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Crystal phase plays a crucial role in determining the properties of
two-dimensional (2D) transition metal dichalcogenides. Here we achieve
phase-switchable preparation of 2D transition metal dichalcogenides

using an electrochemical lithium-ionintercalation-based exfoliation
strategy by controlling the discharge current density and cutoff voltage.

We discover that a small discharge current density (0.005A g™, witha 0.9V
cutoff voltage) produces pure semiconducting 2H phase WS, bilayers. In
contrast, alarge discharge current density (0.02 A g™, witha 0.7 V cutoff
voltage) leads to the dominant semimetallic 1T’ phase WS, monolayers.

The phase-switching mechanism was clarified through cryo-electron
microscopy, annular dark-field scanning transmission electron microscopy,
Raman, X-ray photoelectron spectroscopy, etc. The device (humidity
sensor) application of produced 2D WS, was then demonstrated, showing
phase-dependent humidity-sensing performances confirming the potential
of our produced 2D WS, with switchable phase in device applications.

The crystal phase is a pivotal parameter when determining the prop-
erties and applications of two-dimensional (2D) transition metal
dichalcogenides (TMDs)"%. Group-VITMDs, such asMoS,and WS,, can
existin diverse phases (2H, 1T or 1T’), depending on the coordination
geometries of the transition metal atom (Supplementary Fig.1). The
1T (octahedral coordination) and 1T’ (distorted octahedral coordina-
tion) group-VI TMDs exhibit metallic and semimetallic properties,
respectively, rendering them promising candidates for applications
in energy storage*®, energy conversion” '’ and superconductivity™.
In contrast, the 2H (trigonal prismatic coordination) group-VI TMDs
are typically semiconductors withabandgap of 1-2 eV (ref. 12), making
them exceptionally well suited for applicationsin nanoelectronics and
optoelectronics™™,

The preparation of 2D group-VITMDs (solution-processable TMDs
inparticular) withadesignated phase tailored tointended applications
isthereforeimportant, as solution-processable 2D TMDs are compat-
ible with solution-based deposition techniques (such as inkjet printing,

industrial roll-to-roll coating, drop-casting and spin-coating), facilitat-
ing the easy and scalable manufacture of customizable devices'*".
Although such printable 2D group-VI TMD solutions could be pre-
pared via direct liquid exfoliation in solvents' and foreign species
(for example, tetraalkylammonium ions'?°, sulfate ions* and small
molecules®) intercalation-based liquid exfoliation, the phase of the
final 2D productsis not adjustable, remaining the same phase as their
initial bulk counterparts.

Previous studies suggest that 2H-to-1T/1T’ phase transition occurs
ingroup-VITMDs during lithium-ion (Li") intercalation-based exfolia-
tion, resulting in 2D nanosheets (NSs) with a mixed phase of 2H and
1T/1T%%***In theory, this is because the Li* intercalation involves the
electroninjection fromthe s orbitals of guest lithium to the d orbitals of
the host transition metal atoms to maintain overall charge neutrality®.
Whentheelectroninjectionis beyond a certain threshold (in terms of
MoS,, this threshold is 0.29 electrons per formula unit®), the stabil-
ity of the 2H phase group-VI TMDs will be lower than that of the 1T or
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1T’ phase, causing the corresponding phase transition. The occur-
rence of phase transition implies that Li" intercalation-based exfolia-
tion can theoretically become a plausible way for the preparation of
solution-processable group-VI 2D TMDs with on-demand phases.
Still, this hasnot yet been truly achieved experimentally, as the switch
(on-off) for the phase transition is still unknown,

Here, we discover the electric switch of phase transition during
the electrochemical Li* intercalation-based exfoliation, achieving
phase-switchable exfoliation of solution-processable WS, mono- or
bilayers from their bulk counterparts (Supplementary Fig. 2). Specifi-
cally, we found that Li* intercalation under a small discharge current
density (0.005A g!, with a 0.9 V cutoff voltage) will cause the forma-
tion of dense solid electrolyte interface (SEI) film at the edge of WS,,
which limits the insertion of Li* below the phase transition threshold,
resulting in semiconducting 2H-WS, bilayers. Conversely, a large dis-
charge current density (0.02 A g™, witha 0.7 V cutoffvoltage) will lead
to 2H-to-1T/1T’ phase transition and thereby produces semimetallic
1T’-WS, monolayers. In this case, no obvious SEI film is formed. Thus,
Li* canbe fully intercalated in WS,, resulting in a phase transition. Our
findings give new vitality to the electrochemical Li" intercalation-based
exfoliation strategy, making it a feasible method for large-scale produc-
tion of solution-processable group-VI2D TMDs with designated phases.

Phase-switchable preparationand
characterization

Figure 1aillustrates the overall phase-switchable preparation of 2H-
and 1T’-WS, NSs using our electrochemical Li* intercalation-based
exfoliation strategy with controllable discharge current density and
cutoff voltage (small current density: 0.005A g™, 0.9 V; large current
density:0.02A g™, 0.7 V), (see Methods for details). These parameters
were determined through aserial of control experiments with different
discharge current densities and cutoff voltages. Detailed results are
presented in Supplementary Fig. 3, which shows that the threshold
discharge current density required toinitiate the formation of 2H-phase
WS, NSsis 0.005 A g™'. Raman (Fig. 1d and Supplementary Fig. 4) and
X-ray photoelectron spectroscopy (XPS; Fig. 1e and Supplementary
Fig. 5) analyses confirmed this conclusion.

The small current density-driven Li* intercalation-based exfoli-
ated WS, NS dispersion exhibits alight-green colour (Fig. 1b, inset and
Supplementary Figs. 6 and 7), signifying partial absorption in the vis-
iblerange, as verified via the ultraviolet-visible absorption spectrum
(Fig. 1b), which confirm the formation of semiconducting 2H phase
WS, NSs under a small discharging current density”. Conversely, the
large current density exfoliated WS, NS dispersion shows ablack colour
(Fig. 1b, inset and Supplementary Figs. 6 and 7), indicating the complete
and featureless absorption in the visible range (Fig. 1b), marking the
emergence of phase transition and the formation of metallic 1T/1T”
phase WS, NSs under a large discharging current density. Photolumi-
nescence (PL), Raman spectroscopy and XPS further confirmthe above
phase analysis. Prominent PL appears in small current density exfoli-
ated WS, NSs (Fig. 1c), signifying its semiconducting nature (2H phase).
Only two dominant peaks (the in-plane phonon E',; at 350.3 cm™ and
the out-of-plane phonon A;,modes at 419.2 cm™, corresponding to 2H
WS, (ref. 11)) appear in the Raman spectroscopy of small current density
exfoliated WS, NSs (Fig. 1d), indicating their 2H phase. By contrast, the
J1,J, and J; peaks located at low-frequency regions are observed for

large current density exfoliated WS, NSs (Fig. 1d), indicative of the 1T”
phase’. Theyields of 2H-WS, (under small current density) and 1T”-WS,
(under large current density) NSs are ~100% and ~67%, respectively, as
confirmed by the deconvolution of the W 4fregions of exfoliated WS,
inthe XPS spectrum (Fig. le).

The phases of exfoliated WS, NSs are further confirmed by
aberration-corrected annular dark-field scanning transmission elec-
tronmicroscopy (ADF-STEM). The ADF-STEMimage of the small current
density exfoliated WS, NSs shows a hexagonal lattice structure of indi-
vidual W and S atoms (Fig. 1f), confirming the 2H phase®, whereas the
one-dimensional zigzag chains of W atoms dominate the entire image
of the large current density exfoliated WS, NSs (Fig. 1g), indicative of
the 1T’ phase®. Notably, asmall area of 2H phaseis also observed in the
top-right corner of the image (Fig. 1g), suggesting the co-existence of
1T”and 2H phases in large current density exfoliated WS, NSs, and 1T
phase is dominant. Figure 1f,g in the bottom part show line intensity
profiles scan alongthe white-boxed atoms. The intensity of Satomsis
much more pronounced in2H WS, owing to the enhanced signal result-
ing fromthe overlap of two S atoms along the direction of the electron
beam?”. In contrast, for the 1T’-WS, structures, the intensity ratio of
S atoms between the two W sites is much lower. This is attributed to
the Satoms inthe upper and lower layers being staggered, creating a
triangular lattice.

