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Abstract 

 

Two Dimensional (2D) materials such as transition metal chalcogenides (TMDs) has been studied, 

but several problems still remain as disturbance for application to energy materials like electrocatalyst. 

In this work, we present a phase engineering of TMDs for electrocatalyst via highly reactive molten 

Potassium (K) metal intercalation. The 2H to 1T phase transition of TMDs has been exploited for 

application of the 1T phase with metallic property to applications such as electrocatalysts. However, the 

improving stability of thermodynamically metastable 1T TMDs remains an important challenge to 

overcome for using 1T phase properties. In addition, scalable synthesis methods of 1T TMDs, which 

are necessary for a wide range of applications, have to be developed. In this work, we presented a 

synthesis method of 1T phase MoS2 using molten K metal intercalation suitable for scalable method 

and confirmed the sucessfully phase transition 2H to 1T phase and improvement of 1T phase stability 

by K atom doping in the MoS2 basal plane. Furthermore, K atoms are doped in MoS2 basal plane, which 

can donate electron continuously to MoS2, which achieved long-term stability, thermal stability, and 

high power laser stability. Furthermore, we applied K doped 1T MoS2 to the hydrogen evolution 

reaction (HER) electrocatalyst and confirmed the improved HER performance owing to high electrical 

conductivity and basal plane activation of K-doped 1T MoS2 compared to 2H MoS2 and 1T MoS2 (n-

BuLi), and high phase stability of K-doped 1T MoS2 exhibits high HER stability.  
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1. Synthesis of 1T MoS2 via molten Potassium metal intercalation and doping 

1.1 Research background 

Transition metal dichalcogenides (TMD) is a typical 2-dimensinal material composed of an X-M-

X layer laminated by a Van der Waals interaction. Polymorphs of MX2 compounds such as MoS2 and 

WS2 are present in 1T and 2H phase based on coordination of M and X atom1-2. As shown in Figure 1.1, 

2H phase has MS6 trigonal coordination and consists of two S-M-S layers. 2H MoS2 has a 

semiconductor characteristic with a band gap of about 1.2 eV3-5. On the other hand, 1T MoS2 is 

composed of one S-M-S layer with MS6 octahedral coordination and has a high electrical conductivity 

due to its metallic property as opposed to the 2H-phase having semiconductor characteristics, which is 

attributed to the electron density in valence d orbitals of transition metal6-7, so 1T phase MoS2 is applied 

to various electronic devices such as battery8-11, hydrogen evolution catalyst12-16, and supercapacitor6, 17-

20. 

Depending on the electron fling in the d orblital of metal atoms, MoS2 appears in different 

polyporph phase, including 3R (three layers of elongated cotton multi-shape and Mo atom in 3 angled 

prism adjustment), 2H (two layers of six square and three square prism adjustment Mo) and 1T (triangle 

with one layer and an octahedral adjusted Mo atom) representing various optical and electronic 

characteristics. The 3R phase of MoS2 with the least studied demonstrates the potential for functional 

integrated photons due to their inherent special nonlinear behavior. The bulk 2H MoS2 indirect band 

gap on the single layer 2H MoS2. In contrast, 1T-MoS2 is hydrophilic and metallic. Thus, in the field of 

electrochemical reaction and energy storage, the resistance to transmission of charge is reduced rapidly 

to 1T MoS2, providing much better performance for the 1T phase of MoS2 Moreover, the magnetic 

properties of MoS2 can be significantly improved as the crystal structure is converted from 2H to 1T. 

Metal and translucent 1T MoS2 offers new opportunities for transparent conductor development. 

However, in thermodynamic perspective, the phase of MoS2 is more stable and preferred in 2H 

phase, so the metastable 1T phase does not exist in nature21-22. To synthesize 1T phase MoS2, various 

methods for 2H-to-1T phase transition of TMDs including intercalation with alkali metal7, 23-24 and 

electron donor materials (ammonium25, phosphorus26), electron beam irradiation27, and mechanical 

strain28,29 have been proposed. Among them, n-Butyllithium intercalation (chemical exfoliation) is still 

the most widely used strategy to synthesize the 1T-TMDs. However, the chemical exfoliation is 

complex and inadequate for complete phase transition with high-purity, because n-Butyllithium (n-BuLi) 

tends to form relatively large molecules of dimeric or trimeric structures, which diffuse slowly into the 

interlayer of TMDs. However, the synthesized 1T MoS2 is not suitable for mass production due to its 

very long synthesis time30 and low yield31, and thermal stability is also low, so it has the disadvantage 

that the characteristics of 1T phase are easily lost and converted to 2H phase when applying energy 

device32, 33. Furthermore, a fatal drawback is that when the electron donor is completely removed from 
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the surface of the TMDs via post treatments, 1T phase is easily converted to 2H phase, which severely 

restricts using electrical conductivity and catalytic activity of the 1T phase TMDs. 

