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reduces the TMDs and the gliding of the 
S planes results in the transformation 
from 2H to 1T. Functionalization by other 
electron donating species such as Re, Tc, 
and Mn can also induce the transforma-
tion.[7–11] The electron donated by the alkali 
metals alters the d electron count of the 
metal (Mo or W), and it splits in the octa-
hedral coordination to have three unpaired 
electrons in the valence band d orbitals. 
However, the 1T phase is highly unstable 
and converts back into 2H phase with time 
and temperature.[12]

Apart from alkali metals, several 
attempts have been made on the covalent 
functionalization of 2H and 1T phases by 
organic functional groups.[13–16] Sarkar 
et al. decorated the 2D layers with metal 

nanoparticles which changed the transfer characteristics of the 
2D devices and demonstrated its capability as a gas sensor.[17] 
Theoretically, hydrogenation also converts the 2H semicon-
ducting phase into the metallic phase.[18] A transformation 
from an n-type to a p-type semiconductor, a nonmagnetic to 
a magnetic material and a boost in the catalytic activity was 
achieved through controlled and selective doping of TMDs by 
transition metals.[19] An interesting deviation from extrinsic 
doping was intrinsic doping by the incorporation of islands of 
1T in a lattice of 2H semiconducting nanosheets, where the 

The transformation from semiconducting to metallic phase, accompanied by 
a structural transition in 2D transition metal dichalcogenides has attracted 
the attention of the researchers worldwide. The unconventional structural 
transformation of fluorinated WS2 (FWS2) into the 1T phase is described. 
The energy difference between the two phases debugs this transition, as 
fluorination enhances the stability of 1T FWS2 and makes it energetically 
favorable at higher F concentration. Investigation of the electronic and 
optical nature of FWS2 is supplemented by possible band structures and 
bandgap calculations. Magnetic centers in the 1T phase appear in FWS2 
possibly due to the introduction of defect sites. A direct consequence of the 
phase transition and associated increase in interlayer spacing is a change in 
friction behavior. Friction force microscopy is used to determine this effect of 
functionalization accompanied phase transformation.

Fluorination

The unique properties found in graphene and later in mon-
olayers of other materials thrust the research on transition metal 
dichalcogenides (TMDs) as evidenced from the publications on 
TMDs in the past decade.[1–5] A distinctive property of TMDs is 
their polymorphic structural and electronic characteristics. For 
instance, in group 6 chalcogenides such as MoS2 and WS2, when 
the sulfur (S) atoms occur on top of each other, it results in trig-
onal prismatic symmetry in the commonly called 2H semicon-
ducting phase and the displaced S atoms results in octahedral 
symmetry in the 1T metallic phase.[6] Li or K functionalization  
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exchange interaction between vacancies in the 1T islands gives 
rise to magnetism.[20]

Besides electronic structure and magnetism in TMDs,[21,22] 
their performance in energy storage, electrocatalysis, and 
lubrication are also influenced by the phase transformation.[23] 
Although the effect of phase transformation on lubrication 
could surpass the others, owing to the relevance of interlayer 
interaction in defining a materials lubricity, it is still a naive 
area.[24] The complexity of the known methods of 2H to 1T trans-
formation, their instability, and undesired impurities might be 
contributing factors to the scarcity in literature examples.

In this article, we report the functionalization of 2H WS2 
with fluorine using a recently developed method.[25] Notably, 
a transformation from 2H to 1T phase is observed on fluori-
nation, which is otherwise a result of functionalization by an 
electron donating species only. The transformation is veri-
fied by various techniques and clearly observed in annular 
dark-field scanning transmission electron microscopy (ADF-
STEM) images. Through the calculation of formation energy, 
the stability of fluorinated tungsten disulfide (FWS2) in the 1T 
and 2H phase is evaluated. The conversion of phase leads to 
transformation of electronic, optical, magnetic properties, and 
the interlayer interaction; which are reviewed in this paper 
experimentally and theoretically by density functional theory 
(DFT) calculations. A study of friction of WS2 and FWS2 reveals 
the effect of functionalization and phase transformation on 
possible applications of the materials.