Sulfur vacancies are clearly observed in the ADF-STEM images
of the prepared 2H- and 1T’-WS, NSs (Supplementary Figs. 8 and 9),
and the electron paramagnetic resonance (EPR) results indicate that
the sulfur vacancies in 2H-WS, NSs are more abundant than those in
1T’-WS, NSs (Supplementary Fig. 10). Transmission electron micros-
copy (TEM) reveals that the exfoliated 2H-and 1T”-WS, NSs have alateral
size ranging from 300 to 600 nm and 100 to 200 nm, respectively
(Supplementary Fig. 11). Large quantities of 2H- and 1T’-WS, NSs were
successfully prepared as confirmed by scanning electron microscope
images (SEM; Supplementary Fig.12). Atomic force microscopy (AFM)
images show that the thickness of the 2H- and 1T’-WS, NSs is 1.8 nm
and 1.2 nm (Fig. 1h,i; thickness distribution histograms are shown
in Supplementary Fig. 13), respectively, indicating the formation of
bilayer 2H-and monolayer 1T’-WS, NSs. Besides WS,, phase-switchable
preparation of WSe, was also successfully achieved and characterized
(see detailed informationin Supplementary Figs. 14-16). However, this
method is not suitable for MoS,; only 1T’-MoS, NSs can be prepared
(SupplementaryFigs.17 and 18). This discrepancy might be due to the
varyinginteraction energies between Li* and different TMDs.

Phase-switching mechanism

Toinvestigate the phase-switching mechanism, cryo-TEM is employed
dueto thesensitivity of lithium discharged samples to electron beams?.
When Li* intercalation is driven by a small discharge current density,
adense compact and amorphous SEI film and Li,S at the edge of WS,
areobserved (Fig.2a-c). The ADF-STEM and electron energy loss spec-
troscopy (EELS) analyses (Fig. 2f and Supplementary Fig. 19) indicate
that lithium predominantly localizes within the SEL. There is aminimal
presence of Li*intercalation occurring at the edge of WS, (ref. 29). This
minimal Li* edge intercalationis revealed by asmallincreaseininterlayer
spacing from 6.19 Ato 6.26 A (Supplementary Fig. 20). The hexagonal
symmetry structure (Fig. 2b), A-B-A stacking mode (Fig.2d) and green-
ish colour (Fig. 2e) of the intercalated WS, confirm the 2H polytype.

Fig.1|Preparation and characterization of 2H- and 1T’-WS, NSs. a, A schematic
ofthe phase-switchable synthesis of 2H- and 1T’-WS, NSs through a controllable
electrochemical lithiumintercalation-based exfoliation method. b, Visible-near-
infrared absorption spectra of exfoliated 2H- and 1T’-WS, NS solution. A, Band
Cindicate the three absorption peaks in the spectrum of exfoliated 2H-WS,.
Theinsets show the photographs of exfoliated 2H- and 1T”-WS, NS solution.

¢, PLspectra of exfoliated 2H- and 1T’-WS,. d, Raman spectra of bulk WS, and
exfoliated 2H- and 1T”-WS,. e, XPS W 4f spectra of bulk WS, and exfoliated 2H- and

1T-WS,. f, ADF-STEM image of 2H-WS,. The enlarged atomic-resolution image is
presented in the left corner. Line intensity profile scans along the white-boxed
atomsin the enlarged image are shown below. g, An ADF-STEM image of 1T”-WS,.
The enlarged atomic-resolution image is presented in the left corner. Line
intensity profile scans along the white-boxed atoms in the enlarged image are
displayed below. A small area of 2H-WS, was found in the top right corner.

h,i, AFMimages of 2H- (h) and 1T”-WS, (i) NSs. The inset height profiles reveal the
thickness of selected NSs.
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In contrast, when a large discharge current density is applied, no
significant SEI film is observed at the edge of WS,, but exfoliated WS,
appears (Fig. 2g-i). The ADF-STEM image and high-resolution EELS
mapping confirm that Li* indeed intercalates into the interior struc-
ture of WS, (Fig. 2l and Supplementary Fig. 21). The distorted A-B-C
stacking mode (Fig. 2j) and the black colour (Fig. 2k) of the intercalated
WS, reveals the 1T’ phase. The XPS (Supplementary Figs. 22-24) and
X-ray diffraction (Supplementary Fig. 20) characterizations further
confirmedthe 2H phase of small current density intercalated WS, and
the 1T’ phase of large current density intercalated WS,.

Bringing together the findings from the analyses mentioned
above, itbecomes evident that asmall discharge current density results
inthe creation of adense SElfilms at the edge of WS,, which acts asabar-
rier preventing Li* intercalationinto the interlayer of WS, and thereby
limits the electron injection (from the sorbitals of lithium to the d orbit-
als ofthe W atom) below the phase transition threshold (0.3 electrons
per WS, formula unit, as confirmed by density functional theory (DFT)
calculation; Supplementary Figs. 25-27 and Supplementary Table 1).
This, in turn, results in the phase of the final product being consist-
ent with the starting bulk materials (both being 2H phase) without a
phase transition. Furthermore, the SEl caused irreversibility during the
intercalation process, whichisrevealed through the charge-discharge
curves (Supplementary Fig. 28) and corresponding EPR results (Sup-
plementary Fig.29). Conversely, alarge discharge current density does
notallow for the establishment of a well-defined SEI film; therefore, Li*
canbefullyintercalated into theinterlayer of WS,. This process causes a
charge density wave and atransition fromthe 2H phasetothe 1T’ phase,
which, inturn, resultsinthe dominance of 1T’ phase in the final product.

To explain how the discharge current density influences SEI for-
mation and ultimately affects WS, phase transition, we conducted
theoretical simulations. The large and small discharge current densities
were simulated as the high and low concentrations of Li" near WS,. We
alsointroduced different external electric fields along the WS, layers
as the reaction potentials. It is observed that, under different poten-
tial conditions, smaller potentials promote the Li* diffusions into the
WS, interlayers (Supplementary Fig.30a,b). This proves that a higher
discharge current density with lower reaction potential benefits the
thorough diffusions of Li* into the WS, interlayers. For the smaller
discharge current density with lower Li* concentration, the single Li*
diffusion into the WS, interlayer is challenging due to the increasing
energy barriers, indicating that the lower-concentration Li* are prone
to belimited near the edge of WS, (Supplementary Fig. 30c¢).

During the molecular dynamics (MD) simulations of
high-concentration Li*, the intercalation of Li" into the WS, layers is
clearly observed, which results in the exfoliations of WS, layers (Sup-
plementary Fig. 30d-f). In addition, the WS, layers experience the
formation of superstructure rather than the amorphizations, which
initiates the phase change to 1T structures under the high discharge
current density. In contrast, when the WS, layers are interacting with
asmall concentration of Li" under alow discharge current density, we
notice that the strong interactions with the WS, layer are limited only
near the edge by strong adsorptions, whichinduces the evident amor-
phization of WS, towards the SEl formation (Supplementary Fig. 30g-i).

Inaddition, theinterlayer spaces are blocked by Li-S bonding and the
amorphous structures, which further hinder the diffusions of the Li*
intothe WS, interlayers and maintain the original 1H structures. These
observations are supportive of experimental results and confirm that
the diffusion behaviours of Li* are strongly related to the discharge
condition, supplying importantinsights into the understanding of SEI
formation and WS, phase change.

Device applications

Since the prepared 1T’-WS, monolayers and 2H-WS, bilayers possess
high surface areas and exposed sulfur atoms, they are ideal platforms
for humidity sensors. In addition, different phases of WS, interact
with H,0 molecules in distinct ways. The solution-prepared 2H- and
1T’-WS, NSs are therefore examined for humidity sensor applications.
Drop-castingis used to deposit the WS, NSs onto a polyethylene tereph-
thalate (PET) substrate. After drying, Au electrodes are sputtered onto
WS, NSs for wiring purposes (Fig. 3a and Supplementary Fig. 31). The
basic humidity-sensing properties are investigated using ahome-made
humidity sensor test system (Supplementary Fig. 32).