Therefore, the synthesis method that can maintain highly stable 1T phase MoS2 remains big 

challenge. The method of lattice mismatch34, electron donor atom doping was proposed. Intercalation 

or doping of a material having a lone pair electron such as alkali metal25-26 can lower the activation 

energy to convert 1T to 2H, thereby maintaining 1T phase more stable than 2H phase. In addition, metal 

doping can maintain the octahedral coordination by trapping the sulfur site of 1T phase, and can 

maintain the Mo 3d orbital electronic structure of 1T phase by continuously electron transfer to Mo 

atom through doping of atom with lone pair electron35,36. Although density functional theory (DFT) 

confirmed that the formation energy of the 1T phase is more stable than the 2H phase via 

electron donor doping in previous studies, typical electron donor doping methods for improving 

the 1T phase stability through generally requires harsh conditions such as the use of toxic gas, 

and chemical vapor deposition (CVD) process at high pressure and temperatures.37 Therefore, 

comparatively facile method that easily electron donor doped to the TMDs basal plane is 

indispensable to take full advantage of the properties of stable 1T-TMDs. 

In this work, we propose a molten potassium metal intercalation and doping method that is more 

reactive than alkali ions for the synthesis of 1T MoS2. K doped 1T MoS2 synthesized through the 

proposed synthesis method has 1T phase of up to 92% and 1T MoS2 synthesis with 80% yield. In 

addition, it was confirmed by calculation that the 1T phase is more stable than the 2H phase by K atom 

doping, which acts as an electron donor. It was confirmed that the synthesized K doped 1T MoS2 

maintains the 1T phase stably for 300 ° C, air atmosphere, and 532 nm laser. In addition, by applying 

K doped 1T MoS2 having high phase purity and phase stability to the hydrogen generating catalyst, 

HER efficiency and stability were improved compared to 1T MoS2 and 2H MoS2 synthesized using n-

BuLi. 

 

 

Figure 1.1. Atomic and lattice structure of 2H and 1T phase MoS2. 
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1.2 Experimental section 

1.2.1 Synthesis of K-doped 1T-MoS2 

For the synthesis of K-doped 1T-MoS2, 500 mg of bulk MoS2 powder (<2 μm, purity >98%, 

Sigma-Aldrich) and 200 mg of potassium metal (stored in oil, purity>99.95%, Kojundo Korea) were 

filled in glass tube under nitrogen atmosphere. The set of tubes was sealed through a vacuum line and 

treated at 400 ℃ for 1 h. Obtained KXMoS2 dispersion in deionized water (10 mg/mL) was exfoliated 

via mild sonication (CPX2800H, Branson) for 1 h. To remove the unexfoliated MoS2, centrifugation 

(VARISPIN 15R, CRYSTE) was performed at 3000 rpm for 30 min. The resulting suspension was 

filtered and washed using isopropyl alcohol and ethanol to remove potassium ion residues. Filtrated K-

doped 1T-MoS2 powder was dried at 70 ℃ for 6 h. 

 

1.2.3 Synthesis K-doped 1T-WS2 

The synthesis method is similar to the synthesis of K-doped 1T-MoS2, but WS2 powder (<2 μm, 

purity >99%, Sigma-Aldrich) was used as the TMDs. 

 

1.2.4 Synthesis K-doped 1T-MoSe2 

The synthesis method is similar to the synthesis of K-doped 1T-MoS2, but MoSe2 powder (purity 

>99.9%, Alfa Aesar) was used as the TMDs. 

 

1.2.2 Synthesis of 1T MoS2 (chemical exfoliation) 

Lithium intercalation was done in an Ar-filled flask. The intercalation of 500 mg MoS2 (Sigma-

Aldrich) was carried out by stirring (1200 rpm) in BuLi/hexane solution (30 mL, 5 M, Sigma-Aldrich) 

in a 50 mL 2 neck round bottom flask for ~48 h. After intercalation, excess BuLi was recovered by 

filtration and washing with hexane. Ther Li intercalated MoS2 was exfoliated by sonication (135 W, 

Branson 2800). and the intercalated samples were retrieved by centrifugation and washed three times 

with 40 mL of hexane to remove excess lithium and organic residues. 1T MoS2 in DI water dispersion 

was washed through 12,000 rpm centrifuge (CRYSTE, VARISPIN 12). 

 

1.2.3 Material characterizations 

Structural characterizations were conducted by High-power XRD (D/MAX2500V/PC, Rigaku) at 

a scan rate of 1 ° min-1. The absorption of 2H-MoS2 and K-doped 1T-MoS2 dispersion were measured 

through UV-vis-NIR spectrophotometer (Cary 5000, Agilent). Raman and photoluminescence spectra 

were obtained with confocal Raman (alpha300R, WITec) using a 532 nm laser. Sheet resistance for 

calculate electrical conductivity was measured by 4-point probe (CMT-SR2000N, Advanced 

Instrument Technology). Chemical composition and changing the oxidation state were carried out by 
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XPS measurement (ESCALAB 250XI, Thermo Fisher Scientific). Morphological characterizations was 

conducted using Dimension AFM (DI-3100, Veeco) and HR-TEM (JEM-2100F, JEOL). EDS 

elemental mapping was carried out using JEOL 21000F microscope at voltage of 200 kV. Thermal 

analysis for confirmation of phase conversion was conducted using TGA (Q500, TA) and DSC (Q200, 

TA) at a scan rate 5 ℃ min-1. 

