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Highlights
e WS,/Sn0; nanocomposite was fabricated by layer-by-layer (LbL) self-assembly route.
e Characterization and humidity sensing properties of WS,/SnO, nanocomposite were
investigated.
e The WS,/Sn0, sensor exhibited the unparalleled response and sensitivity toward

humidity.
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Abstract

In this article, we demonstrate a humidity sensor based on WS,/SnO. nanocomposite
via layer-by-layer (LbL) self-assembly technique on a FR4 (Flame Resistant 4) epoxy
substrate with interdigital electrodes (IDEs). The component, morphology, and
chemical state of WS,/SnO; film was fully examined by X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive spectrometry (EDS), X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). The
humidity sensing characteristics of WS,/SnO; film sensor were investigated at room
temperature. The WS,/SnO, film sensor exhibited supreme sensing properties,
including unprecedented response/sensitivity, rapid response rate, and good
repeatability. The WS,/SnO: film sensor illustrated 36 and 89 times higher responses
than that of pure WS, and SnO> devices, respectively. To our knowledge, the sensor
exhibited the unparalleled response and sensitivity among the existing humidity
sensors ever reported. Moreover, the presented sensor demonstrated good
performance in monitoring human respiration. We investigated the electrical
characteristics of the WS,/SnO> film by impedance spectroscopy and bode plot. The
equivalent circuit model was established, and the humidity sensitive mechanism of
WS2/SnO. nanocomposite film was systematically investigated. The present work
demonstrates that LbL self-assembled WS2/SnO2 nanocomposite is an excellent
material candidate for the fabrication of ultrahigh-performance humidity sensor.
Keywords: WS,/SnO. nanocomposite; layer-by-layer self-assembly; humidity sensing;

capacitance
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1. Introduction

Humidity sensing is of great importance in varying fields, such as atmospheric
monitoring, industrial production, and medical care [1, 2]. Up to date, various
transduction techniques have been utilized to develop humidity sensors, including
capacitance [3], resistance [4], optical fiber [5], field effect transistor (FET) [6],
surface acoustic wave (SAW) [7], and quartz crystal microbalance (QCM) [8].
Additionally, plenty of nano-materials such as metal oxides, graphene, and
nanohybrids have been applied to fabricate humidity-sensors. They are capable of
realizing rapid detection with low cost, low power consumption, and can be
miniaturized for portable sensors. Tin dioxide (SnO), an n-type semiconducting
material with band gap of 3.6 eV, exhibits the possibility of humidity sensing and
excellent electrochemical stability. However, SnO> humidity nanosensors displayed
long response/recovery time and low sensitivity [9, 10]. Therefore, many efforts have
been devoted to improving humidity-sensing performance of SnO; humidity
nanosensors. For example, semiconductor heterojunction systems were reported to
enhance the sensitivity, such as graphene-SnO; [11], TiO2-SnO> [12], WOs-SnO- [13],
In-SnO/graphitic carbon nitride (g-C3aN4) [14] and M0S2-SnO; [15].

Graphene, a two-dimensional (2D) nano-material, has been attracting significant
attention due to its extraordinary electrical, optical, and mechanical properties [16].
However, zero-band gap limits its applications in sensing field. Recently, transition
metal dichalcogenides (TMDs) have attracted great interest due to the existence of

band-gap, outstanding electronic properties, and two-dimensional nature [17]. TMDs
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are typically described by the formula MXz, where M represents transition metal
element (Mo, W, Nb, Ti, Ta) and X is chalcogenide compound (S, Se, Te). Among
them, tungsten disulfide (WS.) has been extensively studied because of its excellent
hydrolytic properties as well as earth-abundance [18-20]. Bulk WS; is a
semiconductor with indirect band gap of 1.4 eV, while monolayer WS; has direct band
gap of 2.1 eV. Because of its excellent optical, electrical, and mechanical properties,
WS> microsheets have been widely used for various fields including field emission
[21], lubrication coatings [22], field-effect transistors [23], sensors [24, 25],
photoluminescence [26-28], and solar cells [29]. The results have proved that WS, has
great potential for gas (NHs[30, 32], NO2[31], CO [32]) and humidity detection [33].
However, the humidity sensor based on WS2/SnO heterojunction has not been
reported. As such, constructing a humidity sensor which is able to realize rapid
detection with low power consumption, low cost, excellent performance, and the
possibility of integration still attracts considerable attention.

