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ABSTRACT: Controlled phase conversion in polymorphic transition metal dichalcoge-
nides (TMDs) provides a new synthetic route for realizing tunable nanomaterials. Most
conversion methods from the stable 2H to metastable 1T phase are limited to kinetically
slow cation insertion into atomically thin layered TMDs for charge transfer from
intercalated ions. Here, we report that anion extraction by the selective reaction between
carbon monoxide (CO) and chalcogen atoms enables predictive and scalable TMD
polymorph control. Sulfur vacancy, induced by anion extraction, is a key factor in
molybdenum disulfide (MoS2) polymorph conversion without cation insertion.
Thermodynamic MoS2−CO−CO2 ternary phase diagram offers a processing window
for efficient sulfur vacancy formation with precisely controlled MoS2 structures from
single layer to multilayer. To utilize our efficient phase conversion, we synthesize vertically
stacked 1T-MoS2 layers in carbon nanofibers, which exhibit highly efficient hydrogen
evolution reaction catalytic activity. Anion extraction induces the polymorph conversion
of tungsten disulfide (WS2) from 2H to 1T. This reveals that our method can be utilized
as a general polymorph control platform. The versatility of the gas−solid reaction-based polymorphic control will enable the
engineering of metastable phases in 2D TMDs for further applications.
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Two dimensional transition metal dichalcogenides
(TMDs) have attracted significant attention due to

their wide range of tunable physical and chemical properties
by controlling phase and structure.1 TMDs exhibit poly-
morphisms such as trigonal prismatic (1H, 2H) or octahedral
(1T) coordination.2,3 Polymorph control has enabled the
discovery of new intrinsic properties of TMDs such as high
electrical conductivity, an active basal plane, increased
interlayer spacing, and hydrophilicity.4−6 These have induced
intriguing efforts to apply molybdenum disulfide (MoS2) in
transistors,7 electrocatalysts,8,9 supercapacitors,4 Li- and Na-
ion batteries,10 actuators,11 superconductors,12 memristors,13

and rectenna for wireless energy harvesting.14

On the basis of crystal field theory, a polymorph is
determined by the electron occupied d-orbital energy level in
the transition metal. For the transition from the stable 2H-
MoS2 to the metastable 1T-MoS2, electron configuration-based
strategies, including cation insertion for charge transfer,15−20

laser irradiation,7 and hot electron injection,21 have been
explored. However, wet-chemistry-based cation insertion into
atomically thin layered TMDs suffers from the limitations of
low efficiency, poor controllability, impurity problems, and lab-

scale processes. For example, Li+ intercalation requires soaking
MoS2 in n-butyllithium solution in an inert atmosphere and
takes an extremely long time due to the slow kinetics (Table
S1).4,5,16,17,22−24 To obtain purified 1T-MoS2, an additional
process is required to remove the inserted cations.19

Electrochemical Li+ intercalation, which proceeds in the
battery configuration, received great attention because of its
fast and controllable polymorph conversion from 2H- to 1T-
MoS2 by the applied potential.18,25 Irradiation-based fabrica-
tion is focused on converting a local area of MoS2 film.6 For
the frequent situations where the mass production of precisely
controlled 1T-MoS2 is required, the development of a large-
scale and systematic method for efficient TMD polymorph
control still remains a big challenge.
Here, we report a new fabrication strategy for efficient MoS2

polymorph control using anion extraction. Instead of inserting
cations into a MoS2 crystal, we extract anions from the MoS2.
The key factor for the polymorph transition without cation
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insertion is the sulfur vacancy (VS) formation. VS-induced
polymorph conversion from 2H to 1T has been suggested by
theoretical calculations and experiments.26−29 In situ trans-
mission electron microscopy (TEM) study revealed that the
formation of α-phase, local strain, and atomic gliding can

