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I. Computation and Experimental Section

Computation. First-principles calculations were performed through spin-polarized density 

functional theory (DFT) to investigate how the excess Se atoms changes the phase from 2H to 

1T polytypes. The Vienna Ab-initio Simulation Package (VASP) is mainly used for this 

calculation.S1,S2 The electron-ion interactions were described using the projector-augmented 

wave (PAW) method with a plane-wave kinetic energy cutoff of 400 eV.S3 The effect of 

attractive van der Waals (vdW) interaction was taken into account by employing Grimme’s D3 

correction (PBE-D3).S4 Structural optimization was performed until the average force was < 

0.03 eV·Å-1. Both ionic and lattice relaxation was performed using the PBE-D3 exchange-

correlation functional. Monkhorst-Pack k-point sampling of 3×3×3 was used for the geometry 

optimization.

 For the slab geometry, a vacuum space of 20 Å was used along the Z (//c) direction 

(perpendicular to the slabs) to ensure that there is no noticeable interaction between periodic 

images of slabs. The Methfesser-Paxton method with a broadening of 0.1 eV is used for slabs. 

Total energy of a system was taken by extrapolating the smearing parameter to zero K. The 

convergence with respect to SCF was attained when the total-energy change between cycles is 

less than 1×10-6 eV. A Monkhorst-Pack k-point sampling of 3×3×1 was used. The change in 

Gibbs free energy (G) during the reaction provides useful information about the energy and 

spontaneity of the reaction (whether it can happen without additional energy). 
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Under standard conditions, the HER consists of two steps, the adsorption of H on the catalyst 

in the Volmer reaction (*), followed by the Heyrovsky/Tafel reaction to release hydrogen 

molecules (1/2 H2 + *). Therefore, we should construct the Gibbs free energy profile along the 

reaction coordinate by calculating the relative free energies of the reactant and intermediates 

in the Volmer reaction. The G can be calculated according to the equation;S5

, where  is the total energy of hydrogen atom Δ𝐺 =  Δ𝐸𝐷𝐹𝑇 + Δ𝐸𝑍𝑃𝐸 +  Δ𝐻𝑐𝑜𝑟𝑟 ‒ 𝑇Δ𝑆 𝐸𝐷𝐹𝑇

adsorption calculated from DFT,  is the zero point energy change,  is H-Δ𝐸𝑍𝑃𝐸 Δ𝐻𝑐𝑜𝑟𝑟

correction, i.e. the reaction enthalpy change from 0 to 298 K, and  is the entropy change 𝑇Δ𝑆

between adsorbed hydrogen and hydrogen in the gas phase under standard conditions, based 

on the Debye model.  was calculated from the vibrational heat capacity using 
𝐻𝑐𝑜𝑟𝑟 =

298

∫
0

𝐶𝑉𝑑𝑇

the calculated vibrational frequencies by Harmonic Approximation.S6 The H2 molecule is 

treated as an ideal gas, while the adsorbed H is treated using the harmonic approximation. 

VASP calculations were used to determine the vibrational frequencies of adsorbed H atom on 

the system.

Synthesis. Most of chemicals were purchased from Signa-Aldrich and Alfa-Aesar Co. The 

TMD nanosheets were prepared using a hot injection colloidal synthetic route. The synthetic 

procedure was conducted using Schlenk line under Ar flow, following the four steps. 

Step 1: 5 mL of oleylamine (OAm; C18H35NH2; molecular weight (MW) = 267.493 g mol-1, 

technical grade 70%, density = 0.813 g mL-1) in a three-necked flask was degassed at 120 C 

for 30 min, then the temperature was raised to 220-300 C. 

Step 2: 0.5 mmol of MoCl5 (MW = 273.21 g mol-1, 99.9%) or WCl6 (MW = 396.5 g mol-1, 99. 

9%) and 0.5-2 mmol of (PhCH2)2Se2 (dibenzyl diselenide; MW = 340.2 g mol-1, 95%) were 

dissolved in 5 mL OAm and the mixture was kept at 70 C for 1 h. 

Step 3: 2 mL of precursor solution was injected into the OAm solution in flask (prepared with 

an injection rate of 0.4 mL min-1 for 5 min, and the mixture was stirred at 220-300 C for 

another 30 min. Total reaction time is 1 h. 

