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Abstract: 

Phase transition with bandgap modulation of materials has gained intensive research attention due to 

its various applications, including memories, neuromorphic computing, and transistors. As a powerful 

strategy to tune the crystal phase of transition metal dichalcogenides (TMDs), the phase transition of 

TMDs provides opportunities to prepare new phases of TMDs for exploring their phase-dependent 

property, function, and application. However, the previously reported phase transition of TMDs is 

mainly irreversible. Here, we report a reversible phase transition in the semimetallic 1T′-WS2 driven 

by proton intercalation and deintercalation, resulting in a newly discovered semiconducting WS2 with 

a novel unconventional phase, denoted as 1T′d phase. Impressively, an on/off ratio of up to 106 has 

been achieved during the phase transition of WS2 from the semimetallic 1T′ phase to the 

semiconducting 1T′d phase. Our work not only provides a unique insight into the phase transition of 

TMDs via the proton intercalation, but also opens up possibilities to tune their physicochemical 

properties for various applications. 
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Text 

Crystal phase is one essential structural parameter beyond size, dimensionality, morphology, and 

facet, that determines the physicochemical properties of nanomaterials.1-2 As one of the powerful 

strategies in phase engineering of nanomaterials (PEN),1 phase transition accompanied by bandgap 

modulation has been widely explored in various materials owing to its great potential for diverse 

fundamental studies and applications.3-6 In particular, phase transition of transition metal 

dichalcogenides (TMDs) is intriguing owing to their unique crystal-phase-dependent electronic 

structures, leading to fundamental studies in catalysis,7-8 (opto)electronics,4,9 and condensed matter 

physics.10-12 The phase transition of TMDs can be initialized by various methods,1 such as chemical 

modification,13 laser irradiation,14 and lithium-ion intercalation.15-16 However, due to the large energy 

difference between the thermodynamically stable phase (e.g., 2H) and unconventional phase (e.g., 1T 

and 1T′) in TMDs,17 the phase transition in TMDs can only be realized in either monolayers or 

localized domains.5,15,18 Moreover, the associated undesirable structural damages, such as 

amorphization,19 vacancy generation,14 and compositional alteration,20 could lead to a poor 

reversibility of the phase transition. Until now, the reversible phase transition of TMDs has only been 

demonstrated in the transition-metal telluride under electrostatic gating by taking advantage of the 

small internal energy difference between their 2H and 1T′ phases.4-5, 17, 21 However, a recent study has 

indicated that such strong gate modulation can induce the formation of Te vacancies.20 Alternatively, 

intercalation strategies take advantage of the layered structure of TMDs by intercalating various guest 

species into the van der Waals gaps to achieve a phase transition in bulk crystals.6,15,22,23 However, the 

reported intercalation methods, either chemical or electrochemical,15, 24-27 can only induce phase 

transition in localized domains together with undesirable structural damages and limited reversibility. 

Despite these research efforts, the phase transition in TMDs across the single-crystal level with high 

controllability and reversibility remains a great challenge. Compared to the commonly used guest 

species, such as metal ion,25 metal atom,28 and molecule,29 the smallest and lightest ion, proton, has 

attracted intensive research attention owing to its superior ability in tuning the physicochemical 

properties of nanomaterials for various applications.3,30-32 For example, the hydrogenation of metal 

oxides via proton intercalation has been achieved, leading to the modulation of their properties.3,30,33,34 

In this work, we report a highly efficient reversible phase transition strategy via the proton 
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intercalation and deintercalation in a microcell device (Figure 1a), in which the high electron injection 

and extraction densities (~ 1 e per formula unit of WS2) can induce a reversible phase transition of the 

semimetallic 1T′-WS2 (Figure 1b) across a single-crystalline nanosheet. By employing various in-situ 

and ex-situ characterizations, the resulting structure after the phase transition of 1T′-WS2 has been 

identified as a new distorted octahedral phase, denoted as 1T′d. Impressively, the obtained 1T′d-WS2 

can be completely transferred to 1T′-WS2 after the proton deintercalation, indicating that the reversible 

phase transition has been achieved in the single-crystalline 1T′-WS2 nanosheet via proton intercalation 

and deintercalation. Moreover, a transport modulation with an on/off ratio of as high as 106 has been 

realized during the phase transition from the 1T′-WS2 to 1T′d-WS2.  