induce the 1T-MoS2 formation.30 The α-phase formation by

VS, local strain, and the 1T-/2H-MoS2 interface with defects

were studied by several experimental works.5,27,31,32 In this

work, we developed a new gas−solid reaction-based VS

Figure 1. Processing window prediction for anion extraction-based MoS2 polymorph conversion. (a) CO/CO2 calcination-based MoS2 polymorph
control by selective reaction between MoS2 and CO to form VS. Calculated ternary phase diagrams with (b) solid and (c) gas product distributions
at 800 °C calcination to predict MoS2, CO, and CO2 mole fractions for 1T-MoS2 formation. HAADF-STEM images that compare the atomic arrays
in MoS2 flakes for (d) 2H-MoS2 (before calcination) and (e) 1T+2T-MoS2(after calcination). (f) Mo 3d XPS analysis for investigating the
conversion from 2H to 1T-MoS2 by comparing before and after CO/CO2 calcination (40% CO, 800 °C, and 5 h condition) of MoS2 powders.
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formation methodology which can realize the tunable
polymorph control in large scale material fabrication.
Inspired by chemical metallurgy, in which oxygen is

extracted from a metal ore (Fe2O3) for metal (Fe) reduction,
calcination under a carbon monoxide (CO)/carbon dioxide
(CO2) mixed gas was applied in our methodology.33 In this
system, various compounds can be formed by the redox
reaction between molybdenum (Mo), sulfur (S), carbon (C),
and oxygen (O) elements. To drive a selective reaction
between CO and S while preventing others, we designed a
processing map for the specific reaction pathway. In particular,
the processing window to generate VS along with carbonyl
sulfide (COS) was predicted by calculating MoS2−CO−CO2

ternary phase diagram using thermodynamic chemical
potential of each compound. The 2H to 1T phase ratio was
controlled by the predicted processing parameters. This can
modulate the MoS2 polymorph, regardless of the material form
factor (flake, film, or precursor) and even when the MoS2 layer
is incorporated into a C matrix. Simultaneous MoS2 structure
(vertical stacking, lateral growth) and polymorph (2H, 1T)
control was realized by self-assembled 1T-MoS2 layers in
carbon nanofibers (CNFs). Our predictive approach enables
the efficient and rapid synthesis of 1T-MoS2 by applying a
specific molar composition of MoS2−CO−CO2 for the
targeted reaction. This work paves the way to optimize the

Figure 2. 1T-MoS2 phase and structure control in MoS2/CNFs. (a) FE-SEM image of ATTM+PAN nanofibers that transform into MoS2/CNFs
(schematic) via CO/CO2 calcination. (b) Schematic of gas−solid reaction between CO, CO2, and MoS2/CNFs to induce selective C oxidation and
anion extraction. (c) MoS2 stacking number and layer length control scheme with phase control. (d−i) TEM images of MoS2/CNFs according to
the CO ratio and isothermal time of calcination. Black lines in inlet display the distribution of self-assembled MoS2 layers within CNFs.
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intrinsic properties of metastable TMDs by the kinetically fast
anion extraction approach.
Through introduction of CO into MoS2, the S atoms

coordinated around the Mo atom react with CO to generate
COS along with VS (Figure 1a). This VS formation with CO
adsorption can induce octahedral 1T-MoS2.

δ δ+ · → + ·δ−g gMoS CO( ) MoS COS( )2 2 (1)

eq 1 displays the process of nonstoichiometric/defective 1T-
MoS2 formation by anion extraction.
The processing window for VS formation by anion extraction

was predicted by calculating MoS2−CO−CO2 ternary phase
diagrams.34,35 To determine the CO:CO2 ratio and the mole
fraction of MoS2, we calculated the solid and gas product
distributions at the calcination condition of 800 °C and 1 atm
(Figure 1b, c). In the diagram, region 1 displays MoS2 (s) +
MoO2 (s) + gas; region 2 displays MoS2 (s) + Mo2C (s) + gas;

region 3 displays MoS2 (s) + MoC (s) + gas; and region 4
displays MoS2 (s) + MoC (s) + C (s) + gas. We constructed a
contour map of the product distribution according to the mole
fraction of MoS2−CO−CO2 (starting materials) and over-
lapped it with the ternary phase diagram (Figure S3, Table S2,
S3). The solid lines are tie lines that indicate stable
intermediate compound formation, and the dashed lines
show the changes in the calculated product amounts according
to the specific composition of the starting materials.36