Step 4: The reaction solution was cooled down to room temperature and the black products was 

separated by centrifugation. The products were washed with 1:1 ethanol:toluene mixed solvent 

for four times, and dried using an evaporator. For annealed samples, the product (powders) was 

placed in a quartz tube inside electrically heated furnace and annealed under Ar flow (flow rate 
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= 200 sccm) at 400 C for 1 h. 

Characterization. The products were characterized by high-resolution scanning electron 

microscopy (SEM, Jeol), field-emission transmission electron microscopy (FE TEM, Libra 200 

MC TEM, Carl Zeiss), and high-voltage transmission electron microscopy (HV-TEM, Jeol 

JEM ARM 1300S, 1.25 MV). Energy-dispersive X-ray fluorescence spectroscopy (EDX) with 

elemental maps was measured using an Ultra Corrected Energy Filtering TEM operated at 200 

kV that equipped with ZrO/W-field emitter system (Schottky emitter), EDX detector system 

(X-Max 80T, Oxford), and side CCD camera (ORIUS SC200D. Gatan). Fast Fourier-transform 

(FFT) images were generated by the inversion of the TEM images using Digital Micrograph 

GMS1.4 software (Gatan Inc.). High-resolution X-ray diffraction (XRD) patterns were 

obtained using the 3D and 9B beamlines of the Pohang Light Source (PLS)-II with 

monochromatic radiation ( = 1.52150 Å). XRD pattern measurements were also carried out 

in a Rigaku D/MAX-2500 V/PC using Cu Kα radiation (λ = 1.54056 Å). 

Electrochemical Measurements. Experiments were carried in a three-electrode cell connected 

to an electrochemical analyzer (CompactStat, Ivium Technologies). HER electrocatalysis in 

0.5 M H2SO4 electrolyte was measured using a linear sweeping from 0 to -0.6 V (vs. RHE) 

with a scan rate of 2 mV s–1. A saturated calomel electrode (SCE, KCl saturated, Pine 

Instrument) was used as a reference electrode. A Pt coil (with fritted glass) was used as a 

counter electrode. The electrolyte was purged with H2 (ultrahigh grade purity 99.999%) during 

the measurement. The Pt counter electrode was encapsulated with a fritted glass tube, so that 

the Pt deposition on the working electrode was prevented.

The applied potentials (E) reported in our work were referenced to the reversible hydrogen 

electrode (RHE) through standard calibration as described elsewhere. We calibrate the 

potential of the reference electrode vs. standard hydrogen electrode (SHE). Cyclic voltammetry 

(CV) curves were obtained at a scan rate of 2 mV s−1, in the high-purity H2 saturated electrolyte 

with a Pt wire as the working electrode. The average value of the potential at which the current 

crossed at zero was -0.278 V. Therefore E (vs. RHE) = E (vs. SCE) + 0.278 V. 

4 mg sample was mixed with 1 mg carbon black (Vulcan XC-72) dispersed in Nafion (20 

L) and isopropyl alcohol (0.98 mL). The catalyst materials (0.39 mg cm-2) were deposited on 

a glassy carbon rotating disk electrode (RDE, area = 0.1963 cm2, Pine Instrument),), and a 

rotation speed of 1600 rpm was used for the linear sweep voltammetry (LSV) measurements. 

The Pt/C (20 wt.% Pt in Vulcan carbon black, Sigma-Aldrich) tested as reference sample using 
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the same procedure. The LSV curves were reproducible for four separate loadings of samples 

on the GC RDE electrode.

Electrochemical impedance spectroscopy (EIS) measurements were carried out for the 

electrode in an electrolyte by applying an AC voltage of 10 mV in the frequency range of 100 

kHz to 0.1 Hz at a bias voltage of -0.25V (vs. RHE). To measure double-layer capacitance via 

CV, a potential range in which no apparent Faradaic processes occur was determined from 

static CV. All measured current in this non-Faradaic potential region is assumed to be due to 

double-layer capacitance. The charging current, ic, is then measured from CVs at multiple scan 

rates. The working electrode was held at each potential vertex for 10 s before beginning the 

next sweep. The charging current density (ic) is equal to the product of the scan rate () and the 

electrochemical double-layer capacitance (Cdl), as given by equation ic =  Cdl. The difference 

(J0.15) between the anodic charging and cathodic discharging currents measured at 0.15 V or 

0.05 V (vs. RHE) was used for ic. Thus, a plot of J0.15 as a function of  yields a straight line 

with a slope equal to 2  Cdl. The scan rates were 20100 mV s-1.