Thesignificant variationsin device currentunder differentrelative
humidity (RH) conditions indicate a wide humidity response range of
our fabricated 2H-WS, humidity sensor (Fig. 3b,c). As the RH varies
from15%to 90%, the current of the devices at abias of 10 Vincreases by
nearly two orders of magnitude, suggesting excellent humidity-sensing
capabilities of our device. Notably, the 2H-WS, humidity sensor exhibits
astronger response when the applied RH exceeds 65%, signifying that
suchahumidity sensor is well suited for applications requiring detec-
tion in high-humidity environments, such as breath rate monitoring
and non-touch positioninginterfaces. This behaviour can be explained
by the presence of two distinct conduction mechanisms correspond-
ing to different humidity ranges (refer to Supplementary Figs. 33 and
34)*°, The dynamic humidity response and recovery measurements of
the WS, humidity sensors are shownin Fig.3d, demonstrating excellent
selectivity and repeatability when responding to different levels of RH.
Response and recovery times are crucial parameters that determine the
sensitivity of humidity sensors. Figure 3e shows the repeatable dynamic
humidity response of the 2H-WS, humidity sensors from RH 60%to RH
75%, demonstrating ultrafast response and recovery times below1s.An
enlarged/-T (I, current; T, time) curve (Fig. 3f) reveals that the response
and recovery times for 2H-WS, humidity sensor are 0.48 s and 0.32s,
respectively. In comparison, these values are 0.30 s and 1.20 s for the
1T’-WS, humidity sensor tested under the same conditions (Fig. 3g,h).
Compared with the 2H-WS, humidity sensor, the 1T’-WS, humidity sen-
sor exhibitsafaster response butaslower recovery time. This difference
canbeattributed to the fact that 1T’-WS, has more negative adsorption
energy towards water molecules than 2H-WS, (Supplementary Figs. 35
and 36, -0.73 eV versus —0.18 eV), implying that water molecules are
more easily adsorbed on 1T’-WS,. Conversely, water molecules are
more challenging to desorb from the surface of 1T’-WS,, resulting in
alonger recovery time.

When comparing the response and recovery times with other
reported humidity sensors, both our fabricated 2H-and 1T’-WS, sen-
sors demonstrate the fastest recovery and response times (Fig. 3iand

Fig.2|Characterization of intercalated WS,. a, A cryo-TEM image of a small
current density intercalated WS, electrode, showing the amorphous SEl and Li,S
onthesurface of WS,. b,c, High-resolution (HR) TEM images of WS, (b) and Li,S (c)
shownina.Theinsetsinband care the corresponding diffraction patterns. The
lattice distances of 0.28 and 0.27 nm are attributed to the (010) and (101) planes
of WS, (b). For Li,S (c), the lattice distances of 0.32 and 0.19 nm correspond to the
(200) and (020) planes, respectively. d, A cross-sectional ADF-STEM image of
small current density intercalated WS,. The red and yellow circles denote the W
and S atoms, respectively. e, An optical image of small current density
intercalated WS, electrodes after the discharging process. f, An ADF-STEM image
and EELS elemental mapping of small current density intercalated WS,.

g, Acryo-TEMimage of alarge current density intercalated electrode showing
exfoliated WS, on the surface. h,i, HRTEM images of WS, (h) and surface
exfoliated WS, (i) showning. Theinsetsinh andiare the corresponding
diffraction patterns. The lattice distances of 0.27 and 0.21nm are attributed to
the (100) and (014) planes of WS, (h). The lattice distance of 0.63 nm corresponds
tothe (002) plane of WS, (i).j, A cross-sectional ADF-STEM image of large current
density intercalated WS,. The red and yellow circles denote the W and S atoms.

k, An opticalimage of large current density intercalated WS, electrodes after the
discharging process.l, An ADF-STEM image and EELS elemental mapping of large
current density intercalated WS,.
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Supplementary Table 2). The origin of short recovery and response
time in Fig. 3i is due to the ultrathin structure of the exfoliated WS,
NSs and the presence of abundant S defects. Specifically, the prepared
1T’-WS, and 2H-WS, NSs, being monolayer and bilayer, respectively,
are significantly thinner than other humidity sensor materials, as
shownin Fig.3i. The prepared 1T’-WS, and 2H-WS, materials possess
an exceptionally high surface-to-volume ratio, which results in a
greater number of atoms being exposed on the surface, enhancing
theinteraction with water molecules. This high surface areafacilitates
increased adsorption of water molecules, leading to substantially
increased changes in electrical properties (Supplementary Fig. 33)
and, consequently, higher sensitivity to humidity variations®. Hence,
the minimal thickness of these 2D materials enables rapid adsorption
and desorption of water molecules, contributing to faster response
and recovery times. Furthermore, the prepared 1T’-WS, and 2H-WS,
NSs possess abundant sulfur defects (as confirmed by the EPR spectra
inSupplementary Fig.10), which enhance conductivity (as confirmed
by DFT calculations in Supplementary Fig. 37)** and subsequently
shorten the response time and improve the recovery speed. These
factors sufficiently explain the short response and recovery times
observed in our prepared 1T’-WS, and 2H-WS, NSs, as illustrated in
Fig. 3i. Based on the relatively faster response and recovery speed,
2H-WS, NSs were selected for the following humidity-sensing
demonstration.

The mechanical properties of the 2H-WS, humidity sensor are
examined by analysing its response current under RH 65% after sub-
jectingitto different cycles of bending. The WS, humidity sensor dem-
onstrates exceptional flexibility, with the response current remaining
nearly unchanged even after 1,300 cycles of bending (Fig. 4a). This
resilience can be attributed to the use of exfoliated WS, NSs, which are
intrinsically flexible ultrathin 2D materials with a high fracture strain
of approximately 25-30% (refs.33-35). These properties significantly
contribute to the stability of the fabricated devices. Leveraging the
highly sensitive and ultrafast response and recovery properties, we
demonstrate the application of our WS, humidity sensor for breath
monitoring, a critical aspect of diagnosing and treating slowly pro-
gressing diseases with few early indicators (for example cancer, dia-
betes and sleep apnoea—hypopnoea syndrome)*. The WS, humidity
sensor is easily attached under the human nose to demonstrate nasal
breath monitoring. As shown in Fig. 4b, the device’s current value
simultaneously varies in response to changes in breath rate. During
the 3-7 s of measurement, the tested subject took a deep breath and
exhaled a high RH level flow, resulting in a significant rise and fall in
current. Subsequently, the subject breathes ata quick and unevenrate
within 8 s, leading to low-amplitude and high-frequency fluctuations
in the device’s current. These results demonstrate that the ultrafast
response and recovery properties of the WS, humidity sensor can
effectively support precise real-time breath monitoring. In addition,
the WS, humidity sensor can be employed to test the protective per-
formance of various types of mask (Supplementary Fig. 38), which
holdssignificantimportance, suchas duringthe coronavirus disease
2019 epidemic.

Aprototype speech recognition device has also been developed.
When a person speaks, the pronunciation of different words leads to
variations in the concentration of exhaled water vapour. As shown
in Supplementary Fig. 39, the ultrafast response and recovery of the
WS,-based humidity sensor allow it to detect real-time changes in
breath humidity associated with spoken words. Consequently, this
generates characteristic current curves corresponding to each word.
Supplementary Figs. 40-43 shows the characteristic current curves
recorded by the device for various spoken words, including ‘Hi’,
‘people’, ‘thank you’, ‘you are welcome’, ‘question’, ‘unbelievable’ and
‘beautiful’. These current response curves exhibit unique and distinct
characteristic peaks with high repeatability, highlighting the device’s
significant potential for voice recognition applications.

Thelong-range manipulation of devices offers promising poten-
tial for future electronics, particularly in applications like non-touch
switches and touchless localization interfaces. Moisture detection
canserve as acompelling stimulus signal to enable these innovative
applications”*°. The high sensitivity and rapid responsiveness of the
fabricated WS, humidity sensor are more than capable of meeting
the requirements for real-time touchless localization interfaces. As
illustrated in Fig. 4c (inset), the human finger serves as the moisture
source. Quantitative measurements under a bias of 10 V in Fig. 4c
demonstrate an exponential relationship between finger distance
and the response current of a single WS, humidity sensor. The sen-
sor begins to show a slight response at a vertical height of 6 mm
that gradually increases as the finger approaches. Figure 4d reveals
the dynamic current of the device in response to an approaching
finger in an indoor environment. Benefitting from the ultrafast
response and recovery time, the device’s current increases as the
finger approaches without any hysteresis. Furthermore, the superior
stability of the WS, humidity sensor is confirmed by exposing it to
theindoor environment (65% RH, room temperature) for 96 h (Sup-
plementary Fig. 44).