 

1.2.4 Electrochemical characterization 

The electrochemical reduction profiles of rotating disk electrode (RDE) were measured by 

depositing thin film of catalysts by preparing the catalyst ink on the glassy carbon disk 

electrode, where area is 0.1256 cm2. Each catalyst was prepared in the form of an ink by 

dispersing 18 mg of the catalyst and 2 mg of Ketjen Black (EC-600JD) in 1 mL of a binder 

solution followed by a bath sonication process, where the binder solution is prepared by mixing 

ethanol, isopropyl alcohol, and 5 wt.% Nafion solution (Sigma-Aldrich) with a volumetric ratio 

of 45:45:10. A platinum wire was used as a counter electrode and Ag/AgCl (saturated KCl 

filled) was used as a reference electrode. An aqueous solution of N2-saturated 0.5 M H2SO4 

and 1 M KOH were used as the electrolyte. The electrochemical tests were carried out using a 

computer controlled potentiostat (Biologic VMP3) with an RRDE-3A (ALS Co.) rotating disk 

electrode system at a scan rate of 10 mV sec-1. A calibration in reversible hydrogen electrode 

(RHE) was experimentally determined at a scan rate of 1 mV s-1, in H2-saturated 0.5 M H2SO4 

and 1 M KOH where platinum wire was used as the working and counter electrode and 

Ag/AgCl as the reference electrode. For all half-cell configured experiments, iR drops were 

compensated by measuring the resistance of solution under the working condition. 

 

1.3 Synthesis mechanism of K doped 1T MoS2 

K-doped 1T MoS2 is synthesized by MMI method, as illustrated in Figure 1.1. A glass tube (6 mm 

in diameter) filled with bulk MoS2 powder (500 mg) and potassium metal (200 mg) was inserted in a 

larger glass tube (10 mm in diameter). While reacting at 400 ℃ for 1 hour, the MoS2 powder is 

impregnated through the capillary action of molten potassium metal and the potassium molecules are 

spontaneously intercalated into the MoS2 interlayers by the potential gap between electron affinity of 

MoS2 (4.45 eV) and ionization potential of potassium (4.34 eV) 37, 38. The low ionization potential of 

potassium easily donates the electron in reaction with MoS2, simultaneously MoS2 easily 

accept electrons from the potassium owing to the high electron affinity of MoS2. Furthermore, 

the some of the intercalated K atoms forms the ionic bonding with more electronegative S atom 
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than Mo atom. The reason for the K–S ionic bonding is that the difference in electronegativity 

between K atom and S atom is 1.76, therefore the electron can be transferred from K atom to 

the MoS2. As a result, 300 mg of K-doped 1T MoS2 powder can be synthesized via MMI method. The 

digital image shown in Figure 1.2 is the K-doped 1T MoS2 dispersed in deionized water with 

concentration of 1 mg/mL, demonstrating that gram scale synthesis of K-doped 1T MoS2 is possible. 

Notably, the general applicability of the MMI method has also been validated as an expandable method 

to apply phase engineering of other VI-TMDs, WS2  (Figure 1.3). 

 

1.4 Characterization anlaysis of K doped 1T MoS2 

The XRD anlyasis was performed to confirm MoS2 exfoliation and molten Potassium metal 

intercalation. As shown in Figure 1.4 a,b, as the exfoliation of bulk MoS2, the intensity of the (002) 

peak near 14 ° was reduced, but it was confirmed that the sharp peak was still maintained and the 

crystallinity was maintained. In particular, there is no peak exept for the XRD peak of MoS2. This 

suggests that Potassium was mainly doped in the plane of MoS2 rather than in the formation of new 

compouds. Figure 1.4 b show the intensity of the (002) peaks is reduced and shift toward smaller angle. 

In case of KxMoS2 (K c/2 = 8.99 Å), the main peak appears at 11.4 °. This is a value shifted by about 

3 ° compared to bulk MoS2, which means that the interlayer distance of MoS2 (002) plane is widened 

by K atom according to Bragg's law. 39, 40 Such blue shift in KxMoS2 suggests the increased MoS2 

interlayer spacing in the KxMoS2 from 6.1 Å to 7.7 Å owing to spontaneous K atom intercalation via 

MMI method. And the sharp (002) plane XRD peak of K-doped 1T-MoS2 presented considerably 

decreased intensity compare to the that of bulk MoS2, indicating that the K-doped 1T-MoS2 with high 

planar crystal structure are successfully exfoliated. Even after the exfoliation the (002) plane of K doped 

1T MoS2 is observed with a blue shift of 0.5° (13.9°) relative to bulk MoS2 and 2H MoS2 nanosheets, 

suggesting that the MMI method using highly reactive molten potassium not only efficiently 

intercalated between the MoS2 interlayer, but also doped K atom in MoS2 basal plane. 

As the transition from the 2H phase to the 1T phase, the big difference characteristic is change the 

electrical conductivity. Also, to prove this, the electrical conductivity was compared by using 4 point 

probe. Clearly, the K doped 1T MoS2 has a significantly higher electrical conductivity of 8723 S/m 

compared to 2H MoS2, which is about 330 times higher than 26.5 S/m of 2H MoS2. As shown in Figure 

1.2 d, the J1, J2, and J3 phonon modes are due to the 1T phase S-Mo-S, which clearly indicates that the 

phase is converted from 2H to 1T phase. In Raman spectrum of 2H MoS2, two main Raman modes can 

be identified at 383 cm-1 (E1
2g mode) and 401 cm-1 (A1g mode), arising from the in-plane and out-of-

plane vibration modes of MoS2, respectively. Meanwhile, K doped 1T MoS2 exhibits seven Raman 

mode peaks at 383 cm-1 (E1
2g mode, which suggests structural symmetry of 1T phase lattice), 401 cm-1 