To estimate the actual electrochemical surface area (ESCA), we used the Cdl value. The 

roughness factor (= ECSA) is defined as the surface area ratio between the catalyst and the flat 

TMD electrodes. This can be obtained using where Cdl and Cs are electrochemical 
   

𝐶𝑑𝑙

𝐶𝑠
 , 

double-layer capacitance of the catalysts (measured by the procedure described above) and the 

flat surface, respectively. The Cs value is assumed to be 0.060 mF cm-2 for all samples.S7 The 

specific surface of the electrode can be estimated by multiplying the geometrical surface (Ageom 

= 0.1963 cm2) to ECSA; Ageom × ECSA.
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Table S1. Parameters of two layered (441) supercells for pristine MoSe2 and WSe2.

Lattice constantsPhase a, b, c (Å) α, β, γ () (eV)a𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 Erel (meV)b

2H 13.18, 12.99 90, 90, 120 0 0 
2M 11.95, 13.15, 13.47 90, 113.13, 90 11.23 116.9 
1T′ 13.60, 13.06, 12.98 90, 90, 119 11.87 123.6MoSe2

Td 11.93, 13.12, 12.75 90, 90, 90 10.90 113.5
2H 13.16, 12.99 90, 90, 120 0 0 
2M 11.87, 13.17, 13.68 90, 109.66, 90 9.89 103.0
1T′ 13.58, 13.12, 13.11 90, 90, 119 10.68 111.2WSe2

Td 11.88, 13.17, 12.86 90, 90, 90 9.63 100.3
a Relative total energy of the supercell, defined as E2M (or 1T, Td)  E2H. 

b Relative energy per atoms, defined as divided by the number of atoms.𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 
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Table S2. Parameters of two layered (441) supercells for Se-intercalated MoSex and WSex 
models.

(a) MoSex

x Phase a, b, c (Å) α, β, γ () (eV)a𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 Erel (meV)b Eint (eV)c

2H 13.21, 14.22 90, 90, 120 0 0 2.01
2M 11.96, 13.09, 14.57 90, 113.43, 90 8.02 81.8 0.41
1T′ 13.60, 13.08, 13.81 90, 90, 119 8.87 90.5 0.51

2.06

Td 11.97, 13.07, 13.59 90, 90, 90 8.49 86.6 0.81
2H 13.21, 15.35 90, 90, 120 0 0 1.29
2M 12.00, 13.07, 15.25 90, 113.76, 90 6.75 67.5 0.17
1T′ 13.62, 13.18, 14.26 90, 90, 119 6.97 69.7 0.07

2.13

Td 12.01, 13.11, 14.33 90, 90, 90 7.33 73.3 0.40
2H 13.18, 16.28 90, 90, 120 0 0 0.72
2M 11.99, 13.36, 17.25 90, 120.58, 90 3.04 29.2 -0.31
1T′ 13.72, 13.33, 14.94 90, 90, 119 4.77 45.8 -0.172.25

Td 12.02, 13.36, 14.81 90, 90, 90 3.19 30.7 -0.25

(b) WSex

x Phase a, b, c (Å) α, β, γ ()  (eV)a𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 Erel (meV)b Eint (eV)c

2H 13.18, 14.29 90, 90, 120 0 0 2.36
2M 11.93, 13.12, 14.82 90, 113.42, 90 6.48 66.1 0.66
1T′ 13.59, 13.14, 13.85 90, 90, 119 7.29 74.3 0.67

2.06

Td 11.92, 13.12, 13.69 90, 90, 90 6.96 71.2 1.03
2H 13.18, 15.59 90, 90, 120 0 0 1.60
2M 11.95, 13.15,15.41 90, 114.22, 90 4.68 46.8 0.29
1T′ 13.65, 13.22, 14.45 90, 90, 119 5.35 53.5 0.26

2.13

Td 11.94, 13.18, 14.63 90, 90, 90 5.41 54.1 0.54
2H 13.17, 16.35 90, 90, 120 0 0 0.89
2M 11.98, 13.32, 15.54 90, 102.61, 90 2.57 24.7 -0.03
1T′ 13.72, 13.40, 14.99 90, 90, 119 3.64 35.0 0.01

2.25

Td 11.99, 13.40, 14.86 90, 90, 90 1.75 16.8 -0.10
a Relative total energy of the supercell, defined as E2M (or 1T, Td)  E2H. 

b Relative energy per atoms, defined as divided by the number of atoms.𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 

c Se intercalation energy (per Se), defined as Eint = [E(MoSex or WSex) – E(MoSe2 or WSe2) – 
nµ(Se)]/n for the intercalation reaction of MoSe2 (or WSe2) + nSe  MoSex (or WSex). E is 
the total energy of the model, n is the number of Se atoms, and µ(Se) is the chemical potential 
of a Se atom in the dimer.
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Table S3. Parameters of two layered (441) supercells for Se-substituted MoSex and WSex 
models.