Prompted by the excellent response capabilities, a touchless
localization interface can be realized using the WS, humidity sensor
array. Figure 4e shows a 5 x 5 WS, humidity sensor array on a PET
substrate. The as-fabricated touchless localization interface retains
its flexibility as demonstrated in Supplementary Fig. 45. Even under
bending conditions, the response and recovery properties remain
nearly unchanged compared with the flat condition. The successful
distinction of the relative position and depth of two fingers using
the WS,-based localization interface is showcased in Fig. 4e,f. To
enhance the image quality, we use the interpolation functionin origin
software to obtain a higher-density and clearer current distribu-
tion map (the original array density is 5 x 5, and the initial current
distribution of the array is summarized in Supplementary Fig. 46).
The current distribution map in Fig. 4f reveals the location of the
two fingers, with colours indicating the vertical distance between
the fingers and the sensor array. By incorporating the information
of the location and depth of the fingers in a three-dimensional (3D)
cuboid, areconstructed 3D model that closely resembles the actual
positions of the two fingers can be achieved (Fig. 4f). These results
suggest that the WS,-based localization interface can be employed
to reconstruct the spatial distribution of subjects on the basis of
moisture stimulus signals. Furthermore, due toits fast response and
recovery properties, real-time location monitoring can be realized
using our touchless localization interface. Asshownin Fig. 4g,h, the
contour map of the current distribution canreveal the areas covered
by fingers as a single finger sweeps past our touchless localization
interface at avery low height. To highlight the reconfigurability and
advantages of the humidity sensor array, we showcase its potential
applicationin monitoring baby diaper wetness. The detailed results
and analysis are shown in Supplementary Fig. 47.

Conclusions

Thisstudy demonstrates the successful realization of aphase-switchable
synthesis for solution-processable 2H- and 1T’-WS, NSs. An electro-
chemical Li* intercalation-based exfoliation strategy with precise
control over Li* intercalation electrochemistry was developed. We
found thatasmall discharge current density resultsin the production
of pure semiconducting 2H phase WS, bilayers, while alarge discharge
current density leads to the prevalence of semimetallic 1T’ phase WS,
monolayers. The phase-switching mechanism is clarified through
cryo-electron microscopy, ADF-STEM, Raman, XPS, etc. The device
application potential of the produced solution-processable 2D WS,
is demonstrated. Together, our work presents a phase engineering
method for the exfoliation of solution-processable 2D TMDs with
implicationsin future electronics.
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Methods

Chemicals

Tungsten disulfide (WS,, 99.9%, Macklin), carbon black (Bay Carbon),
polyvinylidene difluoride (Sigma-Aldrich), 1I-methyl-2-pyrrolidinone
(99%,)&K Scientific), copper foil (Shenzhen Kejing Star Technology Com-
pany), lithium foil (DoDoChem), polypropylene film (Celgard 2300), Li*
battery electrolyte (1.0 M LiPF, in ethylene carbonate (EC):dimethyl
carbonate (DMC):ethyl methyl carbonate (EMC) =1:1:1 vol%, DoDo-
Chem), 3-aminopropyltriethoxysilane (99%, Aladdin), acetone (Ameri-
can Chemical Society grade, Anaqua Global International), ethanol
(American Chemical Society reagent, 299.5%, Macklin). The deionized
water was purified using Milli-Q System (Millipore).

Synthesis of 2H- and 1T’-WS, NSs

The 2H- and 1T’-WS, NSs were synthesized through a precise electro-
chemical Li* intercalation-based exfoliation process. This method
was carried out within a coin cell setup, utilizing a copper foil-coated
bulk WS, cathode (weighing 5 mg), lithium foil as the anode and an
electrolyte solution comprising lithium hexafluorophosphate (LiPF)
dissolved in a mixture of EC, DMC and EMC in a 1:1:1 volume ratio. A
galvanostatic discharge was applied to initiate the Li* intercalation
of the bulk WS,. Upon completion of the intercalation process, the
resulting lithium-intercalated WS, (Li,WS,) was carefully extracted
fromthe coin celland subjected to sonicationin appropriate solvents
to achieve exfoliation. The key differences in the synthesis of 2H- and
1T’-WS, NSs are associated with the specific discharge current density
and cutoffvoltage settings during the galvanostatic discharge. For the
production of 2H-WS, NSs, these critical parameters were established
at0.005A g'and 0.9 V, whereas for 1T’-WS, NSs, the parameters were
fine-tuned to 0.02 Ag™and 0.7 V (the galvanostatic discharge curves
areshowninSupplementary Fig. 3).Inaddition, 2H-WS, NSs were pre-
pared by sonication in ethanol, whereas 1T’-WS, NSs were fabricated
through sonicationin deionized water. Following the sonication step,
both the 2H- and 1T’-WS, suspensions underwent centrifugation and
multiple washing steps before being ultimately redispersedin asolvent
for further characterization and device fabrication.

Characterizations

The following instruments were used in our experiments: ADF-STEM
(JEOL ARM200F spherical aberration-corrected transmission electron
microscope operated at200 kV), TEM (FEI talosf200s), cryo-TEM (Titan
Krios G3i, operating at 300 kV and equipped with a Ceta-D camera,
Falcon3directelectrondetector,and GatanK3 directelectrondetector
camera), SEM (JSM-7600), XPS (Thermo Scientific K-Alpha Nexsa), AFM
(Dimension 3100), Raman spectroscopy (WITec alpha 300 confocal
Raman microscope, 532 nm), X-ray diffraction (D2 PHASER XE-T, Cu
Ka radiation source, 30 kV voltage and 10 mA current), ultraviolet-
visible spectrophotometry (UH 4150 UV, Hitachi), EPR (Bruker A300)
and zeta potential analysis (Malvern Zetasizer Nano series). Lithiated
WS, (small discharge current density Li*-intercalated WS, (S-Li,WS,),
large discharge current density Li*-intercalated WS, (L-Li,WS,)) were
injected viaglove box to prevent oxidation.

Fabrication of WS,-based device
The PET substrate (1.5 x 1.5 cm?) underwent a thorough cleaning pro-
cess in an ultrasonic bath. It was sequentially cleaned with detergent
water, acetone, deionized water and isopropyl alcohol, witheach clean-
ing step lasting for 15 min. After this cleaning procedure, an etha-
nol dispersion of exfoliated WS, NSs (32 mg 1) was drop-cast onto
the PET substrate and allowed to dry at room temperature. Finally,
200-nm-thick Au electrodes were sputtered onto the PET substrate
usinga QUORUM #Q150TS Dual target sputtering system, employing
adesigned metal mask.

Inthe fabrication of the WS,-based sensor array, the PET substrates
underwent the previously described cleaning process. Following this,

acircuit design based on Auwas meticulously created using the QUO-
RUM#Q150TS Dual target sputtering system, with the aid of a precisely
designed metal mask. Subsequently, a custom metal mask with arec-
tangular array pattern was accurately affixed onto the as-fabricated
circuit. This attachment was made using specific counterpoints to
ensure accuracy. An ethanol dispersion of WS, NSs (32 mg [™") was
thendrop-cast onto the substrate. Afterwards, the mask was carefully
removed once the solution had completely dried, leaving the WS, NSs
inthe desired pattern on the substrate.

Humidity-sensing tests

The humidity-sensing performance was evaluated within a
custom-made sealed container, as depicted in Supplementary Fig. 32.
Various humidity levels were precisely controlled by adjusting the
mass flow of dry and moistened argon gas that was introduced into the
container. The chip carrier was connected to external measurement
equipment (Keysight BISOOA Semiconductor Analyze) for conducting
thetests. For the breathingtest, ahumidity sensor was placed under the
nose or on masks to monitor exhaled gas humidity at different breath-
ing rates. In the humidity sensing of the finger approach experiment,
the sensor was positioned horizontally, and a finger was gradually
brought closer from above. For touchless localization, the finger was
held at a fixed height above the sensor array, and the current of each
sensor was measured. In the voice recognition test, the sensor was
placed 5 cmin front of the subject’s mouth, and current changes were
recorded as they pronounced English words with different lengths. All
sensor currents were recorded in real time using a Keysight B1I500A
Semiconductor Analyzer.