In the solid product prediction map (Figure 1b), MoS2,
molybdenum oxide (MoO2), molybdenum carbide (Mo2C,
MoC), and C were calculated to be the main products. In the
MoS2 distribution (yellow), the MoS2 amount after reaction
was mainly affected by the initial MoS2 mole fraction. As the
CO mole fraction decreased to lower than 0.125, MoO2 (blue)
started to be generated. This is due to the increased oxygen
partial pressure (pO2) over that of the formation Gibbs free

Figure 3. Anion extraction induced 1T-MoS2 polymorph control kinetics. XPS analysis of Mo 3d for the investigation of the relative ratio between
the 1T and 2H phases of MoS2/CNFs according to the CO ratio at calcination isothermal times of (a) 1 h and (b) 5 h at 800 °C. (c) EXAFS
spectra with fitting for investigating the local atomic structures (coordination number, atomic distance) of Mo−S in MoS2/CNFs according to the
CO ratio (30 and 60%) after 1 and 5 h of calcination. The relationship between Mo−S coordination number, MoS2 structure (stacking number and
length), and 1T-MoS2 ratio of MoS2/CNFs were investigated according to the CO ratio for (d) 1 h and (e) 5 h CO/CO2 calcination.
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energy (ΔG°f) for MoO2.
34 In the MoS2 thermal treatment,

preventing MoO2 formation is essential because MoO2 has a
ΔG°f lower than that of MoS2 (ΔG°f of MoO2 = −395.59 kJ/
mol and ΔG°f of MoS2 = −201.22 kJ/mol at 800 °C).34 In this
regard, pO2 should be lower than that of the ΔG°f for MoO2 to
prevent MoS2 oxidation to MoO2. When the CO mole fraction
increased to over 0.7, Mo2C (pink) and MoC (purple) were
expected to be formed. At a higher CO mole fraction of over
0.9, C (gray) was expected to be precipitated based on the
Boudouard reaction of C (s) + CO2 (g) ↔ 2CO (g). A CO
ratio from 20 to 70% was determined to be a safe zone for the
homogeneous MoS2 without phase overlap at any MoS2 mole
fraction.
In the gas product prediction map (Figure 1c), COS, sulfur

dioxide (SO2), and carbon disulfide (CS2) were determined to
be the main gas products. At the low CO ratio range, SO2 was
generated due to the MoO2 formation. At the high CO ratio
range, CS2 was generated, and it was related with the C
precipitation and Mo2C and MoC formation. Tracking the
COS (yellow) amount according to the CO ratio is important
because the COS directly indicates the VS formation in the
MoS2. Interestingly, we found a valley region where the
calculated amount of COS increases gradually with the CO
ratio. We expected that an experiment in this region could
induce the anion extraction-based MoS2 polymorph con-
version. Therefore, considering the solid and gas product
prediction maps, we set the CO ratio from 25 to 60% as a
processing window for 1T-MoS2 conversion.
On the basis of this predicted condition, we calcined MoS2

powder under CO/CO2 gas (40% CO ratio) at 800 °C for 5 h.
The atomic arrangement of MoS2 on the c-axis plane was
investigated by Cs-corrected TEM to compare the MoS2 status
before and after calcination. High-angle annular dark-field
imaging scanning TEM (HAADF-STEM) contrast displays
heavy atoms (Mo) with higher intensity (bright) than light
atoms (S). Purple and yellow inlet dots on HAADF-STEM
images indicate Mo and S atoms (Figure 1d and 1e). The
HAADF-STEM image of the MoS2 layers before calcination
indicates a 2H-MoS2 atomic array (Figure 1d). After
calcination, the atomic array was transformed to the T phase
according to HAADF-STEM (Figure 1e) along the [0001]
direction.37 In Figure 1e, the brightness of the Mo atoms varies
according to the Mo position, and this can be observed when
1T- and 2T-MoS2 coexist in the MoS2 multilayer (Figure S6).
In this work, the 1T phase represents the entire T phase,
including 1T- and 2T-MoS2.