(A1g mode), 280 cm-1 (E1g mode, which is attributed to the octahedral coordination of Mo), 152 cm-1 (J1 
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mode), 201 cm-1 (J2 mode), 337 cm-1 (J3 mode), and 240 cm-1 (K–S out-of-plane stretching Raman mode, 

which is attributed to K atom doping on MoS2 basal plane). The J1, J2, and J3 peaks in the Raman spectra 

of K doped 1T MoS2 are attributed to a longitudinal acoustic phonon modes of 1T phase.The presence 

of this feature is due to the zone-folding mechanism due to the formation of a superlattice in the base 

plane of the 1T MoS2. Also, the A1g (out-of-plane vibration) to E1
2g (in-plane vibration) reflects means 

Mo-S stretching of MoS2. In addition, the peak formed at 240 cm-1 corresponds to the out of plane 

stretching of K-S bonding. The photoluminescence (PL) spectra of K doped 1T MoS2 and 2H MoS2 

flakes are demonstrated in Figure 1.4e. As shown in Figure 1.4f, phase conversion of MoS2 investigated 

by ultraviolet-visible absoroption spectrum. As the phase changed from 2H to 1T phase, the A and B 

exciton peaks due to the semiconducting properties disappear and the metallic behavior is shown.41 UV-

vis-NIR (UV-vis-NIR) absorption spectra of 2H MoS2 and K doped 1T MoS2, which demonstrate the 

semiconducting feature of 2H MoS2 with A and B excitonic peaks at ~675 and ~612 nm corresponded 

to direct excitonic transition from valence band to the conduction band. On the other hand, K-doped 

1T-MoS2 shows the featureless spectrum with suppression of two excitonic peaks, indicating that the 

MMI method can successfully transform of the 2H phase (semiconducting) to the 1T phase (metallic).  

 

 

Figure 1.2. Schematic of synthesis of K doped 1T MoS2 via molten potassium intercalation. 

 

The XPS survey as shown in Figure 1.4g, h, i, shows that there are Mo 3d, S 2p, and K 2p in the 

case of K doped 1T MoS2. The Mo 3d peaks of K doped 1T MoS2 represented at 228.1 and 231.4 eV 

correspond to 3d5/2 and 3d3/2. On the other hand, Mo 3d peaks of 2H MoS2 are found at 228.9 and 232.2 

eV as high as 0.8 eV. The presence of the new peaks of K doped 1T MoS2 results from the Fermi level 

shift because extra electrons are filled in the d orbits during the phase conversion process. In addition, 

1T phase ratio was calculated based on XPS, and it was confirmed that 1T phase MoS2 having high 

phase purity of about 92% was synthesized. The S 2p peak also represent new peaks are found. The S 

2p peak of K doped 1T MoS2. Accordingly, apart from the S 2p3/2 peaks of S 2p1/2 and 2H MoS2 in the 

S 2p scan spectra, two new S 2p peaks were found, which further demonstrates the presence of 1T phase. 
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K doping of K doped 1T MoS2 was confirmed by XPS K 2p scan. K 2p scans were seen at 295.9 and 

293.2 eV, which is at K 2p1/2 and K 2p3/2, respectively. This results suggest that the K atoms can 

successfully donate the electron to MoS2 through MMI method. Furthermore, the phase composition of 

K-doped 1T-MoS2 was confirmed to 92.3% for 1T phase and 7.7% for 2H phase via XPS results, 

indicating that the K-doped 1T-MoS2 synthesized by MMI method has high 1T phase purity. The 

binding energy showing the K 2p peak is formed by K-S covalent bonding and is consistent with the 

Raman spectra results. 6, 21 

In addition, as the phase changes, the hydrophilicity changes. In Figure 1.5, the water contact 

angles of K doped 1T MoS2 and 2H MoS2 are shown. 2H MoS2 is hydrophobic in contact with water at 

95.3°. On the other hand, K doped 1T MoS2 can be seen to change to hydrophilic properties at 14.4 °. 

When applied to the electrocatalyst, this area maximizes the adsorption area with the aqueous electrolyte 

and facilitates hydrogen adsorption. Therefore, the hydrophilic properties of K doped 1T MoS2 can be 

evidence of further improvement of electrochemical performance.26 
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Figure 1.3. Digital image of K doped 1T MoS2 dispersion in DI water, which indicates that 

scalable synthesis of K-doped 1T MoS2 is possible. 

 

 

 

 

 

 

Figure 1.4. Comparison of  of K doped 1T WS2 synthesized by molten potassium intercalation and 

2H WS2 (a) Raman (b) UV-vis spectra (c) XPS spectra. 
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Figure 1.5. Comparison of characterization between K doped 1T MoS2 and 2H MoS2. (a) XRD 

patterns of K doped 1T MoS2 compared with bulk 2H MoS2 and nanosheets, and K doped 1T MoS2. (b) 

Selected region of XRD patterns of KxMoS2 shows a clear shift of 2 theta which means the change of 

interlayer distance due to K ion intercalation. (c) Electrical conductivity using four-point probe of K 

doped 1T MoS2 compared with 2H MoS2 nanosheets. (d) Raman spectroscopy for K doped 1T MoS2 

and 2H MoS2, showing the specific peaks of 1T phase MoS2. (e) Photoluminescence spectroscopy of 

an as exfoliated 2H MoS2 and K doped 1T MoS2. (f) UV-vis spectra for 1T MoS2 and 2H MoS2. The 

PL and UV-vis results show that the A and B exciton peak in case of the K doped 1T MoS2 are quenched. 