Cryo-transfer procedure and sample preparation

In ambient air at room temperature, the highly reactive SEI compo-
nents present on the surface of WS, can be susceptible to damage and
crystalline amorphization when subjected to electron beam irradia-
tion under TEM mode. To overcome these challenges, we employed
super-low-dose and cryogenic-TEM techniques. Following the comple-
tion of the discharge process, the coin cells were carefully disassembled
within an argon-filled glovebox (with H,0 and O, levels maintained
below 0.01 ppm). Thelithiated WS, electrodes, discharged at different
current densities, were briefly rinsed with dimethyl carbonate for30 s
to eliminate excess lithium salts from their surfaces. Subsequently,
the electrodes were allowed to dry inside the glovebox. After drying,
the electrodes were gently scraped into a powder form using a blade
and then dispersed onto a copper TEM grid. This copper grid was
securely placed within a four-hole sample holder, sealed tightly and
then immersed directly into a liquid nitrogen bath to prevent any
contact with oxygen and moisture. The sealed cryo-electron micros-
copy sample holder was transferred to the cryo-electron microscopy
auto-sampler system using liquid nitrogen. All data in this study were
acquired using the low-dose cryo-electron microscopy platform.
Throughout the entire experimental process, the sample temperature
was meticulously maintained at 80 K. The high-resolution TEM images
had aresolution of 4,096 x 4,096 pixels, with exposure times varying
from10to 20 s and an electron dose rate of 10-15 e A2s ™%, Cryo-STEM
EELS mapping data were collected using the Gatan K3 direct electron
detector camera with a probe current of 50 pA.

Theoretical calculations

Toinvestigate theinteractions between WS, and Li* ions under different
discharge current density conditions, we applied the Forcite package
to perform MD simulations and to compute diffusion barriers of Li*
ions. Three layers of 2H-WS, were constructed in an 8 x 8 supercell.
Forty-eight Li*ions with random distributions were introduced near the
WS, structure as the high discharge current density conditions. In com-
parison, we reduced the number of Li*ions to12 as the low discharge cur-
rentdensity. Meanwhile, the external electric field was also introduced
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along the y axis to align with the WS, layers. The MD simulations were
under NVT mode at 298 K for 1 ns with 1fs step size, and the Anderson
strategy was used to control the temperature during MD simulations.

The calculations for H,0 adsorption energy and partial density of
states in WS, were conducted using spin-polarized within the Vienna
Ab-initio Simulation Package code*’. The Perdew-Burke-Ernzerhof
version of the generalized gradient approximation* was employed
to describe the exchange-correlation density functional. The cutoff
energy for the plane-wave basis was set to 420 eV, and k-point meshes
were generated according to the Monkhorst-Pack scheme. The pro-
jected augmented wave potentials were utilized to solve the electronic
structure self-consistently using ak-point meshof 8 x 8 x1and3x 3 x1
for unit cell and supercell of size 3 x 3 x 1, respectively. The electronic
relaxation was performed within an energy tolerance of 107 eV for
self-consistency, while ionic optimizations continued until all the
residual forces were smallerthan 0.02 eV A W @*s>and S s?p* electrons
were treated as valence electrons. A vacuum region of 15 A was set to
avoid theinteraction along the z direction between adjacent images.

For calculations of phase formation energy for different interca-
lated LiamountsinLi,WS,, theion-electroninteraction was described
using the projector augmented-wave method with a kinetic energy
cutoff of 600 eV. Van der Waals interactions were considered using
Grimme’s DFT-D3 method*. Tighter convergence criteria (1078 eV for
energy and 107 eV A for force) and a denser Monkhorst-Pack grid
(8 x 8 x 8) were applied for unit cell geometric optimization. Toinves-
tigate interactions between WS, and Li atoms, the calculations were
conducted until the total energy and force values reached less than
10~ eV peratomand 0.02 eV A, respectively. For sampling the Brillouin
zone, aMonkhorst-Pack k-point grid of 5 x 5 x 5was used. To evaluate
the thermal stability of Li-intercalated WS,, the formation energy (AH;)
was calculated and can be expressed by AH; = Eyo — Y0:%;, Where
AE,..representsthe DFT total energy of the compound, y; is the chemi-
cal potential of element i and x; is the quantity of element i in the
compound.

Data availability

Thedatathatsupport the findings of this study are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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Supplementary Fig. 1 | Atomic models of different phases of WS,. Schematic
illustration of 2H-, 1T- and 1T'-WS: structures. Upside: top view of the structures;

downside: side view of the structures.
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Supplementary Fig. 2 | Characterizations of bulk WS, powder. a, SEM images of
WS: powder. The layered structures of bulk WS: are clearly observed, and the size are
in the range of 2-5um. b, Cross-sectional HAADF-STEM images of bulk WSz with
different magnifications. The 2H structure is clearly observed from the magnified image

of bulk WSz. Red and yellow circles denote the W and S atoms.
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Supplementary Fig. 3 | Electrochemical Li* intercalation of WS,. Galvanostatic

discharge curves for the lithium intercalation of WSz under different discharge current

densities.
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Supplementary Fig. 4 | Characterization of exfoliated WS,. Raman spectra of WSz

exfoliated under discharge current densities of 0.01 A g'! and 0.015 A g!, right-side

show the corresponding photographs of exfoliated solution.
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Supplementary Fig. 5 | Characterization of exfoliated WS,. XPS W4f'spectra of WSz
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Supplementary Fig. 6 | Photographs of exfoliated 2H- and 1T’-WS; NSs solution
before washing steps. The S-LixWS2 and L-LixWS: electrodes were well exfoliated in
ethanol and DI water, respectively. After 5-10 min, two opaque suspensions exhibited
dark green and dark black obtained. S-LixWS2, L-LixWS: denote as Li" intercalation of

WSz by small and large discharge current densities, respectively.
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Supplementary Fig. 7 | a-b, XRD patterns of the 2H- and 1T’-WS; thin films. These
thin films were prepared via vacuum filtration of the corresponding exfoliated WS2 NSs
onto polyvinylidene difluoride (PVDF) substrate, demonstrating well-controlled
assembly along the (001) direction. Insets show the photographs of the corresponding

films. The 2H-WS: film exhibits a green color, whereas 1T'-WS: film appears black.
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Supplementary Fig. 8 | Structure characterization of exfoliated 2H-WS; NSs. a,
Atomic-resolution annular dark field (ADF) images showing different types of S
vacancies in 2H-WSa. b, Line intensity profile scans along the red, green and magenta
boxed atoms in a. ¢-d, Schematic of S vacancies in the atomic model of 2H-WS: from
the top and main view. HAADF-STEM results confirm the existence of S vacancies in
exfoliated 2H-WS2 NSs, which are consistent with electron paramagnetic resonance

(EPR) results (Supplementary Fig. 10).
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Supplementary Fig. 9 | Structure characterization of exfoliated 1T'-WS; NSs. a,

Atomic-resolution annular dark field (ADF) images showing different types of S
vacancies in 1T'-WSaz. b, Line intensity profile scans along the green and magenta
boxed atoms in a. ¢-d, Schematic of S vacancies in the atomic model of 1T'-WS: from
the top and main view. HAADF-STEM results confirm the existence of S vacancies in
exfoliated 1T'-WS2 NSs, which agree well with electron paramagnetic resonance (EPR)

results (Supplementary Fig. 10).
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131 Supplementary Fig. 10 | Structure characterization of 2H- and 1T'-WS; NSs. EPR
132 spectrums of exfoliated 2H- and 1T'-WS2 NSs, revealing that there exist more S
133 vacancies in 2H-WSz than that in 1T’-WS2 NSs.
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Supplementary Fig. 11 | Morphology characterization of exfoliated 2H- and 1T'-
WS:. TEM images of a 2H- and b 1T'-WSz. Both the 2H- and 1T'-WS: exhibit the NSs
morphology in TEM images with lateral sizes ranging from 300-600 nm and 100-200
nm, respectively. The variance in size for 2H- and 1T'-WS2 NSs can be ascribed to a
higher quantity of intercalated lithium within the interlayer of WSz for L-LixWS2 in
comparison to S-LixWSz. This disparity leads to a reduction in the NSs size after the
exfoliation process. S-LixWS2, L-LixWS: denote as Li" intercalation of WS> by small

and large discharge current densities, respectively.
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144  Supplementary Fig. 12 | Morphology characterization of exfoliated 2H- and 1T'-
145  WS,. SEM images of 2H- (a-b) and 1T'-WS: (¢-d) NSs with different magnification.
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146
147  Supplementary Fig. 13 | Characterization of 2H- and 1T'-WS; NSs. AFM images