Primarily, bulk WS2 powder was exfoliated in N,N-
dimethylformamide (DMF) by ultrasonication. The exfoliated 
sheets of WS2 were used for subsequent fluorination in a hydro-
thermal reactor at 200 °C for 24 h.[25] Nafion, a fluoropolymer 
which degrades at 200 °C to give fluorine free radicals was used 
as the source of fluorine. The amount of precursor was varied 
to obtain various concentrations of fluorine. FWS2 obtained after 
the reaction was thoroughly washed with acetone and dried. On 
comparison of the X-ray diffraction pattern (Figure 1a) of exfoli-
ated WS2 and FWS2; the FWS2 shows the appearance of the (001) 
plane peak, though the (002) reflection continues to be the most 
intense peak. The (001) peak in exfoliated WS2 has previously 
been observed in the case of alkali metal intercalation which 
results in the conversion of the 2H semiconducting phase into 
the 1T metallic phase.[26] The calculation of the lattice constants 
show an increase in the value of “a” due to the strain induced 
by intercalation of fluorine. The appearance of fluorine peaks in 
X-ray photoelectron spectrum (XPS) further confirms the doping.

A detailed analysis of the photoelectron spectrum of W and 
S indicates the absence of any W–F or S–F bonding interac-
tion. Elemental fluorine has a larger atomic size than lithium; 
however, it is much smaller than the interlayer spacing of WS2 
(0.6 nm). Hence, it would be reasonable to conclude that fluo-
rine intercalates in the layered WS2.[27] XPS is also an important 
tool in determining the phase changes in TMDCs. The metallic 
nature of 1T phase downshifts the binding energy, which 
can be observed in Figure 1b which plots the binding energy 
of W and S against the variation of fluorine concentration. 
Deconvoluted spectra are given in Figure S3 in the Supporting 
Information. Fluorine being a highly electronegative element 
is expected to cause a change in the electron density of the 
neighboring atoms resulting in an upshift in the spectral posi-

tions. The observed downshift hence indicates the conversion 
to the 1T phase as well as the lack of interaction of fluorine 
with W and S at low percentages. As the doping of fluorine 
further increases beyond 20%, fluorine interacts with WS2 
and consequently, the peaks shift to higher binding energies, 
although it is still lower than that found in pristine WS2.

The different phases are also readily evident in the Raman 
spectrum. The lower modes are highly active in FWS2, as indi-
cated by the Raman maps and the Raman spectra in Figure 1c,d 
and Figure S2 in the Supporting Information. The pristine WS2 
belonging to the 2H phase predominantly displays the E2g(Γ) 
and A1g(Γ) modes from the in-plane and out of plane vibrations 
respectively.[28,29] On fluorination, these modes remain relatively 
unchanged although many lower order peaks seem to appear. 
The lower modes are otherwise inactive due to wave vector con-
servation rules.[30] The formation of the superlattice structure in 
1T phase allows zone folding activating the zone edge modes at 
the M point. The peaks at J1 (128 cm−1), J2 (173 cm−1), and J3 
(292 cm−1) are assigned to these lower order modes and the peak 
at 260 cm−1 is assigned to Eg mode. The appearance of Eg mode 
has also been previously associated with the presence of octahe-
drally coordinated MoS2.[28] Strong second order peaks of 2E2g 
(702 cm−1) along with combination of the first order peaks were 
observed in FWS2 (Figure S1a, Supporting Information). The 
origin of the peak is not ascribed to 4LA(M) mode, as it does not 
correspond to the frequencies observed in this case.[31] A second 
order process involves an excited electronic state, along with 
two phonons having opposite wave vectors.[32] In other words, 
the excitation laser energy should be able to cause an excitonic 
transition, and the calculations of energies agree with the assign-
ment. The stability of the formed 1T state is verified by heating 
the FWS2 in air for an hour and collecting the Raman spectra. 
The sample was stable, and no derogatory effect was found until 
400 °C (Figure S1b, Supporting Information), while Li interca-
lated WS2 is known to transform to more stable 2H phase at tem-
peratures above 300 °C.[23] These observations raise the question 
about the transformation to 1T phase on doping with a highly 
electronegative element such as fluorine. According to foregoing 
reports, the transformation from 2H to 1T phase is induced by 
the atomic sliding of S plane, on intercalation and reduction of 
alkali metals such as lithium and potassium or transition metals 
such as rhenium.[8] On reduction, they donate an electron trans-
forming the 2H phase into the more stable 1T phase.