(g-i) Comparison of XPS spectra for K doped 1T MoS2 and 2H MoS2 (g) Mo 3d (h) S 2p (i) K 2p scan. 
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Figure 1.6. Contact angle of water droplets on the surface of K doped 1T MoS2 and 2H MoS2, 

respectively. 

 

 

1.5 Morphological Chracterization of K doped 1T MoS2 

As shown in Figure 1.7, in order to investigate the morphology, microstructure and elemental 

mapping of the K doped 1T MoS2 abtained high resolution transmission electron microscopy (HRTEM) 

was performed. Figure 1.7 a,b,c shows typical HRTEM images of K doped 1T MoS2. In the K doped 

1T MoS2 sample, the lattice structure of 2H phase in red region (semiconducting, trigonal) and 1T phase 

in blue region (metallic, octahetral) were observed simultaneously. The 1T phase MoS2 region showed 

a octahetral Mo-S atomic arrangement with interlayer distance of 0.27 nm, corresponding (100) plane 

of MoS2. Clear lattice structure can be observed in the zoomed-in images of 1T and 2H phase.The 1T 

phase region showed the clear Mo–S octahedral coordination with lattice spacing of 0.27 nm, 

corresponding to the (100) plane of MoS2. In contrast, 2H phase region showed typical Mo-S trigonal 

prismatic coordination. In addition, HRTEM images of synthesis temperature are shown in figure 1.8 

(100, 200, 300 and 400 °C). When the synthesis temperature reached 400 °C, the ratio of 1T phase 

showed the highest ratio of 92.4% through HRTEM image, and it was confirmed that K atom is an 

optimization condition that intercalates between MoS2 layers. The Mo-Mo interatomic arrangement of 

the K doped 1T MoS2 lattice structure can be clearly observed at the light intensity shown in Figure 

1.7d, along with a schematic. Mo-S-S-Mo atomic arrangement is shown in the 1T phase, while Mo-S-

Mo atomic arrangement is observed in the 2H phase. This can be confirmed once more by phase 
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conversion. The energy dispersive spectrometry (EDS) mapping results show K doping and match the 

XPS and Raman spectra results in Figure 1.4 d,i. This shows a uniform element distribution of Mo 

(blue), S (yellow) and K (purple). As shown in figure 1.9 and Table 1.1, the atomic ratio obtained from 

the EDS mapping spectrum confirms that K is about 15% doped. In Figure 1.7 f shows the selected area 

electron diffraction (SAED) pattern of K doped 1T MoS2 viewed along the (100) zone axis. In addition, 

one Mo atom is surrounded by six nearest neighboring Mo atoms, which is direct evidence of 1T phase. 

It also shows a high crystalline structure corresponding to the (100) plane of K doped 1T MoS2 with a 

lattice spacing of 0.27 nm, which is consistent with XRD results.42,43 In brief, the high 1T phase purity 

(>92%) and high crystallinity of K-doped 1T-MoS2 can be attributed to the MMI method. By analyzing 

thickness of AFM image in Figure 1.10, we verified the thickness histogram of K doped 1T MoS2 and 

most flakes are 2.52 nm (1-2 layers). The histogram was obtained from counting more than 100 flakes. 

 

 

 

Figure 1.7. HRTEM analysis of K doped 1T MoS2. (a) HRTEM image of K doped 1T MoS2 showing 

both the dominant 1T and 2H phases of MoS2. (b) Atomic arrangement of 1T phase region of the 

enclosed by the blue square in (a). (c) Atomic arrangement of 2H phase region of the enclosed by the 

red square in (a). (c) Light intensity profile of the line marked in (b) and (c). (e) EDS mapping images 

taken from the K doped 1T MoS2 flake, indicating homogeneous distribution of molybdenum, sulfur, 

and potassium (f) Selected area electron diffraction (SAED) pattern of K doped 1T MoS2 nanosheet.  
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Figure 1.8. HRTEM images of synthesis at (a) 100 ℃, (b) 200 ℃, (c) 300 ℃, (d) 400 ℃ respectively, 

showing that 1T phase ratio changes with synthesis temperature 

 

 

 

Figure 1.9. EDS mapping spectrum of K doped 1T MoS2. The red rectangle in the inset image shows 

the selected EDS inspection field. 

 



18 

 

 

 

 

Element Atomic % 

Mo 28.09 

S 56.34 

K 15.57 

Total: 100.00 

 

 

Table 1.1. Element ratio of K doped 1T MoS2 based on EDS mapping spectrum. The resulting spectrum 

and tabulated results show that K atoms are doped in non-oxidized MoS2. 