Here, we demonstrated a WS2/SnO2 nanocomposite humidity sensor via
layer-by-layer (LbL) self-assembly technique on FR4 substrate with interdigital
electrodes (IDEs). The component, chemical state and morphology of the WS,/SnO-
nanocomposite film was characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectrometry (EDS), X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM). The sensing
characteristics of the WS»/SnO> film sensor were investigated in a wide relative

humidity range, an ultrahigh response of 141260 and an unprecedented sensitivity of
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55846 pF/%RH were yielded. The WS,/SnO> film sensor exhibited 36 and 89 times
higher responses than that of pure WS, and SnO. counterparts, respectively. The
electrical characteristics of the films were investigated by impedance spectroscopy
and bode plot, and the humidity sensitive mechanism of WS,/SnO, nanocomposite
film was revealed.

2. Experimental Section

2.1 Materials synthesis

Sodium tungstate dehydrate (Na;WOa4-2H20), oxalic acid (C2H20.),
thioacetamide (TAA), tin chloride pentahydrate (SnCls-5H20) and aqueous ammonia
(NHz-H20) were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Polycation and polyanion were 1.5 wt% poly (diallyldimethylammonium
chloride) [PDDA, MW of 200-350 K, Sigma-Aldrich] and 0.3 wt% poly (sodium
4-styrenesulfonate) [PSS, MW of 70 K, Sigma-Aldrich], respectively, which were
used for LbL self-assembly. 0.5 M NaCl was added into PDDA and PSS solutions to
enhance ion concentration. All reagents were used without further pretreatment.

In this work, a facile hydrothermal route was utilized to synthesize WS>
microsheets and SnO2 microspheres. Precursors, Na;WO4-2H20 (1.2 g) and TAA (1.6
g), were dissolved into 80 mL deionized (DI) water and stirred for 30 min.
Sequentially, 0.6 g oxalic acid was added to the above solution to form an acid
environment and stirred for 30 min. Lastly, the mixed solution was heated in a

Teflon-lined autoclave at 200 °C for 24 h (hydrothermally treatment).

Page 5 of 44



The synthesis of SnO2 microsphere was similar to that of WS, microsheet. 8.75 ¢
SnCl4-5H20 were dissolved into 20 mL of DI water and 2.5 mL of aqueous ammonia
were added. Subsequently, the solution was treated by ultrasonication for 30 min in
order to form homogeneous suspension. At last, the suspension was transferred into a
Teflon-lined autoclave and heated at 180 °C for 12 h.

2.2 Sensor fabrication

The sensor was fabricated on a FR4 (Flame Resistant 4) epoxy substrate via a
facile LbL self-assembly approach, which was described in our previous work [34].
The electrostatic interaction between the anions and cations was the nano-film driving
force. After repeated alternately deposition, the multilayer alternately functional
composite film were fabricated successfully. The preparation process is shown in
Figure 1. Two bilayers of PDDA/PSS were sequentially deposited on the substrate
with interdigital electrodes (IDEs) as adhesion layer to improve the binding force
between IDEs device and upper layer, followed by alternative immersing the IDEs
device into SnO2 and WS, solutions for five cycles. The deposition time of
polyelectrolytes (PDDA, PSS) was 10 min and 15 min for WS2/SnO,. The sensor was
intermediate rinsed with DI water and dried with nitrogen after each monolayer
assembly to strengthen the interconnection between layers. The schematic view of
LbL self-assembled WS2/SnO> nanocomposite film was shown in Figure 2.