37 We compared the status of
MoS2 powders from before and after calcination by Raman and
Mo 3d X-ray photoelectron spectroscopy (XPS) analyses. In
Raman analysis (Figure S9), we confirmed the clear peaks of J1,
J2, and J3 after the calcination, which indicate the existence of
the 1T phase.38 By deconvoluting the XPS spectra of Mo 3d3/2
and Mo 3d5/2, we verified the formation of high purity 1T-
MoS2 (Figure 1f). Also, the XPS S 2p spectra shift to lower
binding energy supports the conversion from 2H- to 1T-MoS2
(Figure S10).19,23

To extend the applicable material range of the anion
extraction approach, the MoS2 polymorph transition was
applied in MoS2/CNFs (Figure 2a). We fabricated MoS2/
CNFs by calcining electrospun ammonium tetrathiomolybdate
(ATTM, (NH4)2MoS4) + polyacrylonitrile (PAN, C3H3N)
nanofibers. When the MoS2 nanocrystals were incorporated
into the CNFs, the stacking number and layer length of the
MoS2 layers could be controlled with polymorph conversion.

In MoS2/CNFs, anion extraction-based polymorph conversion
needs to proceed in the specific thermodynamic region where
selective C oxidation and Mo sulfidation are induced with
preventing other reactions in the Mo−S−C−O quaternary
system (Figure 2b).34 Simultaneous MoS2 phase and structure
control can be realized because gaseous CO can penetrate the
C matrix for the reaction with MoS2 (Figure 2c).
In the TEM images of MoS2/CNFs, we observed that the

1T-MoS2 structures are controlled from single- to multilayers
according to the CO ratio and isothermal time of calcination
(Figure 2d−i). As the CO ratio decreased from 60 to 30%
(increasing pO2), the vertical stacking and lateral growth of the
MoS2 layers were promoted. As the isothermal time increased
from 1 to 5 h, the MoS2 stacking number and layer length
increased accordingly. This phenomenon occurs because the
CO reacts with the S in MoS2, and the O2, controlled by the
equilibrium reaction between CO and CO2, reacts with C, as
displayed in Figure 2b. As pO2 increases with the decreasing
CO ratio, the degree of C combustion increases.34 This
promotes the nucleation and growth of MoS2 nanocrystals in
CNFs.
We analyzed the Mo 3d XPS spectra according to the CO

ratio (25, 30, 40, and 60%) and the isothermal time (1 and 5
h) of CO/CO2 calcination to quantify the degree of
polymorph conversion in MoS2/CNFs (Figure 3a and 3b).
The 1T-MoS2 ratio in the MoS2/CNFs increased as the CO
ratio and isothermal time increased. At the lowest CO ratio of
25%, the MoS2 was almost all in the 2H phase after 1 h of
calcination. As the CO ratio increased from 25 to 60%, the 1T-
MoS2 proportion increased from 15.5 to 67.9%. After 5 h of
calcination, the 1T-MoS2 proportion gradually increased from
48.7 to 58.0% as the CO ratio increased from 25 to 40%.
However, at the critical point of the highest CO ratio and
isothermal time (60% CO and 5 h), the degree of polymorph
transition degraded to 48.5% (Figure S14).
To verify that the 1T-MoS2 conversion is related to VS, we