Atomic resolution ADF-STEM imaging unambiguously 
revealed the transformation regions, from 2H to 1T phase, 
in the fluorinated WS2 sample. The ADF-STEM image in 
Figure 1e shows the trigonal prismatic 2H phase of WS2 sample 
before the fluorination process. The ADF-STEM signal is 
approximately proportional to the atomic number square (Z2); 
therefore the bright and dark spots in this image are corre-
sponding to W atoms and S atomic columns (composed of two 
S atoms), respectively. Figure 1f demonstrates the coexistence of 
1T and 2H phases in the FWS2 sample. The trigonal prismatic 
2H phase on the top left of the image transforms into the octa-
hedral 1T phase on the bottom right of the ADF-STEM image. 
Another ADF-STEM image that has captured such a phase 
transformation in a larger area and an electron energy loss 
spectrum (EELS) showing the presence of fluorine in the same 
region are shown in Figure S4 in the Supporting Information.  

Adv. Mater. 2018, 30, 1803366
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WS2 has been completely transformed to 1T phase in the area 
shown in Figure 1g in the FWS2 sample.

First-principles-based theoretical calculations have been 
performed to understand the effect of fluorination on the phase 
transformation of WS2. The structural and calculation details 
are given in Figure S12 in the Supporting Information. The 
semiconducting 2H WS2 phase is more stable (0.89 eV per 
formula unit lower in energy) compared to metallic 1T phase, 
which is in well agreement with previous theoretical studies.[33] 
However, upon fluorination, the total energy difference 
between fluorinated 2H and 1T WS2 reduces to 0.62 eV per 

formula unit, after adsorbing one fluorine atom in 4 × 4 WS2 
supercell (corresponding to 2.08% F concentration). The energy 
difference reduces as a function of F concentration as men-
tioned in Figure S12c in the Supporting Information, indicating 
that fluorination enhances the stability of 1T WS2. At 66.66% F 
concentration, 1T FWS2 becomes energetically favorable com-
pared to 2H FWS2, clearly indicating 2H to 1T phase transfor-
mation. Additionally, we found that the formation energy of 
fluorinated 1T-WS2 (with respect to bulk 1T WS2) is 4.32 eV 
lower compared to fluorinated 2H-WS2 (with respect to bulk 
2H WS2) for 2.08% F concentration. Therefore, 1T WS2 phase 

Adv. Mater. 2018, 30, 1803366

Figure 1. a) X-ray diffraction (XRD) spectrum of WS2 (green) and FWS2 (blue). b) The change in binding energy of S2p3/2 and W4f7/2 in X-ray photo electron 
spectra with varying fluorine content measured at four different fluorine concentrations, the line joining the points show the general trend. c) Raman  
spectra of WS2 and FWS2. d) Raman maps of the two clearly showing the active lower modes (WS2: Scale 20 µm; FWS2: Scale 50 µm). e) Atomic resolution 
ADF-STEM image of WS2 before fluorination. f) FWS2 in which the purple colored spheres represent S atoms and silver spheres represent W atoms show the 
region of transformation. g) A region, completely transformed into 1T phase, with its corresponding fast Fourier transform (FFT) pattern shown in the inset.
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can be fluorinated easily compared to 2H WS2 phase. This indi-
rectly supports our experimental observation of 2H to 1T WS2  
phase transition upon fluorination. The formation energies of 
both fluorinated 2H and 1T WS2 have been plotted as a func-
tion of F concentration up to 33.33% as shown in Figure S12d 
in the Supporting Information. As the number of adsorbed  
F atom increases, the trend remains the same, however, the for-
mation energy difference between two phases decreases.