2.3 Humidity measurement setup
The humidity sensing experiment was carried out at room temperature of 25°C.

We used classical saturated salt solution methods to yield different relative humidity
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(RH) levels, as reported in our previous work [35]. Saturated solutions of LiCl,
CH3COOK, MgCl,, K2COs3, Mg(NO3)2, CuClz, NaCl, KCI and K2SO4in a closed
vessel at 25°C provide 11%, 23%, 33%, 43%, 52%, 67%, 75%, 87% and 97%RH
levels, respectively. Phosphorus pentoxide powder (P20s) was used as a desiccant,
which yielded 0% RH for the sensor recovery. TH2828 precision LCR meter was
applied to record the capacitance variations and complex impedance spectroscopy of
the WS2/SnO- film sensor during humidity sensing. The capacitance of the sensor as a
function of RH was measured by exposing the sensor inside the closed vessels with
different RH levels for the uptake of water molecules. Normalized response C and
sensitivity S are used to evaluate the performance of WS2/SnO; film sensors, which
are defined by C=C«/Co and S=AC/ARH respectively, where Cx and Co are the
capacitance of the sensor at x% and 0% RH, respectively, AC is the change in
capacitance, and ARH is the RH change.
3. Results and discussion
3.1 Structure characterization

The XRD analysis of WS;, SnO2 and WS2/SnO, samples was carried out by an
X-ray diffractometer (Rigaku D/Max 2500PC) using Cu Ka radiation (A\=1.5418A).
All the synthesized samples were examined with diffraction peaks in the range of
20°-80° as illustrated in Figure 3. The diffraction peaks of SnO, sample are observed
at 20 of 26.41°, 33.82°, 37.60°, 51.71° and 65.68°, which correspond to the (110),
(101), (200), (211), and (301) planes of the rutile SnO respectively (JCPDS Card no.

41-1445). The result indicates the successfully synthesis of SnO> [36, 37]. The XRD
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spectrum of WS, agrees well with the hexagonal structure (JCPDS No: 87-2417)
without impurity peaks [38]. The diffraction peaks of WS; are located at 26 of 29.20°,
33.15°, 33.88°, 40.02°, 44.37°, 50.07°, 58.69°, 60.36°, 66.79° and 76.24°, which
correspond to (004), (100), (101), (103), (006), (105), (110), (112), (108) and (116)
planes, respectively. The XRD pattern of LbL self-assembled WS,/SnO;
nanocomposite demonstrates the main characteristic peaks of the both WS, and SnO,
confirming the existence of WS, and SnOs..

The elements composition of the WS,/SnO> nanocomposite was analyzed by
Hitachi S-4800 equipped with an energy dispersive spectrometer (EDS). As
demonstrated in Figure 4 (a), only W, S, Sn and O peaks are detected [45, 46]. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific instrument) was applied to
inspect the surface composition and chemical state of the WS2/SnO, nanocomposite.
The XPS survey spectrum is shown in Figure 4 (b), which also confirms that the main
constituent elements were W, S, Sn and O. Figure 4 (c) clearly shows that W atom in
the sample has two different valence states, W** and W®*. The major peaks of W** at
32.38 and 34.53 eV are correspond to W** 4f7;, and W** 4fsy,, respectively. Moreover,
W5* also has two major peaks at 35.43 and 37.98 eV, which are attributed to the W®*
4f7, and WO 4fsp,, respectively [41-43]. The spectra of S 2p shown in Figure 4 (d)
exhibit two main peaks at 161.88 and 163.28 eV, which corresponding to S*~ 2ps2 and
S* 2p1. Figure 4 () shows that two peaks at 494.44 and 486.03 eV, which are
ascribed to the doublet Sn 3ds; and Sn 3ds2 of Sn from SnO,. The XPS spectrum of

O 1s in Figure 4 (f), displaying two major peaks at 529.78 and 532.08eV in
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correspondence with the oxygen in SnO> [44, 45].

Field emission scanning electron microscopy (FESEM; Hitachi S-4800, Japan)
was used to identify the morphology of WS, SnO,, and LbL self-assembled
WS,/SnO; nanocomposite. Figure 5 (a) and (b) show the hexagon shaped WS, [46]
and SnO2 microspheres [36]. Figure 5 (c) demonstrates the combination of SnO-
microspheres and hexagon shaped WS,. Figure 5 (d) illustrates the cross-sectional
image of WS,/SnO, sample, which confirms the sensing film has clearly laminated
and pronouns nanostructure.