The reversible phase transition driven by the proton intercalation and deintercalation in 1T′-WS2 

nanosheets was conducted in microcell devices (Figures. 2a, S1 and S2). Figure S3 displays the 

detailed equivalent circuit diagram of the three-electrode microcell device shown in Figures 2a and 

S1a, in which the mechanically exfoliated 1T′-WS2 nanosheet, Pt wire, and evaporated Cr/Au 

electrodes are used as the channel material, gate, and drain and source electrodes, respectively. Figure. 

2b shows the typical drain-source current (Ids, red curve) and the gate current (Ig, olive dotted curve) 

obtained in a 0.5 M H2SO4 aqueous solution used as the electrolyte. Initially, the 1T′-WS2 maintains a 

stable and high conductance as the gate potential (Vg) ranging from 0 to 0.96 V, which is consistent 

with the semimetallic feature of 1T′-WS2 under gating.35 When the Vg exceeds 0.96 V, the Ids reduces 

dramatically together with the appearance of positive spikes in Ig (purple area in Figure 2b), which 

corresponds to the electron injection into the 1T′-WS2 nanosheet. When the Vg is scanned back from 

1.4 V toward 0 V, the Ids increases and finally reaches the initial current value along with negative 

spikes in Ig (light blue area in Figure 2b), which corresponds to the electron extraction from the WS2 

nanosheet. By integrating the gate current profile in Figure 2b to calculate the numbers of injected and 

extracted electrons, it is found that the number of injected electrons is nearly equal to that of the 

extracted ones (Figure S4). It is also worth mentioning that both the electron injection and extraction 

densities in 1T′-WS2 are ~ 1 e per formula unit of WS2, which are ~ 5 times that obtained in the most 

efficient reversible electron injection and extraction strategy reported previously, i.e., the electrostatic 

electron injection and extraction in MoTe2.36  
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To further clarify the origin of such a significant electrical transport modulation and the charge 

transfer process at the solid-electrolyte interface (SEI), we fabricated microcell devices with different 

windows, in which different parts of nanosheets were exposed to the electrolyte (Figure 2c). It is worth 

mentioning that the electrical transport modulation and the electron transfer cannot occur on the device 

without a window (Figures 2c-I and 2d-I), suggesting the effective passivation of the poly(methyl 

methacrylate) (PMMA) layer. When a window, which is exposed to the electrolyte, is open only on the 

basal plane of the 1T′-WS2 nanosheet (Figure 2c-Ⅱ), no electrical transport modulation and electron 

transfer are observed (Figures 2c-Ⅱ and 2d-Ⅱ), indicating that the electrostatic gating has no effect on 

the transport modulation of the 1T′-WS2 nanosheet.37 However, the transport modulation and electron 

transfer can occur in a device with one (Figures 2c-Ⅲ and 2d-Ⅲ) or two edges (Figures 2c-Ⅳ and 2d-

Ⅳ) of the 1T′-WS2 nanosheet in the opened window, indicating that the transport modulation and 

electron transfer originate from the proton intercalation and deintercalation through the edge of 1T′-

WS2 nanosheet. In addition, when the Vg exceeds 0.96 V, the decay slope of Ids in Figure 2c-Ⅲ can 

reach as low as 16 mV/dec, which is much lower than the room-temperature Boltzmann limit of 60 

mV/dec in electrostatic gating,38 further confirming that the electrical transport modulation is not from 

the electrostatic gating. Based on our aforementioned experiments and the previous on-chip studies on 

the TMD intercalation,27 it is believed that the charge injection and extraction in the H2SO4 aqueous 

solution can be attributed to the intercalation and deintercalation of protons, respectively, which is the 

only cation in the electrolyte solution, in the van der Waals gaps of the layered 1T′-WS2 nanosheets. 

Our result is similar to the phase transition in metal oxides induced by hydrogenation in which protons 

are intercalated in their atomic lattices.3,30-34 Our further experiments on other ion-containing 

electrolytes demonstrate that only the electrolyte containing protons leads to this reversible electrical 

transport modulation (Figure S5). Additionally, unlike other ionic or molecular intercalations, which 

normally damage the structural integrity of 2D crystals,14-16,20 the proton intercalation and 

deintercalation are highly reversible, as evidenced by the cycling test (Figures S6 and S7). Previous 

studies have highlighted the structural diversity of TMD crystals and the importance of the electron 

injection in the modulation of their crystal structures.1-2 To further understand how high electron 

injection and extraction densities can lead to such large transport modulation, in-situ Raman 

characterization was employed to characterize the structural evolution of 1T′-WS2 during the proton 
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intercalation and deintercalation (Figure S1e,f). Figure 3a shows the Raman spectra of the 1T′-WS2 

nanosheet before intercalation (blue curve, Vg = 0 V), the intercalated nanosheet (red curve, Vg = 1.5 

