In Fig. 11f, we illustrate different contributions to the sensor resis
tance. As shown in the upper part, if we only consider the shell layer
thickness apart from the very thin-shell case, a thicker shell leads to a
less significant contribution to the resistance modulation and a smaller
response because the relative change in the depletion region will
decrease with increasing shell thickness. However, the response
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increased with increasing shell thickness (Figs. S3b and 6b) up to the
optimal thickness. To date, many previous studies on core-shell struc
tures indicated that the response had a bell-shaped dependence on the
shell thickness, with the response increasing up to the optimal thickness.
It has been reported that there are several reasons for the enhanced
response of thicker shells. First, excessive depletion in a very thin shell
reduces the sensor response, as explained above. Secondly, Kim et al.
indicated that the increased fraction of the shell layer in the total volume
of the core-shell NWs would enhance the sensor response [54,55].
Furthermore, the response can decrease with decreasing shell thickness
due to the electric field smearing effect, where a large number of elec
trons pass from the core [56]. Lastly, the porosity and grain boundary
area will increase with increasing shell thickness, contributing to the
enhanced response [54]. Therefore, sensors with a maximum response
to CO gas are realized considering all the previously mentioned contri
butions from the features (thickness, total core-shell volume, porosity,
and grain boundary area) of a particular shell. The same trends can be
seen for the Au-decorated gas sensor, as shown in the lower part of
Fig. 11f. However, for the Au-decorated sensor, two additional contri
butions, namely electronic sensitization and chemical sensitization, take
place. Au and SnO2 shells have different work functions, so the electrons
move from SnO2 to Au, leading to a further increase of the electron
depletion layer originating from the electronic sensitization effect of Au.
The chemical sensitization of the Au NPs, which led to more sensing
interactions, enhanced the resistance change of the Au NSs. As shown in
Fig. 11f, the slopes of the chemical and electronic sensitization lines for
the Au-decorated gas sensor are different, implying that its chemical
sensitization effect does not depend on the shell layer thickness, whereas
the electronic sensitization effect depends on the shell thickness. When
the Au NPs are present on the surface of the thicker shell layer (which is
already partially electron depleted), Au can cause further expansion of
the electron depletion layers, and additional EDL can be created. In
other words, as the shell thickness decreases, a more significant portion
of the shell layer becomes electron-depleted. For Au NSs, full electron
depletion occurs at higher thicknesses in comparison to pristine ones.
Thus, electronic sensitization depends on the shell layer thickness,
which in turn causes a shift in the optimal shell thickness to thicker
shells for the Au-decorated gas sensor.
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