(a) MoSex

x Phase a, b, c (Å) α, β, γ ()  
𝐸𝑡𝑜𝑡

𝑟𝑒𝑙 
(eV)a

Erel 
(meV)b

EVM 
(eV)c

Esub 
(eV)d

13.33, 12.90 90, 90, 120 0 0 5.74 4.472H 13.33, 12.91 90, 90, 120 0.00 0.0
12.07, 13.58, 13.22 90, 113.75, 90 6.60 68.7 3.18 2.162M 12.09,13.48, 13.32 90, 113.83, 90 6.85 71.4
13.80, 13.43, 12.42 90, 90, 119 7.26 75.6 3.23 2.171T′ 13.82,13.44,12.39 90, 90, 119 7.37 76.8
12.01, 13.40, 12.57 90, 90, 90 6.91 72.0 3.06 2.48

2.2

Td 12.02,13.35, 12.64 90, 90, 90 6.97 72.6
13.40, 12.90 90, 90, 120 0 02H 13.39, 12.94 90, 90, 120 0.15 1.6

12.13, 13.69, 13.27 90, 113.93, 90 3.44 35.82M 12.13, 13.69, 13.23 90, 113.98, 90 3.50 36.5
13.95, 13.60, 12.29 90, 90, 119 4.06 42.31T′ 13.94,13.52, 12.39 90, 90, 119 4.51 46.9
12.09, 13.66, 12.36 90, 90, 90 3.50 36.4

2.43

Td
12.10,13.67,12.36 90, 90, 90 3.63 37.8

(b) WSex

x Phase a, b, c (Å) α, β, γ ()  
𝐸𝑡𝑜𝑡

𝑟𝑒𝑙 
(eV)a

Erel 
(meV)b

EVM 
(eV)c

Esub 
(eV)d

13.31, 12.92 90, 90, 120 0 0 5.19 3.702H 13.34, 12.91 90, 90, 120 0.03 0.3
11.98, 13.43, 13.69 90, 112.22, 90 6.52 67.9 2.85 2.012M 12.00, 13.46, 13.70 90, 112.22, 90 6.54 68.1
13.76, 13.45, 12.70 90, 90, 119 7.00 72.9 2.87 1.861T′ 13.73, 13.40, 12.79 90, 90, 119 7.15 74.5
11.97, 13.41, 12.78 90, 90, 90 6.45 67.2 2.77 2.11

2.2

Td 11.98, 13.42, 12.77 90, 90, 90 6.48 67.5
13.38, 12.96 90, 90, 120 0 02H 13.37, 13.02 90, 90, 120 0.16 1.7

12.05, 13.72, 13.57 90, 112.99, 90 2.39 24.92M 12.07, 13.71, 13.53 90, 112.79, 90 2.41 25.1
13.88, 13.69, 12.54 90, 90, 119 3.04 31.61T′ 13.90, 13.56, 12.62 90, 90, 119 3.42 35.6
12.04, 13.68, 12.59 90, 90, 90 2.33 24.3

2.43

Td 12.02, 13.60, 12.66 90, 90, 90 2.63 27.4
a Relative total energy of the supercell, defined as E2M (or 1T, Td)  E2H. 

b Relative energy per atoms, defined as divided by the number of atoms.𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 

c Vacancy energy of metal atoms (per vacancy), defined as EVM = [E(MoSex or WSex) + nµ(Mo 
or W) – E(MoSe2 or WSe2)]/n for the metal removal reaction of MoSe2 (or WSe2)  MoSex 
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(or WSex) + nMo (or nW). E is the total energy of the model, n is the number of vacant metal 
atoms, and µ(metal) is the chemical potential of a metal atom in the body-centered cubic 
crystal. 
d Metal substitution energy per metal, defined as Esub = [E(MoSex or WSex) + nµ(Mo or W) – 
E(MoSe2 or WSe2) – nµ(Se)]/n for the reaction of MoSe2 (or WSe2) + nSe  MoSex (or WSex) 
+ nMo (or W). E is the total energy of the model, µ(metal) is the chemical potential of a metal 
atom in the body-centered cubic crystal, n is the number of substituted metal or Se atoms, and 
µ(Se) is the chemical potential of a Se atom in the dimer.
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Table S4. Parameters of two layered (441) supercells for Se-intercalated-substituted 
MoSe2.33 and WSe2.33. 