The total energy difference and formation energy calcula-
tions shed light only on thermodynamic stability. However, in 
experimental environments under higher temperatures, the 
kinetics involved in fluorinated WS2 would also control the 
phase transformation and it is difficult to capture via theoretical 
calculations. Therefore, theoretically obtained value of fluorine 
concentration which leads to the phase transformation is 
higher than experimental observation. Nevertheless, the 
trends observed from theoretical calculations explain the phase 
transformation.

The absorption spectra of WS2 in Figure 2a show the optical 
signatures of A, B, and C excitons. A excitonic peak is caused by 
the direct optical transition from the highest spin-split valence 
band to the lowest conduction band. In FWS2, the A excitonic 
peak shifts to lower energy due to the shift in valence band posi-

tion caused by the heavy p-type doping of fluorine. In addition to 
the shifting peak position, with increasing fluorine doping the A 
excitonic peak becomes broader and splits into multiple peaks. 
This has been previously observed in MoS2, on controlling the 
doping concentration with the application of gate voltage and 
attributed to the creation of trions an excited state of two elec-
trons and a hole.[34,35] The large binding energy of these trions 
enable them to be observed even at room temperature.[34] The 
presence of trions is usually weighed on the excitonic peaks; as 
the trion peaks dominate the excitonic peaks weaken. Here we 
see an increase in the B and C excitonic peaks, which could be 
due to the inhomogeneity of the wet chemistry-based doping.

While the absorption spectra point to the alteration of the 
optical band structure, the resistance vs temperature (R–T )  
measurements of WS2 and FWS2 in Figure 2b and Figure S6 
in the Supporting Information depict the alteration of the elec-
tronic band structure. Though the R–T curve does not show a 
complete transformation into a metallic behavior, marked dif-
ference can be seen in the behavior of the two samples. Oddly, 
the decrease in resistance of FWS2 to about room temperature 
shows an increase in available carriers for excitation on doping 
with fluorine. Noticeably, the resistance temperature curve of 
WS2 remains uninfluenced by magnetic field, while that of FWS2 

Adv. Mater. 2018, 30, 1803366

Figure 2. a) Absorption spectra of pure WS2 (green) fluorinated WS2 at two different fluorine concentrations (yellow and blue) showing the different 
excitonic transitions. b) The R–T curve of FWS2 displaying a change with the applied field of 200 Oe and c) fitted conductivity versus temperature curve 
showing the change in hopping transport behavior.
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changes with the application of magnetic field. The conductivity 
versus T−1 plot shows a change in scaling at a characteristic tem-
perature, due to the change in hopping behavior with tempera-
ture as observed previously in the case of MoS2.[36] The localiza-
tion of charge carriers at the defects leads to this observed hop-
ping behavior, and a reduction of the hopping probability with 
magnetic field is responsible for the change in R–T behavior on 
application of magnetic field.[37]

The change in electronic structure is further investigated by 
calculating spin-polarized band structures using first-principles 
calculations. 2H phase of WS2 is semiconducting in nature 
having 1.78 eV of direct bandgap at the K point (shown in 

Figure 3a), which matches well with earlier reported values.[38] 
The unstable 1T phase is known to be metallic (shown in 
Figure 3b).[39] There are four bands which crosses each other 
at K point just above the Fermi level in 1T-WS2 band structure. 
Upon fluorination in 1T WS2 sheet, due to extra electrons from 
F atom, the empty bands get filled and go below the Fermi level 
as shown in Figure 3c–e. When one F atom is adsorbed, Bader 
charge analysis[40–42] shows that the F atom accumulates 0.53 
electronic charge from S atoms of WS2 sheet. The direct tran-
sition from valence band maxima (VBM) to conduction band 
minima (CBM) at K point originates the dominant A peak in 
the exciton spectra. The other two peaks (B and C) occur due 