 

 

 

 

 

 

Figure 1.10. (a) Atomic force microscopy (AFM) of K doped 1T MoS2 on SiO2 substrate. (b) Thickness 

distribution of 100 flakes based on AFM images. The average thickness of K doped 1T MoS2 is 2.52 

nm. 
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1.6 Phase stability of K doped 1T MoS2 

In general, the biggest problem with 1T MoS2 synthesized via n-BuLi intercalation is that the phase 

easily changes to a thermodynamically stable 2H phase. The reason for the low phase stability is that 

2H phase is low energy and stable as the intercalated electron donor Li ion is removed.44 Therefore, we 

analyzed whether phase stability of 1T phase MoS2 improved as electron donor K atom was doped in 

in MoS2 plane, was doped in Figure 1.11. First, K doped 1T MoS2 sample was thermally annealed on 

hot plate in the air atmosphere for one hour and phase transition was investigated by using XPS Mo 3d 

and K 2p scan in Figure 1.11 a, b. The XPS Mo3d spectrum of the K doped 1T MoS2 annealed at 100, 

200, 300, and 350 ℃ is shown in Figure 1.11 a. XPS results suggested that the initial K doped 1T MoS2 

consisted of 92.3% 1T phase. As the annealing was introduced and the annealing temperature increased,  

the 1T fraction of K doped 1T MoS2 consisting according to the 1T phase peak intensity only lost about 

20% for the sample annealed at 300 °C. However, when annealing was performed at about 350 °C, the 

1T phase fraction became 0% and completely changed to the 2H phase. This tended to be similar to 

XPS K2p scan shown in 1.11 b. K atom, which can give electrons to MoS2 plane, also showed a clear 

peak at the beginning, but it was confirmed that no K-related peak appeared when the annealing 

temperature reached 350 °C. This proves that 1T phase conversion and 1T phase stability due to K atom 

doping can be improved. In addition, the high 1T phase stability was found to be dependent on the K 

atom doping on the MoS2 nanosheets. Despite annealing at 300 °C, the 1T phase fraction was 

maintained to 74.7% by K atom doping. Raman and UV-vis specra also demonstrate 1T phase 

maintenance as shown in Figure 1.11 c,d. In Raman analysis, the peaks J1, J2, and J3 due to the 1T phase 

were maintained at annealing temperatures up to 300 °C. On the other hand, at annealing temperature 

of 350 ℃, J1, J2, and J3 peaks disappeared and only 2H phase-related peaks E1g, E1
2g, and A1g peaks 

were observed. The UV-vis spectra also showed that when the annealing temperature reached 350 °C, 

the A and B exciton peaks formed and changed to semiconducting properties. In addition, the result of 

confirming the ratio of K doped 1T MoS2 through XPS shows that it has a high thermal stability while 

maintaining the 1T phase ratio of 74.7% up to 300 °C (Figure 1.12 a).  

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) analyzes in air 

atmosphere are shown in Figure 1.11 b to confirm thermal phase conversion. DSC results show that K 

doped 1T MoS2 has a weight loss of 2.6% due to chemically and physically adsorbed water on the K 

doped 1T MoS2 surface up to 400 ℃. This means that there is no weight loss due to degradation of K 

doped 1T MoS2. Strong exothermic peaks are observed around 350 ℃ on the DSC curve. In general, 

the reaction from 2H to 1T phase is exothermic, and the exothermic peak at 350 ℃ means conversion 

to 2H phase. In other words, as the K-S bonding is broken at 350 ℃ and the electron donor is removed, 

the transition from the 1T phase to the 2H phase is confirmed. This coincides with the results of Figure 

1.12 and means ultrastable with 1T phase up to 300 ℃.45 Interestingly, the K atomic percentage as 
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a function of the annealing temperature is commensurate to the 1T phase percentage with 

annealing temperature, demonstrating that continuous electron donating through K atomic 

doping is the main cause of phase transition and high phase-stability. 

The stability of K doped 1T MoS2 in air was also analyzed. After storage in air for 300 days, 

HRTEM images of K-doped 1T MoS2 are shown in Figure 1.13 a. After 300 days in the air, the 1T phase 

remains more dominant than 2H phase. Enlarged HRTEM image in Figure 1.13 b, c shows typical 

HRTEM images of K doped 1T MoS2. In the K doped 1T MoS2 sample, the lattice structure of 2H phase 

in red region (semiconducting, trigonal) and 1T phase in blue region (metallic, octahetral) were 

observed simultaneously. After 300 days in air, Raman and UV-vis analysis, shown in Figure 1.14, of 

the K doped 1T MoS2 were also investigated to confirm 1T phase maintenance. Raman analysis showed 

that the J1, J2, and J3 peaks were still maintained, indicating the Raman peak of the 1T phase MoS2. In 

addition, K-S bonding out-of-plane stretching peaks appearing at 240 cm-1 were also maintained and K 

atom doping was maintained. UV-vis analysis also revealed that the A and B exciton peaks did not 

appear and maintained the metallic 1T property. The phase conversion was also investigated by Raman 

spectroscopy in Figure 1.15. The Raman spectra show the difference in stability of K doped 1T MoS2 

and 1T MoS2 synthesized using n-BuLi. The Raman spectra of K doped 1T MoS2 in Figure 1.15 a shows 

the maintain of the 1T phase despite the 532 nm laser irradiation for 10 min. The phase transition of K 

doped 1T MoS2 is ultrastable under irradiation by a 532 laser for 10 min. In contrast, the 1T MoS2 

synthesized using n-BuLi completely transitions to the 2H phase when irradiated with 532 nm laser for 

30 seconds, as shown in Figure 1.15 b. Through the following analysis, it was confirmed that ultrastable 

K doped 1T MoS2 maintains the 1T phase very well by K atom which is electron donor even in heat, 

atmosphere and strong laser.  
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Figure 1.11. Analysis of phase stability of K doped 1T MoS2. (a-b) XPS spectra of K doped 1T MoS2 

with increased annealing temperature. (a) Mo 3d (b) K 2p scan (c-d) Raman and UV-vis spectra of K 

doped 1T MoS2 with increasing annealing temperature.  
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Figure 1.12. (a) 1T and 2H phase ratio depending on annealing temperature (b) TGA and DSC analysis 

in air atmosphere of K-doped 1T MoS2 showing the K-doped 1T MoS2 conversion to 2H phase at 350 ℃.  