Phase a, b, c (Å) α, β, γ ()  
𝐸𝑡𝑜𝑡

𝑟𝑒𝑙 
(eV)a

Erel 
(meV)b

Eint 
(eV)c

Esub 
(eV)d

13.36, 14.79 90, 90, 120 0 0 0.71 3.322H 13.36, 14.92 90, 90, 120 0.46 4.6 0.83
12.08, 13.47, 15.25 90, 114.47, 90 3.88 38.9 0.03 1.882M 12.02, 13.56, 14.89 90, 113.96, 90 4.44 43.5 0.09

1T′ 13.68, 13.52, 14.07 90, 90, 119 4.95 49.5 0.13 2.31
12.00, 13.50, 14.08 90, 90, 90 4.13 41.3 0.01 1.71

MoSe2.33

Td 12.05, 13.47, 13.93 90, 90, 90 4.72 47.6 0.16
13.33, 15.28 90, 90, 120 0 0 1.29 3.082H 13.31, 15.02 90, 90, 120 0.48 4.8 1.40

2M 12.01, 13.53, 15.25 90, 112.87, 90 1.98 19.8 0.15 1.73
12.04, 13.51, 14.75 90, 103.49, 9 2.70 27.0 0.33

1T′ 13.74, 13.53, 14.12 90, 90, 119 3.30 33.0 0.37 2.06
12.03, 13.51, 14.05 90, 90, 90 2.63 26.3 0.34 1.69

WSe2.33

Td 12.03, 13.55, 13.73 90, 90, 90 3.29 32.9 0.50
a Relative total energy of the supercell, defined as E2M (or 1T, Td)  E2H. 

b Relative energy per atoms, defined as divided by the number of atoms.𝐸𝑡𝑜𝑡
𝑟𝑒𝑙 

c Se intercalation energy (per Se), defined by Eint = [E(MoSe2.33 or WSe2.33) – E(MoSe2.2 or 
WSe2.2) - 4µ(Se)]/4 for the Se intercalation reaction of MoSe2.2 (or WSe2.2) + 4Se  MoSe2.33 
(or WSe2.33). The E is the total energies of models and µ(Se) is the chemical potential of a Se 
atom in the dimer. 
d Metal substitution (per metal), defined by Esub = [E(MoSe2.33 or WSe2.33) + 2µ(Mo or W) – 
E(MoSe2.13 or WSe2.13) -2µ(Se)]/2 for the substitution reaction of MoSe2.13 (or WSe2.13) + 2Se 
 MoSe2.33 (or WSe2.33) + 2Mo (or W). The E is the total energies of models and µ(metal) is 
the chemical potential of a metal atom in the body centered cubic crystal.
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Table S5. Comparison of HER performance (at 0.5 M H2SO4, otherwise specified by *) of 1T 
(or 1T’) phase or selenide TMD samples in the literatures. 

Ref. No. Materials J=10 (mV) Tafel slope
(mV dec-1)