V), and the de-intercalated nanosheet (green curve, Vg = 0 V) in 0.5 M H2SO4 aqueous electrolyte. The 

1T′-WS2 nanosheet before intercalation shows a characteristic Raman spectrum of 1T′-WS2 (blue 

curve), indicating the high phase purity of the exfoliated nanosheets.35 When the nanosheet is 

intercalated (Vg = 1.5 V), the peaks indexed to 1T′-WS2 disappear entirely (red curve). Instead, a new 

set of distinct Raman peaks located at 128, 212, 263, 282, 298, 317 and 407 cm-1 emerged, indicating 

a crystal structure change of the WS2 nanosheet. When the Vg is swept back to 0 V, the nanosheet is 

de-intercalated, and the corresponding Raman spectrum (green curve) is identical to that of the 1T′-

WS2 nanosheet before intercalation (blue curve), suggesting the high reversibility of such a structural 

transition. It is worth mentioning that the set of Raman peaks emerged at Vg = 1.5 V is different from 

that in previously reported WS2 polymorphs, indicating the formation of a new phase of WS2.  

As shown in the in-situ photoluminescence (PL) measurement (blue curve in Figure 3b), there is 

no PL signal on the 1T′-WS2 nanosheet before intercalation, which originates from its semimetallic 

nature.35 In contrast, the intercalated WS2 nanosheet exhibits a semiconducting characteristic with a 

strong PL peak of ~ 650 nm at Vg = 1.5 V (red curve in Figure 3b). After Vg is swept back to 0 V, the 

absence of the PL signal (green curve in Figure 3b) manifests the de-intercalated nanosheet has 

transformed from the semiconducting phase to the semimetallic 1T′ phase, indicating the high 

reversibility of the phase transition.  

The phase transition processes can also be visualized in a voltage mapping in which the Raman 

spectra of the WS2 nanosheet were recorded during the Vg swept from 0 to 1.5 V with an interval of 

0.1 V. To make the phase transition visible, Raman intensities obtained at different voltages have been 

normalized. As shown in Figure 3c, the WS2 nanosheet remains in the pristine 1T′ phase and shows its 

characteristic peaks at 112, 179, 239, 268, 316, and 407 cm-1 when a constant Vg ranging from 0 to 0.8 

V was applied. At Vg = 0.9 V, the Raman peaks corresponding to 1T′-WS2 disappear while those located 

at 129, 212, 263, 282, 298, 317 and 407 cm-1 emerged which can be assigned to the new phase. Such 

a phase transition process is consistent with the sharp drop of Ids in the electrical transport measurement 

(Figure 2b). According to the aforementioned PL and Raman spectra, the observed large electrical 
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transport modulation shown in Figure 2b can be attributed to the modulation of electronic band 

structures from semimetal to semiconductor. The aforementioned phase transition is different from that 

induced by electrostatic gating, in which the phase percentages gradually change and also strongly 

correlate with the gate potential.5  

As shown in Figure 3c, the nanosheet maintains the same new phase when the Vg ranges from 0.9 

to 1.5 V. As the Vg is swept back to 0.8 V, the Raman peaks indexed to the new phase disappear and 

the peaks belonging to 1T′-WS2 reappear, indicating the phase of WS2 nanosheet is transformed back 

to the original 1T' phase. The phase percentages at different voltages determined according to 
S1T'

S1T'+ S1T'd

, 

where S1T′ and S1T'd
 represent the areas of Raman peaks assigned to the 1T′ phase at 112 cm-1 and the 

new 1T′d phase at 128 cm-1, further consolidate this result. As shown in Figure 3d, at the Vg ranging 

from 0 to 0.8 V, the percentage of 1T′ phase is 100%. However, it approaches to ~ 0% at the Vg ranging 

from 0.9 to 1.5 V. To further identify the phase transition process at the Vg ranging from 0.8 and 0.9 V, 

detailed Raman characterization was carried out at Vg = 0.81 V and 0.82 V (Figure S8). The Raman 

spectrum recorded at Vg = 0.81 V demonstrates the coexistence of the 1T′ phase and the new phase 

(Figure S8a), while the phase of the WS2 nanosheet completely transforms to the new phase when the 

Vg slightly increases to 0.82 V from 0.81 V (Figure S8b).  