 

 

 

Figure 1.13. (a) HRTEM image of K doped 1T MoS2 after stored in air for 300 days. (b) 1T phase 

region of the enclosed by the blue square in (a). (c) Atomic arrangement of 2H phase region of the 

enclosed by the red square in (a). This show that 1T phase remains more dominant than 2H phase after 

300 days. 
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Figure 1.14. (a) Raman spectra (b) UV-vis spectra of K doped 1T MoS2 after stored in air for 300 days. 

 

 

 

 

 

 

Figure 1.15.  Raman spectra of (a) K doped 1T MoS2 and (b) 1T MoS2 (n-BuLi) after irradiation by a 

532 nm laser source for 10 minute. When irradiated with a 532 nm laser, the 1T MoS2 synthesized by 

n-BuLi is easily converted to the 2H phase. 
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Figure 1.16. XPS spectra of 1T MoS2 synthesized by using n-BuLi. The 1T phase ratio determined 

from the XPS results is ~ 75%. 
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1.7 Application of K doped 1T MoS2 in electrocatalyst 

Due to the unique structural and electrical characteristics, hydrophilicity characteristics and high 

content of 1T phase, K doped 1T MoS2 heterostructure can be a potential electrocatalyst for hydrogen 

evolution reaction (HER). HER performance in acidic electrolytes is important, performance in alkaline 

electrolytes is also very important for simultaneous HER and oxygen evolution reactions (OER) in one 

cell. In order for HER to occur, an OER reaction must be preceded. Thus, there is a need for HER 

electrocatalysts that are effective in alkaline electrolytes. Thus, the electrocatalytic activity of K doped 

1T MoS2 was tested in 1 M KOH electrolyte as well as 0.5 M H2SO4 electrolyte. In addition, to confirm 

the relationship between high phase purity and HER performance of K doped 1T MoS2, HER 

performance comparison with 1T MoS2 (1T phase ratio ~75%, XPS result demonstrate in Figure 1.15) 

synthesized using n-BuLi was conducted. The HER activity was investigated by examing the rotating 

disk electrode (RDE) polarization curves. As shown in Figure1.17 a, d the HER performance and Tafel 

slope of K doped 1T MoS2, 1T MoS2 (n-BuLi) and 2H MoS2 in acidic and alkaline electrolytes was 

compared. The overpotential at 10 mA cm-2 of K doped 1T MoS2 is 222 mV and 253 mV in 0.5 M 

H2SO4 and 1 M KOH condition, respectively. Whereas overpotential at 10 mA cm-2 of 1T MoS2 (n-BuLi) 

(325 mV in 0.5 M H2SO4 and 384 mV in 1 M KOH) and 2H MoS2 (433 mV in 0.5 M H2SO4 and 513 

mV in 1 M KOH) have a higher potential, which means more electrical energy is needed to produce  

hydrogen. Electrochemically active metallic 1T phase transition, higher phase purity than 1T MoS2 (n-

BuLi) and hydrophilicity demonstrate the superior HER performance of K doped 1T MoS2 compared 

to 2H MoS2 and 1T MoS2 (n-BuLi) in 0.5 M H2SO4 and 1 M KOH condition (Table 1.2). As shown in 

Figure 1.17 b and e, low Tafel slope of K doped 1T MoS2 (47 mV dec-1 in 0.5 M H2SO4 and 67 mV dec-

1 in 1 M KOH). These finding obviously indicates that K-doped 1T-MoS2 follows Volmer-Heyrovsky 

HER mechanism with the rate-determining step of the electrochemical desorption (Heyrovsky reaction: 

Hads + H3O+ + e- → H2 + H2O), while the other catalysts struggle with the rate-determining step of 

electrochemical adsorption (Volmer reaction: H3O+ + e- → Hads + H2O).46 To better understand the 

electrocatalytic property of K-doped 1T MoS2, electrochemical impedance spectroscopy (EIS) test was 

carried out in Figure 1.16 c, f. As shown in the Nyquist plot, the significant decrease of the charge 

transfer resistance (Rct) is observed for K-doped 1T MoS2 (3.16 ) compared to 1T MoS2 (n-BuLi) 

(8.46 ) and 2H MoS2 (~70 ) at the overpotential of 0.3 V in 0.5 M H2SO4. The Rct is again confirmed 

in 1 M KOH for K-doped 1T-MoS2 (3.66 ) compared to 1T MoS2 (n-BuLi) (~50 ) and 2H MoS2 

(~240 ) at the overpotential of 0.3 V, demonstrating that the efficient HER activities of K-doped 1T 

MoS2 for both in 0.5 M H2SO4 and 1 M KOH. 