carried out Mo K-edge X-ray absorption spectroscopy (XAS)
analysis according to processing parameters. Extended X-ray
absorption fine structure (EXAFS) spectra display the VS
generation tendency in MoS2/CNFs according to the CO
ratio after 1 and 5 h of calcination (Figure 3c). EXAFS fitting
provided the information on the S atom coordination number
(CN) around the Mo atom (Table S4). Normally, the Mo
atom in MoS2 is coordinated with six S atoms. In the MoS2/
CNFs after 5 h of calcination, the Mo−S CN of MoS2 at the
25% CO ratio condition was 5.29 ± 0.44. As the CO ratio
increased to 30%, the Mo−S CN decreased to 4.72 ± 0.36. At
40 and 60% CO, the Mo−S CNs decreased to 4.00 ± 0.27 and
3.86 ± 0.39, respectively (Figure 3c, Figure S17) Also, in the 1
h calcination of MoS2/CNFs, Mo−S CN decreased from 5.15
± 0.44 to 4.65 ± 0.40 when the CO ratio increase from 30 to
60%.
While the Mo−S CN was controlled according to the CO

ratio, XRD revealed that the MoS2 phase was maintained at
this processing window (Figure S19). We evaluated the
precision of processing window by proceeding with the
calcination at the 20% CO ratio, lower CO condition than
the boundary for homogeneous MoS2 formation. Interestingly,
we found that the calcination of ATTM + PAN nanofibers
forms the mixed phase of MoS2 and MoO2, predicted in
MoS2−CO−CO2 ternary phase diagram (Figure S20). This
reveals that our method provides a precise information for the
synthesis in terms of polymorph and overall phase of materials.
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Gas products during the CO/CO2 calcination of MoS2/
CNFs were investigated for the experimental verification of the
anion extraction by CO (Figure S21). As we predicted in
thermodynamic calculation (Figure 1c), COS, SO2, and CS2
were detected, and their amount was changed according to the
CO ratio. Especially, the amount of COS increased as the CO
ratio increased. This result reveals the reaction between CO
and S and the VS formation in the MoS2. With the EXAFS and
gas detection results, it has been verified that the VS of MoS2
increases when CO ratio increases.
To find out the effect of VS and the MoS2 structure in the

anion extraction-based polymorph conversion, the distribu-
tions of the Mo−S CN, MoS2 structure, and 1T-MoS2 ratio in
the MoS2/CNFs were merged according to the processing
parameters (Figure 3d and 3e). The decrease of the Mo−S CN
from the EXAFS spectra can be interpreted as the number of
VS increases in the MoS2. We discovered a strong relationship
between VS and the 1T-MoS2 formation. After 1 and 5 h of
calcination, the 1T-MoS2 ratio increased as the number of VS
increased according to the CO ratio. In the 5 h calcination of
MoS2/CNFs, which induced lower Mo−S CN than that of 1 h
calcination, 1T-MoS2 ratio increased from 48.66 to 57.99% as
the Mo−S CN decreased from 5.29 ± 0.44 to 4.00 ± 0.27.
However, when the Mo−S CN decreased to below 4, the 1T-
MoS2 ratio decreased (57.99% at 4.00 ± 0.27 Mo−S CN →
48.48% at 3.86 ± 0.39 Mo−S CN). This might be related to

the phase instability of MoS2 at high VS concentration (CV),
and Mo−S CN of 4 is expected as a limiting point for the
efficient 1T-MoS2 conversion by anion extraction.
As the isothermal time increased from 1 to 5 h, the vertical

stacking and lateral growth of the MoS2 intensified. When we
compared the 1T-MoS2 ratios according to the isothermal time
at the same CO ratio, the 1T-MoS2 ratio in the MoS2/CNFs
and the Mo−S CN decreased as the isothermal time increased.
This phenomenon is related to the effect of the MoS2
morphology on the polymorph transition. As the MoS2 size
increases, the degree of polymorph conversion decreases. We
confirmed that the VS from anion extraction can induce 1T-
MoS2 conversion with a reaction rate that is affected by the
MoS2 structure.
We performed density functional theory (DFT) calculations

to investigate theoretically the role of VS on the TMD
polymorph conversion and compared the relative stabilities of
the 1T′ and 2H phases under various conditions (1T′ is known
to be more stable than 1T.39−41). To estimate the equilibrium
VS concentration (CV

eq), we investigated the differential vacancy
formation energy (ΔEf) of 1T′-MoS2 as a function of CV,
assuming a uniform distribution of vacancies. ΔEf is defined by
the following equation:

μΔ = + −+E E En n
f S

1
(2)

Figure 4. First-principles study of MoS2 polymorph transition by CO. (a) ΔEf of monolayer 1T′-MoS2 as a function of the vacancy concentration.
(b) E1T′ − E2H per unit MoS2 as a function of the VS concentration. (c) DOS of monolayer 2H-MoS2 and 1T′-MoS2 with 3.125% VS, which are
aligned by the vacuum level (Evac). Morphologies and edge energies of monolayer (d) 2H- and (e) 1T′-MoS2. (f) E1T′ − E2H as a function of the
particle size for pure MoS2 and VS-induced MoS2. The effects of the vacancies and nanoparticle size were calculated analytically using E1T′ − E2H
and MoS2 edge energy data.
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where n is the number of vacancies in the 4 × 4 supercell, En is
the DFT energy of the supercell, and μS is the chemical
potential of S. μS is determined by the equilibrium condition
between CO and COS:

μ = − + Δ − Δ +E E E T S kT p pln( / )S COS CO ZPE COS CO
(3)

where ECOS and ECO are the DFT energies of COS and CO,
ΔEZPE is the zero-point energy difference, ΔS is the entropy
difference taken from the NIST database,42 pCOS and pCO are
the partial pressures of COS (10 ppm, 10−5 atm) and CO (0.5
atm) inferred from the experiment, and the temperature (T) is
set to the experimental value of 1073 K.
Figure 4a shows ΔEf as a function of CV. ΔEf is constant (∼

−1.0 eV) at the isolated limit (CV ≤ 9%) and increases with
CV, becoming positive from above CV = 19%. The CV

eq was
calculated as 17%, which was set to be the minimum point of
Gibbs free energy (G) including the configurational entropy of
VS in eq 2. This value elucidates the feasibility of VS formation
by the reaction between CO and MoS2. Figure 4b shows the
energy difference between monolayer 1T′- and 2H-MoS2 (E1T′
− E2H), which is in good agreement with the previous works
on E1T′ − E2H in the presence of VS.

26,27 The E1T′ − E2H
decreases significantly from 0.60 eV/MoS2 (without VS) to
0.22 eV/MoS2 (at CV

eq) with increasing CV. We determined
that the equilibrium CV

eq and corresponding E1T′ − E2H of
multilayer MoS2 are almost identical to the monolayer values.
This indicates that increasing CV can promote the 1T′ phase
conversion. Also, the increase of E1T′ − E2H by the excessive VS
formation can be related with the decreased 1T-MoS2 ratio
(Figure 3e).
To understand how VS affects the relative stability of the two

phases, we present the partial densities of states (PDOS) for
3.125% VS in 2H-MoS2 and 1T′-MoS2 monolayers (Figure 4c).
The PDOS of the VS-induced 2H-MoS2 is in good agreement
with the previous calculation,43 where one occupied a1 level
and two unoccupied e levels are generated as a result of
hybridization among the d orbitals of three Mo atoms near VS
(MoNN). The a1 state of 1T′-MoS2 is located in the valence d-
band, and the e states are located in the conduction d-band,
similar to the anion vacancy states of group 4 TMDs.44−46

Therefore, the electrons in the a1 state are stabilized in the T′
phase, which reduces E1T′ − E2H and induces the 1T′ phase
conversion.
We investigated the effect of MoS2 structure on the

polymorph control. The relative energy difference between
1T′- and 2H-MoS2 varies with the MoS2 particle size because
of the edge-energy difference.47 Figure 4d and 4e show two
types of edges at 2H-MoS2 and 1T′-MoS2, respectively. The
termination and energies of edges are calculated by the ribbon
model and nanoparticle structure (see Supporting Information
for details). The average edge energies were calculated as 0.40
eV/Å for 2H- and 0.09 eV/Å for 1T′-MoS2. E1T′ − E2H as a
function of the nanoparticle size was estimated using the
average edge energies (Figure 4f). The effect of VS was
considered a constant shift of E1T′ − E2H, according to the
values presented in Figure 4b. Note that vacancy formation at
the edge sites was ignored because vacancy formation energy at
the edge sites is much larger than that of the basal plane (Table
S6). While pure 1T′-MoS2 is more stable than 2H-MoS2 in the
range of particle sizes below 2 nm, the VS-induced 1T′-MoS2
can be stabilized until the particle size is approximately 10 nm.
As CV increases, the size of the MoS2 flake for stable 1T′ phase