Adv. Mater. 2018, 30, 1803366

Figure 3. Band structures for: a) 2H-WS2, b) 1T-WS2 and fluorinated 1T-WS2 having F concentrations of: c) 2.08%, d) 4.17%, and e) 6.25%. Band struc-
tures shown in (a) and (b) are calculated for one-unit cell whereas (c)–(e) are calculated for 4 × 4 unit cell. f) Change in direct bandgaps (separately at 
K and Γ point) and the indirect bandgaps (between VBM at K point and CBM at Γ point) as a function of F concentration.
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to the direct transition from VBM to CBM at Γ point and the 
indirect transition from VBM at K point to CBM at Γ point, 
respectively. Three significant bandgaps which lead to three 
most dominant peaks in the exciton spectra are plotted as a 
function of F concentration in Figure 3f where at 0% F con-
centration, the bandgap of 2H WS2 is shown. As F concentra-
tion increases, the direct bandgap between CBM and VBM 
at K point reduces for 1T FWS2. Therefore, the reduction in 
direct bandgap at K point causes the shift of A peak in exciton 
spectra to longer wavelengths. The direct gap at Γ point and 
the indirect gap between VBM at K point to CBM at Γ point 
reduces overall for fluorinated 1T WS2 as compared to 2H 
WS2. However, these two bandgaps increase as a function of F 
concentration till 4.17% and remain almost same for 6.25% F 
concentration.

The spin paired electrons in the 2H semiconducting 
phase of WS2 makes it a diamagnetic material at room 
temperature (Figure 4a). The low temperature (30 K) measure-
ment of magnetic susceptibility displays a positive moment 
at low temperature, which is too weak that the diamagnetic 
background dominates. However, FWS2 is ferromagnetic in 
nature (Figure 4b) due to the presence of unpaired d orbital 
electrons, owing to which phase incorporation of 1T in 2H 
is used to introduce magnetic centers in the nonmagnetic 
material. The room temperature hysteresis measurement of 
FWS2 displays an overlap of ferromagnetic and paramagnetic  
nature, which is also revealed from the low temperature 
behavior. The temperature-dependent zero-field-cooled and field- 

cooled (ZFC–FC) curves almost overlap with a very small dif-
ference. This behavior verifies the overlap of paramagnetic and 
ferromagnetic ordering. A transition is also observed at tem-
perature ≈52 K, as seen from the diverging ZFC–FC curves in 
Figure 4c,d. Reports on the calculation of the magnetism in 
MoS2 has shown that the paramagnetic ordering comes from 
the change in coordination from trigonal to octahedral which 
creates two unpaired electrons in the d orbitals of the transi-
tion metal, while the redistribution of charges in WS2 on intro-
duction of fluorine could give rise to the ferromagnetism.[43] 
Ataca et al. investigated the origin of magnetism on doping 
with various elements as well as due to the introduction of 
vacancies, where he showed that a redistribution of charge 
densities around a triplet vacancy creates a moment of 2 µB.[44] 
While vacancies and unpaired electrons in the 1T phase can 
give rise to a significant magnetic moment, it has been shown 
that the spin exchange interactions between the transition 
metals is antiferromagnetic and hence the magnetism cannot 
be significant. Only those transition metal atoms in the radius 
of a vacancy can interact to align their spins to generate mag-
netic ordering.[45]

Theoretically using first-principles calculations, it has 
been reported that ferromagnetism can be induced in MoS2 
nanosheets by applying tensile strain and creating vacancies.[46] 
Cai et al. reported 2H to 1T local phase transformation in 
MoS2 nanosheet by introducing S vacancies, which further 
leads to robust ferromagnetism.[45] In this work, magnetic 
properties have been studied by introducing S vacancy in 1T 
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Figure 4. a) The ZFC–FC curve of pure WS2 with the low temperature hysteresis curve on the inset. b) The room temperature hysteresis curve of FWS2. 
c,d) ZFC–FC curves for FWS2 at 5000 Oe (c) and 50 Oe (d).
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WS2 monolayer. Removal of one S atom from 4 × 4 1T WS2 
monolayer (3.125% S vacancy) exhibits ferromagnetism of 
0.67 µB. In pristine WS2, per formula unit, W atom donates two 
electrons total and each S atom gains one electron. After cre-
ating one S vacancy, there will be one unpaired electron which 
gets distributed in three neighboring W atoms contributing to 
ferromagnetism as shown in Figure 5a. The band structure and 
density of states confirm that the magnetization occurs due to 
the difference between up and down spin states of W atoms. 
After fluorination with 2.13% F concentration in this structure, 
W atoms close to S vacancy reduces electronic charge as F atom 