The highly reverible phase transition in the aqueous proton electrolyte hinders the ex-situ 

structural anylysis of the phase after proton intercalation. To stabilize the intercalated structure, the 

proton intercalation was performed in an organic proton electrolyte with more slugglish intercalation 

and deintercalation speeds.39-40 Similar to the result obtained in the H2SO4 aqueous electrolyte, the Ids 

remains constant and starts to drop upon Vg reaching a threshold voltage (Vg = 1.1 V, Figure S9a). The 

nanosheet transforms from a high conductance state to a low conductance state. After the intercaltion 

process (Vg was swept from 0 to 3 V), the gate electrode was immediately removed out of the 

electrolyte and the Ids-Vds (red curve in Figure S9b) of the WS2 nanosheet was measured. As shown in 

Figure S9b, at Vds = 0.10 V, the Ids drops from 0.24 mA before the proton intercalation to 7.52×10-8 

mA after the proton intercalation, showing an on/off ratio of over 106. The large intercalation voltage 

range (0.96 to 2.01 V, Figure S9a), compared to that (0.96 to 1.15 V) obtained in the 0.5 M H2SO4 

aqueous electrolyte (Figure 2b), which is consistent with the sluggish intercalation kinetics in the 
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organic electrolyte.40 It is also worth mentioning that the WS2 nanosheet intercalated in the organic 

proton electrolyte shows a similar Raman spectrum compared to that intercalated in the H2SO4 aqueous 

electrolyte (Figure S10), indicating that WS2 nanosheets intercalated in the H2SO4 aqueous solution 

and the organic proton electrolyte should have a similar structure. Importantly, the well-maintained 

low conductance of the nanosheets after the proton intercalation in the organic electrolyte (red curve 

in Figure S9b) indicates that the obtained intercalated compound in the organic proton electrolyte can 

be maintained, making it possible to characterize the detailed atomic structures by transmission 

electron microscope (TEM).  

To disclose the atomic structure of the new phase, atomic-resolution high-angle annular dark-

field scanning TEM (HAADF-STEM) and selected area electron diffraction (SAED) were used to 

characterize the structure change of WS2 nanosheet before and after its intercalation in the organic 

proton electrolyte. As shown in Figure 4a, the nanosheet before intercalation exhibits a typical 

diffraction pattern of the 1T′ phase, showing a lower symmetrical 1√3  rectangular supercell 

compared to the 1T phase. As shown in the HAADF-TEM image (Figure 4b), the structure of 1T′-WS2 

before intercalation is directly reflected by the zigzag chains consisting of two lines of W columns. 

The intra-line W-W column distance within the chain is 0.32 nm (Figure S11a), which is consistent 

with the crystal structure refined from single crystal X-ray diffraction in our previous report.35 The 

corresponding fast Fourier transform (FFT) pattern (Figure 4c) of the HAADF-STEM image in Figure 

4b also shows the same supercell with the SAED pattern. After the proton intercalation, a new group 

of superspots appears in the SAED pattern (highlighted by red circles in Figure 4d), indicating the 

phase transition from 1T′ to a new structure with a decreased symmetry. The well-preserved zigzag 

chains in the HAADF-STEM image (Figure 4e) indicate that no structure damage was introduced and 

only a distortion occurs in the 1T′-WS2 nanosheet after the proton intercalation, resulting in a decreased 

symmetry. The corresponding FFT pattern in Figure 4f displays consistent diffraction peaks with the 

SAED pattern in Figure 4d. To disentangle the structural distortion, phase lock-in analysis41 was 

performed on the high-resolution STEM image (Figure 4e). A reference image resembling the 1T′ 

lattice (Figure S12) is generated by damping the amplitude of the new superspots in the FFT pattern 

(indicated by red circles in Figure 4f) to the background level. Afterward, an inverse Fourier transform 

is applied. The distortion of reference lattice is then excluded. The relative atomic displacement with 
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respect to the reference lattice can be derived by fitting the column positions using 2D Gaussian 

function, which can quantitatively describe the lattice distortion caused by proton intercalation. The 

displacement vector field is visualized by arrows in Figure 4g. According to the displacement map, 

four occupation columns of W stained with four different colors can be classified (Figure 4h), and their 

displacements are counted in Figure 4i. The columns stained with magenta and green move the most 

significantly in opposite directions along [010] and [01̅0] by an average distance of 0.13 and 0.11 Å, 

respectively, while those stained with cyan and red move just slightly and roughly along a 

perpendicular direction by an average distance of 0.03 and 0.03 Å. The displacement leads to the 

formation of one line of W dimers (Figures 4g and S11b) within the W-W zigzag chains, which 

ambiguously demonstrates a new distorted octahedral structure, denoted as 1T′d, that is distinct from 

all the reported phases in WS2. Impressively, the phase transition can occur across the whole nanosheet, 

demonstrating that the nanosheet has completely transformed from the 1T′ phase to the new 1T′d phase 

(Figure S13).  