increases. This reveals that VS can stabilize the formation of
1T′-MoS2 at larger size of MoS2 particle.
To prove the merit of simultaneous MoS2 structure and

phase control, we evaluated the electrochemical catalytic
activity of the 1T-MoS2/CNFs (Figure S25).34 This anion
extraction approach can make 1T-MoS2, optimize the MoS2
structure, and hybridize MoS2 with an electrically conductive C
matrix at the same time. Based on this, we fabricated vertically
aligned MoS2 in CNFs with 1T-MoS2 ratios of 0, 25, and 58%.
The hydrogen evolution reaction (HER) activity of the MoS2/
CNFs was measured in a 0.5 M H2SO4 electrolyte. Figure 5a

shows a comparison of the linear sweep voltammetry (LSV).
As the 1T-MoS2 ratio increased, the HER performance was
boosted in terms of the onset potential, overpotential, and
Tafel slope. MoS2/CNFs with 58% 1T phase exhibited 80.5
mV as the lowest potential at 10 mA/cm2 with a Tafel slope of
38.2 mV/dec (Figure 5b). Compared to other MoS2-based
HER electrocatalysts, our 1T-MoS2/CNFs with the optimized
MoS2 phase and structure showed a superior catalytic
performance. This can be explained by the promoted H
adsorption at the 1T-MoS2 basal plane (lower activation

Figure 5. Catalytic activity of polymorph and structure controlled
MoS2/CNFs. (a) Effect of 1T phase on the HER catalytic activity of
MoS2/CNFs with LSV. (b) Comparing the HER performances of
MoS2-based electrocatalysts in terms of the potential at 10 mA/cm2

and Tafel slope.9,16,52−61,17,62−66,18,19,25,48−51
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barrier in the Volmer step) and the optimized MoS2 structures
within the highly conductive CNFs.40

This method was applied to tungsten disulfide (WS2)
polymorph control to extend the application range. We found
the processing window for VS formation in WS2 by calculating
WS2−CO−CO2 ternary phase diagrams with solid and gas
products (Figure S27). Compared to MoS2, WS2 showed the
wider region for the W oxide (W18O49, WO2) formation.
Above the CO ratio for W oxide, we found the valley region to
form 1T-WS2, where the COS amount increases with CO
ratio. After we calcined the ammonium tetrathiotungstate
((NH4)2WS4) + PAN nanofibers, 1T-WS2/CNFS were
fabricated successfully. This result reveals that the anion
extraction can be applied as a general method for polymorph
control.
In summary, we developed a new TMD polymorph control

platform using an anion extraction approach that mediates the
bonding between the gas-phase reactant and the solid target
material. Starting from DFT calculations to discover VS as a
key factor leading to the T phase transition, we systematically
controlled the MoS2 polymorph by a gaseous CO reaction with
the S atoms adjacent to Mo atoms to form VS in the MoS2.
The processing window for the experiment was designed
according to the MoS2−CO−CO2 ternary phase diagram.
Based on the processing parameters to generate VS, the 1T-
MoS2 in the MoS2/CNFs was precisely controlled. We
established a VS−MoS2 structure−polymorph relationship
wherein the MoS2 stacking number and layer length affect
the VS-induced 1T-MoS2 formation. This work can open an
avenue for not only the TMD polymorph transition but also
predictive nanofabrication via a thermodynamically designed
reaction pathway. We envision that the fabrication advantages
of gas medium-based anion extraction such as precise
controllability, predictive synthesis, and mass production can
be extended toward higher-order atomic component systems.
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