accumulates charge from both W and S atoms. However, charge 
transfer happens more from S atoms to F atom and magnetism 
retains due to the unpaired electrons of neighboring W atoms, 
exhibiting 0.7 µB of magnetization. The electron coming from 
F atom fills the empty bands which shift below the Fermi level 
as shown in Figure 5b. In addition to the induction to ferromag-
netism, S vacancies found to enhance the stability of 1T phase 
of TMDs.[47] Transmission electron microscopy (TEM) images 
(Figure S2, Supporting Information) of our sample clearly show 
the presence of S vacancies, which might be the reason for its 
outstanding stability as well as ferromagnetism.

Adv. Mater. 2018, 30, 1803366

Figure 5. Spin-polarized band structure and density of states with structures for: a) 1T WS2 with 3.125% S vacancy and b) 2.13% fluorinated 1T WS2 
with 3.125% S vacancy. The isosurface value of 0.002e A−3 is fixed for spin density (marked in brown color) plots. Frictional force versus normal load 
measured by frictional force microscopy of pristine and fluorinated WS2 on a SiO2/Si substrate in: c) dry conditions and d) dry and humid conditions 
overlapped (sliding speed: 5 µm s−1).
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Having observed the chief evidences of phase transforma-
tion, we now evaluate its influence on friction of the materials. 
Of the many factors influencing the weak interlayer interaction 
and super lubricity in 2D materials, defects, atomic scale rough-
ness, wrinkles, surface chemistry or surface passivation are pri-
mary. On fluorination of WS2 several of these properties can be 
influenced/altered. In order to observe the effect of fluorination 
on the functionality of WS2, we study the friction of 2D layered 
WS2 and FWS2 using frictional force microscopy.

The friction of FWS2 is found to be lower than that of 
pristine WS2 (Figure 5c,d) for both humidity conditions 
studied. This differs from the trend observed in previous 
friction measurements of fluorinated graphene which exhibit 
higher friction as compared to pristine graphene.[48,49] In the 
case of graphene, the presence of covalently bonded fluorine, 
which converts the sp2 hybridized carbon into sp3 hybridiza-
tion, increases the surface corrugation, which could be one of 
the main contributors to the increased friction.[48] On the con-
trary, in the case of F-WS2, XPS measurements as well theo-
retical simulations demonstrate a lack of covalent bonding 
between F and WS2, instead the F atom intercalate between 
the layers of WS2 which increases the interlayer spacing. This 
lack of surface bonding likely does not increase the corruga-
tion of the interfacial potential, instead; the phase transfor-
mation accompanied by reduced interlayer interaction and 
presence of weakly bound F intercalation results in lowering 
the friction. The lower friction for FWS2 may also be indica-
tive of a reduced interfacial potential corrugation for the T1 
phase as compared to the 2H phase of WS2. Another factor 
that may contribute would be the electronegativity of fluo-
rine. It was reported that F atom could reduce the electron 
density of W and S and increase the layer separation, which 
would weaken the van der Walls force between WS2 layers and 
reduces the energy for inter layer sliding thereby reducing 
friction.[50] Interestingly FWS2 exhibits no major changes 
in friction under humid and dry condition. The observed 
friction reduction compared to the pristine material appears 
consistent with the larger scale friction behavior of fluorinated 
carbon,[51] fluorinated single wall carbon nanotubes[52] and 
WS2/CFx coatings.[53]