The nanostructure of the as-prepared samples was further investigated by
transmission electron microscope (TEM; JEOL JEM-2100, Japan). Figures 6 (a), (b)
are the TEM images of WS, and WS»/SnO, nanocomposite, respectively, Figures. 6
(c), (d) are high-resolution TEM (HRTEM) image which can reveal the lattice fringes
of WS, and SnO., respectively. Figure 6 (c) shows SnO2 microspheres on WS;
microsheets with labeled lattice fringes. The lattice fringe spacing of 0.305 nm is
attributed to the (004) plane of WS,. And the measured spacing between adjacent
lattice fringes are 0.334 nm, corresponding to the (110) plane of the SnO2 [14]. Figure
6 (d) is the TEM image of WS, microsheets with neighboring fringe spacing of 0.273
nm and 0.226 nm, which are attributed to the (100) and (103) planes of WS, [47, 48].
3.2. Humidity-sensing performance

Figure 7 demonstrates the capacitance of the WS,/SnO; film sensor versus
various RH at different operation frequencies of 500, 1k, 10k and 10M Hz,

respectively. The capacitance of the WS2/SnO. film sensor increases dramatically
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with the raising of RH. This is due to the absorbed water molecules are beneficial to
enhance the polarization effect and increase the dielectric constant of the film, leading
to the increase of film capacitance [49]. The capacitance shows the maximum
capacitance variation at 500 Hz among the four frequencies, this is because the
space-charge polarization of adsorbed water occurs in the film is hard to keep up the
electrical field direction at higher frequencies [50]. Nevertheless, the capacitive
reactance of the sensor is much larger at excessive low frequencies, which will
degrade the measuring precision and working stability. Thereby, 500 Hz was chosen
for subsequent humidity sensing experiments in order to achieve better sensitivity.

We compared the humidity-sensing responses of WS, SnO2, and WS2/SnO;
nanocomposite. The three types of sensors were tested under the same experimental
conditions over a wide RH range of 11%-97% RH. Figure 8 (a) shows the
comparative results of WS,/SnO; film sensor with pure WS, and SnOz counterparts,
the response values measured at 97% RH are about 6682, 2687 and 141260 for WSy,
SnO2, and WS2/SnO; sensor, respectively, indicating the WS2/SnO; film sensor has
the highest response. Figure 8 (b) shows the response of the WS,/SnO- film sensor as
a function of RH. The fitting equation is Y = 214.38 eX/378 — 3467.50 for the sensor
response toward 11-97%RH, where Y is the sensor response, and X is RH. The
regression coefficient, R?, is 0.9971.

We performed a switching experiment in RH levels of 11-97%RH to explore the
humidity-sensitive response characteristics of LbL self-assembled WS,/SnO; film

sensor. The time-dependent capacitance measurement toward switching RH for the
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WS2/SnO; film sensor is shown in Figure 9 (a). The time interval for
response/recovery duration was 100 s. The sensor capacitance increases by
approximately 5 orders of magnitude from 34 pF to 4802.83 nF toward RH varies
from 11% to 97% RH, and an ultrahigh sensitivity of 55846 pF/%RH was obtained.
Figure 9 (b) shows the capacitance response of the WS,/SnO- film sensor toward step
increases of RH and then recovery. The graph clearly indicates that the capacitance
monotonically increased with the step increase of RH. It can be observed that the
sensor is recovered to the initiate resistance rapidly when the sensor is exposed to dry
air. Figure 9 (c) illustrates the repeatability of the WS2/SnO, film sensor upon
exposure to 23%, 52% and 85% RH from dry air (5 cycles for each RH). Good
repeatability can be observed and the equilibrium-state capacitances were 64 pF (23%
RH), 58816 pF (52% RH), and 2049231 pF (85% RH), respectively. Figure 9 (d)
demonstrates the long-term stability of WS2/SnO2 film sensor in 23%, 52%, 85% and
97% RH, respectively. The capacitance values of the WS,/SnO; film sensor remained
stable within 30 days, suggesting excellent stability.