148  ofthe exfoliated 2H- (a) and 1 T"-WS2 NSs (¢). The corresponding thickness distribution
149  histogram are shown in (b) and (d). The mean thickness of the 2H-WS2 NSs is
150  determined to be 1.8 nm with a standard deviation of 0.6 nm. In contrast, the
151  corresponding values for the 1T'-WS2 NSs are 1.2 nm and 0.4 nm, respectively. These
152  analyses conclusively demonstrate the fabrication of bilayer 2H-WS2 and monolayer

153  1T'-WS2 NSs.
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Supplementary Fig. 14 | Electrochemical Li" intercalation and exfoliation of WSe;.
a-¢, Discharge curves of Li" intercalation of WSe2 under different discharge current
densities, inset show the photographs of corresponding exfoliated nanosheets solution.

d, The photographs of 1T’- and 2H WSe2 membrane prepared via vacuum filtration of

the corresponding exfoliated nanosheets solution onto porous substrate.

We can also achieve phase-switchable preparation of WSe2 by adjusting the discharging
current density. As shown in Supplementary Fig. 14a-c, decreasing the discharge
current density from 0.015 A g”!' to 0.00375 A g! results in a discharge curve similar to
that observed in WSa. Following exfoliation, the dispersions of WSe2 NSs exhibits a

brown color (Supplementary Fig. 14¢), indicating partial absorption in the visible
17
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range. This 1is confirmed by the ultraviolet-visible absorption spectrum
(Supplementary Fig. 15), which verifies the formation of semiconducting 2H phase
WSe> NSs under a low discharging current density (0.00375 A g). In contrast, the
dispersions of WSez2 NSs exfoliated at high discharge current densities (0.0075 A g!
and 0.015 A g') appears light black (Supplementary Fig. 14a, b, d), suggesting
complete and featureless absorption in the visible range (Supplementary Fig. 15). This
change indicates a phase transition, resulting in the formation of metallic 1T/1T’ phase

WSe2 NSs under high discharge current densities.
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174  Supplementary Fig. 15 | Characterization of exfoliated WSe,. Visible-near infrared
175  absorption spectra of exfoliated WSe2 NSs solution that fabricated under different

176 discharge current densities.
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Supplementary Fig. 16 | Characterization of exfoliated WSe;. XPS W 4f spectra of

exfoliated WSe2 prepared by Li" intercalation under different discharge current

densities.

Additionally, XPS spectra confirm that a small discharge current density (0.00375 A g
1) yields pure 2H phase WSe2 (Supplementary Fig. 16), whereas large discharge
current densities (0.0075 A g, 0.015 A g!) induce a phase transition from 2H to 1T,
leading to predominantly 1T phase WSez. Thus, this method enables phase-switchable

preparation of WSe2 NSs.
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Supplementary Fig. 17 | Electrochemical Li* intercalation and exfoliation of MoS;.

a-¢, Discharge curves of Li" intercalation of MoS2 under different discharge current

densities. d, The corresponding photographs of exfoliated MoS2 NSs solution.

As shown in Supplementary Fig. 17a-c, applying different discharge current densities

for Li" intercalation of MoS: slightly increased the intercalated Li" amounts upon

decreasing the current density. After exfoliation, all the MoS2 NSs dispersions showed

black color (Supplementary Fig. 17d), indicating the formation of metallic 1T’ phase

MoS:2 NSs under these discharge current densities.!
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Supplementary Fig. 18 | Characterization of exfoliated MoS;. a, XPS Mo 3d and b,
Raman spectra of exfoliated MoS> prepared by Li' intercalation under different

discharge current densities.

Furthermore, both XPS (Supplementary Fig. 18a) and Raman spectra
(Supplementary Fig. 18b) confirmed that these exfoliated MoS: samples, prepared
under different discharge current densities, all exhibit a 1T' phase-dominated structure.
No pure 2H MoS:2 was prepared by tuning the discharge current densities. Therefore,

this phase-switchable method is not suitable for MoSa.
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205  Supplementary Fig. 19 | EELS spectra of S-LixWS; electrode. a, Li K-edge, W Oz-
206  edge and W Os-edge. b, S L-edge. ¢, O K-edge. S-LixWS: denotes as Li" intercalation
207  of WSz by a small discharge current density.
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Supplementary Fig. 20 | Characterizations of S-LixWS; and L-LixWS:. a, XRD
patterns of bulk WSz, S-LixWS2 and L-LixWSz. b, Magnified XRD patterns of the (002)
peak of bulk WSz (bottom) and S-LixWS:2 (top) from the area within the dotted line in
a. S-LixWS2, L-LixWS:2 denote as Li" intercalation of WS2 by small and large discharge

current densities, respectively.

X-ray diffraction (XRD) analysis reveals an expansion of the interlayer galleries after
lithiation. The (002) peak shifts from 14.30° in bulk WS> to 14.13° in S-LixWS:2 and
13.96° in L-LixWS2, indicating an increase in interlayer spacing from 6.19 to 6.26 A
and 6.34 A, respectively. Additionally, the peak at 14.17° in L-LixWS2 can be attributed
to the (001) plane of Li-intercalated 1T’-WS2,%® providing further confirmation of the
phase transition occurring in this lithium intercalation pathway. Notably, the intensity
of the characteristic peaks of hexagonal 2H-WS: decreases significantly in L-LixWS2
due to the loss of long-range order resulting from the formation of both 2H- and 1T’
phases.* Furthermore, the peak at 7.87° in L-LixWSzis formed by the hydration,* which
may contribute to the oxidation of L-LixWS2, as analyzed in the XPS spectrum
(Supplementary Fig. 22b). In contrast, all the peaks in S-LixWS2 can be indexed to
2H-WS: (PDF-08-0237), indicating that no phase transition occurs during lithium
intercalation using small discharge current. These results are highly consistent with
Raman (Supplementary Fig. 22a), XPS (Supplementary Fig. 22b, Supplementary
Fig. 23) and HAADF-STEM (Fig. 2d, j) results.
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Supplementary Fig. 23 | a-b, S 2p XPS spectrum of bulk WS, S-LixWS2, L-LixWS,

as well as exfoliated 2H- and 1T’-WS;. S-LixWS2, L-LixWS2 denote as Li"

intercalation of WSz by small and large discharge current densities, respectively.

As shown in Supplementary Fig. 23a, both bulk WS and the corresponding exfoliated
WS:2 exhibit the same peak positions for S2p32-12 (162.52 and 163.64 eV). However,
these peaks show a slight shift of approximately 0.14 eV toward lower binding energy
for discharged S-LixWSz. This shift can be attributed to electron donation from
intercalated Li to WS2.* However, the limited electron transfer is insufficient to induce
the phase transition,™® keeping S-LixWS2 in the 2H phase. Conversely, in addition to
the doublets at 162.52 and 163.64 eV, assigned to the S2p3n-12 of 2H-WS:2, two
dominant peaks at lower binding energies of 162.40 and 161.28 eV corresponding to
IT'-WS: are also noted (Supplementary Fig. 23b). These XPS results confirm the
absence of phase transition for S-LixWS2 and the subsequent exfoliation process, while
a phase transition from 2H to 1T’ occurred for L-LixWS2 and the corresponding
exfoliated product. These findings are consistent with the results obtained from Raman

(Fig. 1d, Supplementary Fig. 22a) and HAADF-STEM analyses (Fig. 2d, j).

Notably, the peaks corresponding to W(0) and LixS are evident in the W4f

(Supplementary Fig. 22b) and S2p (Supplementary Fig. 23a) spectra of S-LixWS2,

27



256  indicating that partial WSz decomposed into W(0) and Li2S during the lithium
257  intercalation. These results aligned well with the observation of S vacancies in the

258  cross-sectional HAADF-STEM image of S-LixWS:2 (Fig. 2d).
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Supplementary Fig. 24 | High-resolution XPS Lils spectra of S-LixWS;, L-LixWS>
and Li foil. Three samples are tested in the same batch. S-LixWSz, L-LixWS: denote as

Li" intercalation of WSz by small and large discharge current densities, respectively.