Conclusion 

We have demonstrated a reversible phase transition strategy driven by proton intercalation and 

deintercalation, respectively, to inject into and extract electrons out of 1T′-WS2. The high electron 

injection and extraction densities (~ 1 e per formula unit of WS2) driven by the proton intercalation 

and deintercalation enable a completely reversible phase transition between 1T′-WS2 and the new 1T′d-

WS2, which is confirmed by comprehensive characterizations, including Raman, PL, SAED, and 

HAADF-STEM. Such a reversible phase transition driven by the proton intercalation and 

deintercalation opens a new strategy toward the dynamical control of the phase-dependent 

physicochemical properties of TMDs, which might exhibit further applications in transistors, memory 

devices, and neuromorphic computing. 
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Figure 1. Schematic illustration of reversible phase transition of 1T′-WS2 conducted in a microcell 

device. (a) Schematic illustration of the microcell device used for the reversible phase transition of 

1T′-WS2 driven by the proton intercalation and deintercalation, respectively. (b) The atomic structural 

models of 1T′-WS2 and 1T′d-WS2 during the reversible phase transition.  
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Figure 2. Microcell devices measured during the electron injection and extraction . (a) Optical images 

of a microcell device: the overall set-up with three electrodes (i), the high-magnification image of the 

microcell device with a droplet of electrolyte (ii), and the device fabricated with a mechanically 

exfoliated 1T′-WS2 nanosheet with a window opened in the PMMA passivation layer, in which two 

opposite edges and the basal plane of 1T′-WS2 nanosheet are exposed to the electrolyte (iii). (b) Typical 

drain-source current (Ids, red curve) and gate current (Ig, olive dotted curve) measured in the fabricated 

microcell device of 1T′-WS2 during the charge injection and extraction processes in a 0.5 M H2SO4 

aqueous solution. (c) Typical drain-source current (Ids) curves of 1T′-WS2 nanosheets in different 

windows swept in a 0.5 M H2SO4 aqueous solution. Insets: optical images of electric devices without 

window (I) and with different windows (II-IV). The red dotted areas represent the windows opened in 

the PMMA passivation layers. (d) Typical Ig vs. Vg curves of 1T′-WS2 nanosheets swept in a 0.5 M 

H2SO4 aqueous solution in different windows shown in the inset in (c).  
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Figure 3. Characterization of the phase transition of 1T ′ -WS2 nanosheets. (a) In-situ Raman 

characterization of the 1T′-WS2 nanosheet during the proton intercalation and deintercalation in a 0.5 

M H2SO4 aqueous solution. (b) In-situ photoluminescence characterization of the 1T′-WS2 nanosheet 

during the proton intercalation and deintercalation in a 0.5 M H2SO4 aqueous solution. (c) In-situ 

Raman spectra obtained at different gate potentials, showing a highly reversible phase transition 

process. (d) The percentage of 1T′ phase in the WS2 nanosheet at different gate potentials. The 

percentage of the 1T′ phase is determined according to 
S1T'

S1T'+ S1T'd

, where S1T′ and S1T'd
 represent the 

areas of Raman peaks assigned to the 1T′ phase at 112 cm-1 and the new 1T′d phase at 128 cm-1, 

respectively.  
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Figure 4. Structural characterization of 1T′-WS2 and 1T′d-WS2 nanosheets. (a) SAED pattern, and (b) 

HAADF-STEM image of the 1T′-WS2 nanosheet obtained via mechanical exfoliation of a bulk 1T′-

WS2 crystal. (c) The corresponding FFT pattern of the HAADF-STEM image in (b). (d) SAED pattern 

and (e) HAADF-STEM image of the 1T′-WS2 nanosheet after proton intercalation. (f) The 

corresponding FFT pattern of the HAADF-STEM image in (e). (g) Relative displacement map of W 

columns in WS2 nanosheet after proton intercalation with respect to the 1T′ lattice used as reference. 

(h) Occupation columns of W after proton intercalation. (i) Statistic distribution of the W column 

displacement. 
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