Hysteresis is an important characteristic of humidity sensors. We further
investigated the hysteresis characteristics of WS2/SnO- film sensor. The measurement
was firstly switched from low RH to high RH, and then conversely from high RH to
low RH. Each exposure/recovery cycle was carried out through an exposure interval
of 100 s, followed by a recovery interval of 100 s in dry air as shown in Figure 10 (a).
The hysteresis error (He) can be expressed as: He =tAHmax/2Frs, where AHmax IS the

difference between the response of humidity sensor toward the same RH value during
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adsorption and desorption process, and Frs is the full scale output [51]. It is
noteworthy that the maximum He is less than 1.9% (at 75% RH) as shown in Figure
10 (b), indicating low hysteresis and good reliability of the WS2/SnO; film sensor.

We demonstrated a potential application (respiratory monitoring) using the
WS>/SnO; film humidity sensor. The sensor was placed approximately 4-5 cm away
from nose. Figure 11 displays the response of the sensor during human respiration
monitoring. It shows a periodic capacitance changes which frequency is identical to
the respiration. The breath response characteristic for a normal adult was measured in
100 s, and 28 repetitive cycles for breathing were observed. The capacitance response
showed sharp rise during exhaling and fall while inhaling corresponding to the
breathing cycles. We believe this device provides a good platform for space suits,
anti-asphyxia, respiratory detection and health care.

Table 1 clearly demonstrates the humidity sensing properties of our WS2/SnO>
film sensor compared with the previous works [11, 52-57]. The comparison is made
over the state-of-the-art sensors made from 2D materials (i.e., graphene, MoS2, WS)
via LbL self-assembly, solution dripping, sulfurization, liquid exfoliation and
hydrothermal methods. To our knowledge, our WS2/SnO; film sensor yielded the
highest response and highest sensitivity over the existing humidity sensors ever
reported, highlighting the unique advantages of WS,/SnO. film as an ideal candidate
for building humidity sensors.

3.3. Humidity sensing mechanism

WS,/SnO, nanocomposite is sensitive to water molecules, which is attributed to
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the synergistic effect of WS, and SnO.. Figure 12 (a) illustrates the adsorption
mechanism of water molecules on WS,/SnO, nanocomposite. Firstly, a small amount
of water molecules are chemisorbed, and then some water molecules are physisorbed
as RH increases. The chemisorbed water molecules are discontinuous and unable to
move freely because they are restricted onto the film surface by double hydrogen
bonding. As the RH further increased, much more water molecules are physisorbed,
and the water molecules turn to be active and exhibit liquid-like behavior. The
proton-hopping occurs according to the Grothuss chain reaction (H20 + H3O* < HzO*
+ H20) [58, 59].

The nanostructure of WS2/SnO, nanohybrid contributes to the enhanced
humidity sensing properties. The incorporation of SnO; into WS, nanosheets brings
more active sites such as oxygen vacancies and defects, which can provide high
surface exposure for adsorption of water molecules. WS, nanosheets possess natural
band gap, low resistivity and high carrier mobility, serving as direct conduction paths
for the electrons transfer in the SnO: nanospheres. Furthermore, the n-n
heterojunction created at the interfaces of n-typeWS; microsheets and n-type SnO;
nanospheres may be another major contribution to the enhanced response for the
WS2/Sn0- film sensor. Figure 12 (b) shows energy-band diagram of WS,/SnO; film.
The work functions for WS, and SnO; are W1=4.6 eV and W>=4.52 eV, respectively.
There is an energy barrier (AEg=W1-W>) generated at the interface between WS, and
SnO [60]. When the sensor is under humidity environment, the adsorbed water

molecules react with the surface of WS,/SnO. nanocomposite and release a quantity
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of electrons. The injected electrons can increase the concentration of the electron
carriers in WS/SnO- film, leading to the decrease of the barrier height and the
increase of the conduction [61]. Therefore, the response of WS2/SnO; film sensor is
significantly increased as compared to that of the pristine WS; and SnO,.