As shown in Supplementary Fig. 24, the binding energy of Li in Li foil, L-LixWSa,
and S-LixWS: is measured at 55.24 eV, 55.57 eV and 56.25 eV, respectively. These
values reveal that the valence of Li in L-LixWS: is slightly higher than that in Li foil,
which is indicative of electrons transferring from the intercalated Li to WS2.! However,
the valence of Li in L-LixWSz2 is significantly lower than that in S-LixWSa2, primarily
due to the presence of the solid electrolyte interphase (SEI) and Li2S in S-LixWSa.
Furthermore, it's worth noting that the peak intensity in L-LixWS:2 is notably weaker
compared to S-LixWSa.

This observation likely stems from the increased concentration of intercalated Li within
the surface SEI of S-LixWS:2 and the formation of Li2S (Fig. 2a-c, f). Notably, the XPS

technique exactly performs surface measurements.
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Supplementary Fig. 25 | Phase formation energy of different intercalated Li

content in LiyWS,.

As illustrated in Supplementary Fig. 25, when the intercalated Li content (x) in the
interlayer spacing of WSz exceeds 0.3, the formation energy for 1T'-WS2 becomes more
negative than that for 2H-WSa. This suggests a phase transition from 2H to 1T occurs

because the energy is more favorable for the 1T’ structure.
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282  Supplementary Fig. 26 | Top and side views of optimized Li-intercalated 2H-WS;

283  structures. x denote as the mole ratio of Li versus WSz (LixWS2).
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285  Supplementary Fig. 27 | Top and side views of optimized Li-intercalated 1T'-WS;

286  structures. x denote as the mole ratio of Li versus WSz (LixWS2).
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current at 0.02 A g! and cutoff voltage at 0.7 V. S-LixWS2, L-LixWS2 denote as Li"

intercalation of WSz by small and large discharge current densities, respectively.

As shown in Supplementary Fig. 28a, when operating with a smaller current during
the discharge/charge process, a significant portion of the lithium (about 99.06%) cannot
be effectively deintercalated. This leads to a rapid completion of the charge process.
This outcome is a result of a substantial portion of the lithium in S-LixWS2 not
intercalating into the interlayer of WS: but rather forming the SEI and Li2S on the
surface. Consequently, S-LixWS2 maintains its 2H phase. The reactions responsible for
generating the SEI and Li2S are irreversible, which significantly shortens the duration
of the charge process. Conversely, in the discharge/charge process using a larger current
(Supplementary Fig. 28b), about 81.32% of the lithium can be successfully extracted
from the L-LixWS:. This is because lithium can readily penetrate into the interlayer of

WSz, causing a phase transition, which is a reversible process.
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Supplementary Fig. 29 | Structure characterization of bulk WS, after discharge
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deintercalation, S-LixWS2 and S-LixWS:z-deintercalation. S-LixWS:z, L-LixWS2 denote
as Li" intercalation of WSz by small and large discharge current densities, respectively.

Five samples are tested in the same batch.

As illustrated in Supplementary Fig. 29, following the deintercalation of L-LixWS2
through the charge process under the same current, there is a substantial decrease in S
vacancies, which remains slightly higher than that in bulk WS2. This decrease in
vacancies can be attributed to the extraction of a significant amount of intercalated
lithium from the interlayer of WSa. Conversely, after the deintercalation of S-LixWS2,
the reduction in S vacancies is minimal. This minimal decrease can be attributed to the
fact that only a very small amount (0.94%) of lithium is extracted from S-LixWSz. These
EPR results highly aligns with the conclusions drawn from the discharge/charge curves

(Supplementary Fig. 28).
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319  Supplementary Fig. 30 | Theoretical simulations of the formation of the solid

320 electrolyte interface (SEI) under large and small discharge current densities. a

321  The mean square displacement (MSD) of Li" under different potentials. b, The MSD of
322  Li" within the interlayer direction (y-axis) of WS2. ¢, The diffusion energy barriers of
323 Li" in the WSz layers. The structure models under d large discharge current density and
324 g small discharge current density simulations. The structures of WS: for e large
325  discharge current density and h small discharge current density. The Li" density
326  distributions in WSz under the f large discharge current density and i small discharge

327  current density.
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328

329  Supplementary Fig. 31 | Morphology characterization of 2H-WS; NSs based
330 humidity sensor device. a, Schematic of the device. b, SEM image of 2H-WS> NSs as

331 the active channel for device fabrication.
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333  Supplementary Fig. 32 | Schematic diagram of home-made equipment for

334  humidity sensing performance tests. MFC denotes as mass flow controller. MFC1

335 and MFC2 are the mass flowmeter.
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337  Supplementary Fig. 33 | Resistance variation of the 2H-WS; NSs based humid

338 sensor under different RH levels.
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Supplementary Fig. 34 | Schematic of the humidity-sensing mechanism for WS,
NSs under different RH% level.

The WSz humidity sensing mechanism closely resembles that of most humidity sensors,
as depicted in Supplementary Fig. 34. At lower relative humidity (RH) levels, only a
small quantity of water molecules from the surrounding air adhere to the WS surface,
where they ionize into H3O" and OH™ ions. These OH™ ions are captured by surface
atoms within the sensing layer, forming a chemisorbed layer. These ions exhibit limited
mobility, resulting in an elevated sensor resistance. As RH levels increase, water
molecules continue to accumulate on the chemisorbed layer through hydrogen bonding,
forming the initial physical adsorption layer. With exposure to higher RH levels, an
increasing number of water molecules adsorb onto this physical adsorption layer,
creating a continuous aqueous layer that facilitates the generation of a substantial
amount of H3O" ions. Moreover, the H3O" ions can readily transfer within the
continuous aqueous layer through the Groutthuss chain reaction (H20 + H3O" = H;O™+

H20), ultimately leading to a reduction in sensor resistance (Supplementary Fig. 33).
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Supplementary Fig. 35 | DFT calculations for sulfur vacancy in 1T'-WS,. a,

Schematic of the possible sulfur vacancy S1 and S2 in 1T'-WSaz. b, The energy that
need for generating S1 and S2 vacancy in a. Note that generation of sulfur vacancy S1
is more energy favorable than S2 (0.70 eV vs 1.61 eV), therefore sulfur vacancy S1 is

selected to do the DFT calculation for H20 molecule adsorption on 1T'-WSa.
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Supplementary Fig. 36 | Adsorption energy of H>O molecule on 2H- and 1T'-WS,.
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Supplementary Fig. 37 | DFT calculation of projected density of states for the 2H-
and 1T'-WS; with the sulfur vacancy (Sv). The projected density of states for a 2H-
WSz and b 2H Sv-WS2, ¢ IT-WSz2 and d 1T" Sv-WSa. The red dotted line corresponds

to the Fermi level.

To gain a deeper understanding of the variation in electronic properties of 2H- and 1T'-
WS: caused by the presence of S vacancy, we conducted calculations of the projected
density of states (PDOS) for 2H-WS2, 2H Sv-WSa, I1T-WS2 and 1T" Sv-WS: using
density functional theory. These results are presented in Supplementary Figure 37.
Supplementary Fig. 37a show the PDOS of pristine 2H-WS., which exhibits a wide

bandgap of 1.88 eV, indicative of its semiconductor properties. It is worth mentioning
42



374

375

376

377

378

379

380

381

382

383

384

that this bandgap value aligns with the primitive cell calculation.” In the case of 2H Sv-
WS: as shown in Supplementary Fig. 37b, the bandgap becomes noticeably narrower,
with a value of 1.24 eV after introducing a S vacancy on the WSz surface. This
narrowing is attributed to the hybridization of the 2p orbital of S atoms and the 5d
orbital of W atoms within the forbidden band, generating a new energy level. This shift
causes the bottom of the conduction band to move closer to the Fermi energy. The
significant reduction in the bandgap of WS: after introducing a S vacancy can
effectively promote electron transfer and enhance conductivity. For 1T'-WS., after the
introduction of a S vacancy, the generation of new orbitals around the orbital energy
levels, as shown in Supplementary Fig. 37c-d, might contribute to the adsorption of

H20 onto WSa.
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Supplementary Fig. 38 | Test the protection performance of different masks via
using 2H-WS; based humidity sensor. a, Optical image of the 2H-WS: humidity
sensor attached outside the mask. b, Dynamic humidity response and recovery

measurement for different levels of masks.