TOF 
(H2 s-1) at 


S8 NiSe2-Ni2P/nickel foam 102 (1M KOH)* 68 (1M KOH)*

S9 RuSe2@NC 30 (1M KOH)* 32 (1M KOH)* 0.57 at 
0.15 V 

S10 Os-OsSe2
26

23 (1M KOH)* 31

S11 Mo0.7V0.3Se2
Mo0.6V0.4Se2

114
157 (1M KOH)*

43
76 (1M KOH)*

3.91 at 
0.15 V

S12 1T-MoS2 255 44

S13 1T-2H MoS2/ N-rGO 
quantum-dot 97 39

S14 Ni (9%)-doped 1T/2H MoS2 127 86
S15 1T MoSe2.25 130 46

S16 Exfoliated 1T WS2 250 60 175 at 288 
mV

S17 Colloidal 1T WS2 200 50.4
S18 1T phase WSe2 (colloidal) 510 150

S19 1T WSe2 on substrate by 
heating up method 197 143

S20 W0.9V0.1Se2 128 80 183.3 at 
128 mV

This 
work 2M phase MoSe2 139 70

This 
work 2M phase WSe2 130 74
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Fig
ure S1. Configurations for Model I of MoSex at x = 2.06, 2.13, and 2.25, which were built from 
(4  4  1) supercell with two layers. Purple and green balls represent Mo and Se atoms, 
respectively. The blue balls represent the intercalated Se atoms between layers. The relative 
energy (Erel) per atom is with respect to the most stable phase (2H). 
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Figure S2. Configurations for Model I of WSex at x = 2.06, 2.13, and 2.25, which were built 
from (4  4  1) supercell with two layers. Grey and green balls represent W and Se atoms, 
respectively. The blue balls represent the intercalated Se atoms between layers. The relative 
energy (Erel) per atom is with respect to the most stable phase (2H). 
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Figure S3. Configurations for Model S of MoSex at x = 2.2 and 2.43, which were built from (4 
 4  1) supercell with two layers. Purple and green balls represent Mo and Se atoms, 
respectively. The orange balls represent the substituted Se atoms at the Mo sites. The orange 
balls at the bottom layers are marked by dotted circles. The relative energy (Erel) per atom is 
with respect to the most stable phase (2H). 
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Figure S4. Configurations for Model S of WSex at x = 2.2 and 2.43, which were built from (4 
4  1) supercell with two layers. Gray and green balls represent W and Se atoms, respectively. 
The orange balls represent the substituted Se atoms at the W sites. The orange balls at the 
bottom layers are marked by dotted circles. The relative energy (Erel) per atom is with respect 
to the most stable phase (2H). 

. 
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Figure S5. Configurations for Model C of MoSex at x = 2.33, which were built from (4  4  
1) supercell with two layers. Purple and green balls represent Mo and Se atoms, respectively. 
The blue and orange balls represent the intercalated Se atoms between layers and the 
substituted Se atoms at the Mo sites, respectively. The relative energy (Erel) per atom is with 
respect to the most stable phase (2H). 
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Figure S6. Configurations for C model of WSex at x = 2.33, which were built from (4  4  1) 
supercell with two layers. Grey and green balls represent W and Se atoms, respectively. The 
blue and orange balls represent the bridged Se atoms between layers and the substituted Se 
atoms at the W sites, respectively. The relative energy (Erel) per atom is with respect to the 
most stable phase (2H). 
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Figure S7. SEM images and corresponding energy-dispersive X-ray spectroscopy (EDX) data, 
scanning transmission electron microscopy (STEM) image, and EDX (elemental mapping and 
line profiles) data for MoSe2 and WSe2 samples. The atomic ratio of Se/Mo (or Se/W) is plotted 
as a function of the molar ratio of precursors (xP = [DBDS]/[MoCl5] or [DBDS]/[WCl6]), 
showing an increase with increasing xP. The atomic ratio of Se/metal was obtained using the 
average of all EDX data. 
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Figu
re S8. Fine-scan XPS peaks of (a) Mo 3d (3d5/2 and 3d3/2) and Se 3d (3d5/2 and 3d3/2) of 2H 
(MA sample) and 2M (M4 samples) phase MoSe2; (b) W 4f (4f7/2 and 4f5/2) and Se 3d (3d5/2 
and 3d3/2) of 2H (WA sample) and 2M (W3 sample) phase WSe2. Positions of neutral Mo0 
(3d5/2 at 228.0 eV), W0 (4f7/2 at 31.4 eV) and Se0 (3d5/2 at 55.6 eV) are marked by dotted vertical 
lines.

X-ray photoelectron spectroscopy (XPS) was used to investigate the electronic structures of 
the samples. The fine-scanned peaks were resolved using the Voigt function.

(a) The Mo 3d5/2 and 3d3/2 peaks are separated by 3.13 eV. In 2H MoSe2, the Mo 3d5/2 peak at 
229.0 eV (1.0 eV blue shifted from neutral Mo at 228.0 eV) corresponds to the 2H phase Mo-
Se bonding structures. In 2M MoSe2, the peak redshifts to 228.5 eV, indicating that the Mo-Se 
bond become more metallic than that of 2H MoSe2. The peak was resolved into two bands 
(Mo1 at 228.8 eV and Mo2 at 228.3 eV for 3d5/2), which are originated from the 2H and 2M 
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phase Mo-Se bonding structures, respectively. The ratio of 2M:2H is 62:38, indicating that the 
main phase is 2M. The Se 3s peak of 2H and 2M MoSe2 appears at 230.5 and 230.0 eV with 
1.5 and 2 eV redshift from neutral Se (232 eV), respectively. The intensity of Se 3s peak is 
larger for 2M phase, indicating that the 2M phase contains more Se atoms than the 2H phase. 