To confirm the humidity-sensing mechanisms of the WS2/SnO; film at various
RH levels, the complex impedance spectroscopy (CIS) combining with Bode plots
was applied. Figure 13 shows the complex impedance spectra, equivalent circuits and
corresponding Bode plots of WS2/SnO; film at different RH. The operation frequency
changed from 500 Hz to 1M Hz with RH range from 11% to 97%. At low RH (11%),
the CIS curve plotted in Figure 13 (a) is a straight line, the equivalent circuit could be
described by a constant phase element (CPE), and its corresponding Bode diagram is
shown in Figure 13 (d). The impedance value of WS,/SnO; film is linearly related to
the frequency in the logarithmic coordinate system, and the impedance angle is almost
constant, approximately -90°. In this case, only a small amount of molecules are
adsorbed onto the WS2/SnO: film, the ion transfer is difficult to be realized due to the
fact that the film surface is not completely water-covered.

Figure 13 (b) shows the CIS curve at medium RH (52% RH), and a semicircle is
observed, attributing to the intrinsic impedance of WS2/SnO; film [62]. The
equivalent circuit can be modeled by a resistor and capacitor in parallel [63-65]. The
impedance value decreases with the increase of operating frequency, and the
impedance angle changes from 0° to -90°, as shown in Figure 13 (e). At this stage,

excess water molecules are adsorbed to form hydronium ions. The proton hopping
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occurs and leads to the impedance of WS,/SnO- film decreases with increasing RH.

With the RH further increases (85% RH), a short straight line appears after the
semicircle at low frequency region as shown in Figure 13 (c). Warburg impedance is
introduced to the equivalent circuit, accounting for the diffusion process of ions or
charge carriers at the WS2/SnO- film/electrode interface [66]. The impedance angle of
WS,/SnO; film is almost no significantly variation with the increasing of working
frequency, as shown in Figure 13 (f). At this stage, the serial water layer exhibits
liquid-like behavior and further accelerates the proton transfer, which results in a
significant decrease in sensor impedance and a sharp increase in sensor capacitance.
4. Conclusions

A humidity sensor based on WS,/SnO, nanocomposite was presented in this
paper, which was realized by LbL self-assembly technique. The component, structure,
chemical state and morphology of the as-prepared film were characterized by XRD,
SEM, EDS, XPS and TEM. The capacitive sensing properties of WS,/SnO, film
sensor were measured against humidity at room temperature. The LbL self-assembled
WS2/SnO- film sensor exhibits excellent sensing properties, which far surpasses that
of pure WS> and pure SnO.. Moreover, the humidity sensing characteristics of the
WS2/SnO- film sensor were further investigated by impedance spectroscopy and bode
plot. The LbL self-assembled WS,/SnO, nanocomposite was proved to be an excellent
building block for ultrahigh-performance humidity sensor toward various

applications.
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Figure captions
Figure 1. LbL fabrication process of WS2/SnO> nanocomposite film.
Figure 2. Sketch of LbL self-assembled WS>/SnO> nanocomposite sensor.
Figure 3. XRD of WS, SnO2, and WS,/SnO, samples.
Figure 4. (a) EDS for WS,/SnO2 nanocomposite. XPS spectra of WS»/SnO, sample:
(b) survey spectrum, (c) W spectrum of WS,/SnO, sample, (d) S spectrum of
WS2/SnO; sample, (e) Sn spectrum of WS,/SnO, sample, and (f) O spectrum of
WS2/SnO; sample.
Figure 5. SEM images of (a) hexagonal WS, sample, (b) SnO> sample and (c)
WS2/SnO2 nanocomposite, (d) cross-sectional images of WS2/SnO; film.
Figure 6. TEM images of (a) WS> microsheets and (b) WS2/SnO> nanocomposite.
HRTEM images of (c) WS2/SnO. nanocomposite and (d) WS, microsheets.
Figure 7. The capacitance of WS,/SnO> film sensor exposed to various RH levels
with different operation frequencies.
Figure 8. (a) Comparative results of WS2/SnO2 film sensor in sensing response with
pure WS,, and pure SnO; film. (b) The response of WS,/SnO; film sensor as a
function of RH in the range of 11-97%. Inset: the sensor response toward 11-67%
RH.
Figure 9. Sensing characteristics of LbL self-assembled WS>/SnO; film sensor. (a)
Time-dependent capacitance measurement toward switching RH. (b) Capacitance