As demonstrated in Supplementary Fig. 38a, the WS> humidity sensor was attached
outside the masks to evaluate their effectiveness in protecting against moisture exhaled
from the mouth under ambient conditions. To simulate a person's cough or sneeze, the
subject exhaled heavily during this measurement. Supplementary Fig. 38b presents
the dynamic current of the device in response to moisture passing through different
types of masks. The normal mask without any filter layer exhibited poor protective
performance, with the current response suddenly exceeding 90 nA. In contrast, the
KNO95 mask effectively resisted the exhaled moisture, with the current only slightly
increasing to approximately 25 nA. These results highlight that our WS> humidity

sensor can serve as a sensitive and convenient method for assessing the quality of masks.
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400 , .
401  Supplementary Fig. 39 | Photograph of humidity sensor set-up for voice

402  recognition.
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404  Supplementary Fig. 40 | Voice recognition of speaking different words. a-b,

405  Response current of 2H-WS:2 while speaking “Hi”, and the corresponding amplified

406  curve. c-d, Response current of 2H-WS: while speaking “People”, and the

407  corresponding amplified curve.
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409  Supplementary Fig. 41 | Voice recognition of speaking different words. a-b,
410  Response current of 2H-WS2 while speaking “Thank you”, and the corresponding
411 amplified curve. c-d, Response current of 2H-WS2 while speaking “You are welcome”,

412 and the corresponding amplified curve.
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Supplementary Fig. 42 | Voice recognition of speaking different words. a-b,

Response current of 2H-WS2 while speaking “Question”, and the corresponding

amplified curve. c-d, Response current of 2H-WS:2 while speaking “Unbelievable”, and

the corresponding amplified curve.
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Supplementary Fig. 44 | The performance stability of 2H-WS; based humidity
sensor device. Long-term stability test of the humidity sensor after exposing to the
indoor environment (65% RH, R.T.) for different times. Inset photo shows the distance
between the finger with device is 3 mm. Even after exposing for 96 h, the response
current still maintains 93% of its original value, demonstrating its superior stability in

indoor environment.
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430  Supplementary Fig. 45 | The flexibility of 2H-WS; based sensor device. Dynamic
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435  Supplementary Fig. 46 | Raw data for current distribution of humidity sensor
436 array. Original current distribution of 5x5 humid sensor array in none-contact finger

437  localization experiments.
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Supplementary Fig. 47 | Humidity sensor array for monitoring baby diaper
wetness. a, Photograph of a baby diaper with humidity sensor array. b, Response
current of humidity sensor array with pouring different volume of water. ¢, Current

distribution of humid sensor array at different time intervals after pouring the water.

To highlight the reconfigurability and advantages of our humidity sensor array, we
showcase its potential application in monitoring baby diaper wetness. Prolonged
exposure to a wet diaper can lead to discomfort and potential health issues such as
diaper rash or urinary tract infections. Caregivers may occasionally overlook or lack
the time to manually check their baby's diaper status throughout the day. Leveraging
the high sensitivity and spatial humidity resolution of our humidity sensor array, it can
effectively monitor diaper moisture levels. When a baby urinates, the diaper promptly
absorbs the urine into its absorbent core, causing a change in the relative humidity on

the diaper's surface. By utilizing the humidity sensor array to detect these humidity
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changes, we can ascertain whether the baby has urinated.

As shown in Supplementary Fig. 47a, the softness of the humidity sensor array enables
direct and secure attachment to the outside of the baby's diaper. To test the single
humidity sensor response behavior, we poured different volumes of water into the
diaper (Supplementary Fig. 47b). When pouring 5ml or 10ml of water, due to the
limited water permeation caused by the diaper's inherent absorbent capacity, the device
exhibits only a weak humidity response. Upon pouring 20ml of water, there is a
noticeable change in the surface humidity of the diaper, resulting in a significant
increase in device current, albeit not immediately after pouring. However, pouring more
than 30ml of water leads to an immediate and pronounced detection of humidity change
by the device, accompanied by a clear increase in current, indicating the accumulation
of a significant amount of moisture inside the diaper. This demonstrates the feasibility

of individual devices for monitoring diaper wetness.

Furthermore, we measured the array current distribution at different time intervals (Os,
20s, 40s) after pouring 50ml of water. As shown in Supplementary Fig. 47¢, as water
permeates and spreads, the humidity sensor array can detect humidity gradients across
large surface areas (~5x5 cm?, enough to cover the core position) of the diaper, which
are reflected in changes in the array current distribution. Higher sensor currents
represent higher surface humidity. This can eliminate erroneous judgments caused by
measurement errors resulting from the varying positions of individual devices. This
data also provide potential aids in establishing the alarm threshold within the

operational circuit system.
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474 Supplementary Table 1 | DFT calculated phase formation energy and

475  corresponding interlayer spacing for lithium intercalation of WS,.

Li 2H LixWS: 1T’ LixWS:
. interlayer spacing Formation energy interlayer spacing Formation energy
A) (V) A) (eV)
0 6.214 -2.549 6.034 -2.011
0.0625 6.281 -2.574 6.116 -2.140
0.125 6.361 -2.597 6.217 -2.270
0.1875 6.411 -2.619 6.244 -2.409
0.25 6.506 -2.649 6.303 -2.536
0.3125 6.546 -2.666 6.362 -2.655
0.375 6.592 -2.717 6.350 -2.771
0.4375 6.677 -2.771 6.389 -2.912
0.5 6.645 -2.769 6.405 -3.011
0.5625 6.653 -2.840 6.456 -3.107
0.625 6.704 -2.862 6.396 -3.202
0.6875 6.696 -2.888 6.386 -3.307
0.75 6.647 -2.937 6.379 -3.381
0.8125 6.635 -2.964 6.327 -3.459
0.875 6.598 -3.010 6.323 -3.526
0.9375 6.616 -3.034 6.308 -3.597
1 6.614 -3.062 6.339 -3.609
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477  Supplementary Table 2 | Comparison of humidity sensing performance of the

478  developed 2H and 1T’ WS; NSs with other reported humidity sensors.

Materials Response time (s) Recover time (s) Reference
VS, 35 31 Adv. Mater. 24, 1969-1974 (2012) &
2H Mos, 10 60 Adv. Mater. 29, 1702076 (2017) °
2H MosS, 300 600 ACS Nano 7, 4879-4891 (2013) 1°
Graphene/Silk 3 6 Adv. Funct. Mater. 29, 1808695 (2019)!!
Graphene Oxide 1.4 10 Adv. Mater. 27, 1370-1375 (2015)'?
Graphene Fiber 180 125 Small 14, 1703934 (2018)"
Paper 600 1500 Angew. Chem. Int. Ed. 55, 5727-5732 (2016)4
MXene 1 201 ACS Sens. 4, 1261-1269 (2019)"3
MXene/Ag 5 80 Adv. Funct. Mater. 29, 1905197 (2019).1¢
MXene 1000 2000 Adv. Mater. 33,2104878 (2021)"7
Graphene 40 20 Adv. Mater. 33,2100218 (2021)'®
PEDOT:PSS 1 4 Sci. Adv. 6, eaba0931 (2020)"°
Graphene Oxide 170 190 Adv. Mater. 28, 2601-2608 (2016).2°
Al/P1 1.5 50.6 Nat. Commun. 9, 244 (2018)?!
Perovskite 5 5 Adv. Funct. Mater. 30, 1907449 (2020)*
Cleancool/Cu fiber 3.5 4 Adv. Funct. Mater. 29, 1904549 (2019)*3
Graphene Oxide 4.5 5.5 Adv. Mater. 28, 3549-3556 (2016)*
TiO2 45 200 Adv. Mater. 30, 1705925 (2018)%
SnS2/rGO 6 15 Nano Energy 67, 104251 (2020)%
MXene/Cellulose 20 70 ACS Nano 15, 16811-16818 (2021)*’
GO/SF 1.05 0.8 Nat. Commun. 13, 5416 (2022)%
1T'-WS, 0.30 1.20 This work
2H-WS: 0.48 0.32 This work
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