The HER activities of K-doped 1T MoS2 were further studied in the alkaline media of 1 M KOH 

which means K doped 1T MoS2 highly efficient charge transfer process due to high electrical 

conductivity with high 1T phase ratio. In order to evaluate the electrochemical activity of the 
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electrocatalyst, the electrochemical double layer capacitance (Cdl) obtained through cyclic voltammetry 

(CV) was compared (Figure 1.16 g, Figure 1.17). The Cdl of K doped 1T MoS2 is 10.78 mF cm-2 which 

is higher than 1T MoS2 (n-BuLi) (7.26 mF cm-2) and 2H MoS2 (5.61 mF cm-2). This suggests that K 

doped 1T MoS2 have abundant active sites due to the higher phase purity of 1T phase region than 1T 

MoS2 (n-BuLi) and 2H MoS2. In addition, K doped 1T MoS2 was also confirmed to have excellent HER 

stability (Figure 1.16 h, i, inset: chronoamperometry analysis). After 5000 cycles of CV, there are no 

remarkable performance loss for K doped 1T MoS2 with negligible increment in η10 by 2 mV and 8 

mV in 0.5 M H2SO4 and 1 M KOH condition, respectively. At an overpotential (222 mV and 253 mV 

in 0.5 M H2SO4 and 1 M KOH condition, respectively) applied bias for RHE, the K doped 1T MoS2 

exhibits a stable current density of ~10 mA cm-2 for 100 hours. HER stability performance of K doped 

1T MoS2 is consistent with 1T phase stability. The HER stability results of K doped 1T MoS2 suggest 

that HER performance stability is also improved because of high stability to maintain 1T phase.  

Turnover frequency (TOF) and electrochemically active surface area (ECSA) methods are effective 

techniques to study the surface of electrocatalysts. As shown in Figure 1.18, the TOF profiles measured 

in the both acidic and alkaline solutions, the TOF values of K-doped 1T MoS2, 1T MoS2 (n-BuLi), 2H 

MoS2, and Pt/C were investigated. For K-doped 1T MoS2, the overpotentials to achieve TOF value of 

1.0 H2 s-1 was 0.25 and 0.29 V for 0.5 M H2SO4 and 1 M KOH, respectively. Notably, K-doped 1T MoS2 

presented far higher TOF value than 1T-MoS2 (n-BuLi) with more than two-order difference in TOF 

value, clearly indicating that the high HER activities of K-doped 1T MoS2. 
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Figure 1.17. HER catalyst application (a, d) Linear sweep voltammetry (LSV) curves in (a) 0.5 M 

H2SO4 (d) 1 M KOH aqueous solution. (b, e) Corresponding Tafel slope for K doped 1T MoS2, 1T MoS2 

(n-BuLi), 2H MoS2, and Pt/C. (c, f) Electrochemical impedance spectroscopy of HER in (c) 0.5 M 

H2SO4 (f) 1 M KOH. (g) Electrochemical double layer capacitance of K doped 1T MoS2, 1T MoS2 (n-

BuLi), and 2H MoS2 obtained from CV. (h–i) CV cyclic stability profiles of K-doped 1T MoS2 in (h) 

0.5 M H2SO4, (i) 1 M KOH aqueous solution. Inset: Time dependent profiles of HER current density 

on K doped 1T MoS2 at the overpotential. 
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Overpotential in  

0.5M H2SO4  

(-V, at 10 mA cm-2) 

Overpotential in  

1 M KOH  

(-V, at 10 mA cm-2) 

K-doped 1T MoS2 0.222 0.253 

1T MoS2 (n-BuLi) 0.325 0.384 

2H MoS2 0.433 0.513 

 

Table 1.2. Comparison of HER overpotential of K-doped 1T MoS2, 1T MoS2 (n-BuLi), and 2H MoS2 

at 10 mA cm-2. 
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Figure 1.18. Cyclic voltammetric (CV) curves for (a) K doped 1T MoS2, (b) 1T MoS2 (n-BuLi), (c) 2H 

MoS2 

 

 

 

 

 

 

Figure 1.19. Turn over frequency (TOF) plots for the HER of K doped 1T MoS2, 1T MoS2 (n-BuLi), 

and 2H MoS2. 
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1.8 Conclusion 

The use of ionization potential gaps and capillary action between the highly reactive molten K 

metal and MoS2 powder enabled the phase transition through efficient intercalation of MoS2 interlayer 

K metal ion. The highly reactive molten K is not only intercalated between MoS2 layers, but also doped 

into the lattice of MoS2 to phase transition from 2H to 1T, as well as improving 1T phase stability 

through continuous electron transfer from K ion to MoS2. As a result, K-doped 1T-MoS2 also showed 

high 1T phase stability despite annealing at 350 ℃, air exposure for 300 days, and 532 nm Raman laser 

irradiation. K-doped 1T-MoS2 also exhibits significantly improved electrical conductivity, high 1T 

phase purity, and hydrophilic properties. As a result, K-doped 1T-MoS2 showed low overpotential (222 

mV and 253 mV in 0.5 M H2SO4 and 1 M KOH condition, respectively), Tafel slope (47 mV dec-1 in 

0.5 M H2SO4 and 67 mV dec-1 in 1 M KOH), Rct value (3.16  in 0.5 M H2SO4 and 3.66  in 1 M 

KOH), and high electrochemical double layer capacitance (10.78 mF cm-2 ) under acid and alkaline 

conditions. In addition, K-doped 1T-MoS2 has stable performance for 5000 CV cycles and 100 hours 

due to high 1T phase stability and 1T phase-purity. These results suggest an effective and distinctive 

phase engineering method for TMDs and scalable synthesis method of 1T phase TMDs is provided. 
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