response toward step increases of RH and then recovery. (c) Repeatability
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performance exposed to 23%, 52%, and 85%RH. (d) Long-term stability exposed to
23%, 52%, 85% and 97%RH.

Figure 10. (a) The response and recovery characteristics under humidity cycling of
absorption and desorption toward different RH. (b) Hysteresis loop characteristics of
the WS,/SnO: film sensor. Inset: hysteresis under different RH.

Figure 11. Capacitance response of the sensor toward human respiration.

Figure 12. (a) Schematic of humidity sensing at WS,/SnO. nanocomposite film. (b)
Energy-band diagram of WS2/SnO film (Eo, vacuum-energy level; W, work function;
Eg, energy band gap; Er, Fermi level; Ec, conduction band; Ev, valence band).

Figure 13. Complex impedance spectra, equivalent circuits (a, b, c) and
corresponding Bode plots (d, e, f) of WS2/SnO> film at different RH: (a and d) 11%

RH, (b and €) 52% RH, and (c and f) 85% RH.

Page 30 of 44



ACCEPTED MANUSCRIPT

Rinse
T
10min  pepeat once 10 min

Rinse
~ Dry
PCB-IDE
PDDA PSS
Rinse lRinse
I Dry J Dry
15min  Repeatfor 15 min
5 times 4
= Rinse
- |
‘ e Dry
PCB-IDE =
WS:2 SnO2

Figure 1. LbL fabrication process of WS,/SnO2 nanocomposite film.
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Figure 4. (a) EDS for WS,/SnO, nanocomposite. XPS spectra of WS2/SnO> sample:
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Figure 5. SEM images of (a) hexagonal WS, sample, (b) SnO> sample and (c)

WS,/SnO; nanocomposite, (d) cross-sectional images of WS,/SnO; film.
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Figure 6. TEM images of (a) WS> microsheets and (b) WS2/SnO, nanocomposite.

HRTEM images of (c) WS2/SnO. nanocomposite and (d) WS, microsheets.
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Figure 9. Sensing characteristics of LbL self-assembled WS>/SnO; film sensor. (a)

Time-dependent capacitance measurement toward switching RH. (b) Capacitance
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Figure 10. (a) The response and recovery characteristics under humidity cycling of
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the WS,/SnO: film sensor. Inset: hysteresis under different RH.
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Figure 13. Complex impedance spectra, equivalent circuits (a, b, c) and
corresponding Bode plots (d, e, f) of WS2/SnO> film at different RH: (a and d) 11%

RH, (b and €) 52% RH, and (c and f) 85% RH.
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Table 1. Humidity sensing properties in this work compared with previous work.

Sensor materials Fabrication method ~ Measuring range Response Sensitivity Ref.
Graphene/SnO; Hydrothermal 11-97%RH 560.85 1604.89 pF/%RH [11]
Graphene oxide (GO) Solution dripping  15-95%RH 378 46.253 pF/%RH [52]

WS, Sulfurization 20—-90%RH 2357 - [53]
WS, Liquid exfoliation 40—80%RH 37.5 - [54]
MoS; Hydrothermal 17.2—89.5%RH 67.34 81.9 pF/%RH [55]
GO/polyelectrolyte LbL self-assembly ~ 11-97%RH 2656.4 1552.3 pF/%RH [56]
MoS2/Ag Solution dripping ~ 11-97%RH 1729.25 21112 pF/%RH [57]
WS,/SnO; LbL self-assembly ~ 11-97%RH 141260 55846 pF/%RH This work
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