On the other hand, the pristine WS2 is sensitive to humidity 
and exhibits lower friction at 40% relative humidity (RH) than 
that of at 10% RH. We believe that the discrepancy is likely due 
to the reduced hydrophilic nature of WS2, as compared to FWS2 
(Figure S8, Supporting Information). In the nonwear regime of 
friction, excess water can act to lubricate the contact between 
hydrophobic surfaces because the hydrophobicity implies easy 
shear and greater mobility of the capillary formed water layer 
within the contact-confined volume. In the case of the more 
hydrophobic WS2, a liquid-like water film may form within the 
contact under humid conditions similar to water films formed 
on partially hydrophobic SiO2.[54] Future atomistic simulations 
are needed to fully understand the underlying friction mecha-
nisms, such as the WS2 phase transformation effect on the 
interfacial energy corrugation and the influence of adsorbed 
water molecules.

In this article we try to give a perspective on the fluorine 
induced transformation of 2H WS2 to 1T and the consequent 
changes in the optical, magnetic, and tribological properties. 

The structural transformation is supported by the microscopy 
images and fundamental characterizations of diffraction and 
Raman spectroscopy. DFT calculations show that fluorination 
enhances the stability of 1T FWS2 and makes it energetically 
more stable compared to 2H FWS2 at higher F concentra-
tion. The optical transitions of fluorinated WS2 preserve the 
excitonic transitions in 2H WS2 while showing signatures of 
trions. These are caused by the doping of TMDs by various 
methods. The low temperature electrical measurements do 
not show a metallic characteristic though supports hopping 
transport as a result of the introduction of defects. Theoreti-
cally, a decrease in the bandgap is observed on introduction of 
fluorine, and defects are observed to create magnetic centers, 
with experimental evidence of a combination of paramagnetic 
and ferromagnetic centers. It is derived from the observations 
that fluorination causes localized structural transformation 
in the WS2 to the 1T phase. However, a complete transforma-
tion is not observed, and it creates a number of defects which 
brings about the behavior of doped WS2. To assess the impact 
of these changes in intrinsic properties on the functionality 
of WS2, the friction of WS2 and FWS2 was measured at dif-
ferent humidities. The friction of FWS2 is lower than WS2 and 
remains unaffected by the level of humidity.

Experimental Section
High-resolution electron microscopy images and EELS were acquired 
using an aberration corrected FEI Titan Themis3 STEM. Raman studies 
were performed on Reinshaw inVia Raman Microscope. UV–vis absorption 
measurements were performed on a Shimadzu 2450 UV-Visible 
Spectrophotometer in the range of 190–800 nm. A magnetic property 
measurement system (MPMS) by Quantum Design was used for magnetic 
measurements. A physical property measurement system (PPMS) by 
Quantum Design measured the temperature-dependent conductivity. For 
the measurement of friction, materials were drop-cast on a Si wafer (285 nm  
thick oxide top layer), friction was characterized with a Si tip with a 
native SiO2 layer (≈50 nm in diameter, cantilever normal spring constant  
≈3 N/m) using an MFP-3D atomic force microscope (Asylum Research). 
Contact conditions were determined to stay in the nonwear regime of 
friction, at both 40% and 10% RH and room temperature.

The synthesis methodology used for FWS2 was previously reported 
for fluorinated boron nitride.[25] Nafion, a fluoropolymer was used as the 
precursor for fluorine. Nafion degrades at 200 °C to give fluorine-free 
radicals. For the synthesis of FWS2, a maximum of 1000 µL of nafion 
was used. Excess of nafion is undesirable and leaves behind polymer 
residues. Hence the amount of nafion is kept to a minimum. The 
amount of solvent which in turn dictates the pressure was determined 
by several iterations at various concentrations. 30 mL of the exfoliated 
WS2 in DMF was used for the synthesis.

Theoretical Methodology: Theoretical calculations were performed 
using DFT as implemented in Vienna ab initio simulation package. 
The electron–ion interactions and electronic exchange correlations 
are incorporated by using an all-electron projector augmented wave 
potential and the Perdew–Burke–Ernzerhof generalized gradient 
approximation, respectively. The Brillouin zone is sampled using well 
converged Monkhorst–Pack scheme. The spin charge density is plotted 
using the visualization software VESTA.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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