   The Se 3d5/2 and 3d3/2 peaks are separated by 0.86 eV. The 2H and 2M phases show the Se 
3d5/2 peak at 54.5 and 54.2 eV, respectively, which are redshifted by 1.1 and 1.4 eV with respect 
to the Se0 signal (55.6 eV). In 2M MoSe2, the peak was resolved three bands (Se1 at 54.8 eV, 
Se2 at 54.0 eV, and Se3 at 56.4 eV). The Se1 and Se2 bands correspond to Se2- anions bonded 
to the 2H and 2M phase Mo cations. The Se3 band is assigned to the Se–Se bonds originated 
from excess Se atoms. XPS analysis confirmed that the 2M phase MoSe2 is more metallic than 
the 2H phase and enriched with the Se atoms.

(b) The W 4f7/2 and 4f5/2 peaks are separated by 2.18 eV. For 2H phase WSe2, the W 4f7/2 peak 
at 32.0 eV (blue-shifted by 0.6 eV from neutral W at 31.4 eV) is assigned to the 2H phase W–
Se bonding structures (denoted as the W1 band). The 4f7/2 peak at 35.5 eV (denoted as the W3 
band) corresponds to the bonding structures of W6+ and O at the surface layers. The 2M WSe2 
shows the W 4f7/2 peak (denoted as the W2 band) at 31.4 eV (close to neutral W) that 
corresponds to the metallic 2M phase. In addition to the W3 band (W–O) at 35.5 eV, the W1 
band at 32.2 eV is ascribed to the residual 2H phase. The WSe2 samples appear to be more 
oxidized than the MoSe2 samples.  

 The 2H and 2M phases show the Se 3d5/2 peak at 54.2 and 53.9 eV, respectively, which are 
redshifted by 1.4 and 1.7 eV with respect to the Se0 signal (55.6 eV). These bands (Se1 at 54.3 
eV and Se2 at 53.8 eV) correspond to Se2- anions bonded to the 2H and 2M phase W cations, 
respectively. The Se3 band (55.6 eV) observed for 2M WSe2 are assigned to the Se–Se bonds 
originated from excess Se atoms. XPS analysis confirmed that the 2M phase WSe2 is more 
metallic than the 2H and enriched with the Se atoms. 

.
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Figure S9. HER performance of MoSe2 (2H phase MA and 2M phase M3) and WSe2 (2H 

phase WA and 2M phase W2) nanosheets.

(a) Linear sweep voltammetry (LSV) curves of Pt/C, MA (denoted as 2H MoSe2), and M3 

(denoted as 2M MoSe2), WA (denoted as 2H WSe2), and W2 (denoted as 2M WSe2). The 

current density (in mA cm-2) corresponds to the measured current (J) divided by the electrode 

area (0.1963 cm2), and is plotted as a function of applied potential vs. reversible hydrogen 

electrode (RHE), which is equal to the overpotential (η). The η to deliver 10 mA cm-2 is denoted 

as J=10. The 2M phase exhibits the lower J=10 than that of 2H phase; 165 mV (2H MoSe2), 

139 mV (2M MoSe2), 168 mV (2H WSe2), 130 mV (2M WSe2). For comparison, J=10 = 27 

mV was obtained for commercial 20 wt.% Pt/C catalyst. 

(b) Tafel plots (η vs. log J), which are derived from the LSV curves in the range of η = 0–0.3 

V. The Tafel plot is based on the equation η = b log(J/J0), where b is the Tafel slope, and J0 is 

the exchange current density (extrapolated value at η = 0). Linear fit provides the b values: 71 
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mV dec-1 (2H MoSe2), 70 mV dec-1 (2M MoSe2), 83 mV dec-1 (2H WSe2), 74 mV dec-1 (2M 

WSe2). The sample with lower J=10 shows a higher J0. In comparison, commercial 20 wt.% 

Pt/C catalyst exhibited b = 30 mV dec-1. 

(c) The stability test of 2M phase using chronoamperometry (CA) measurement showed almost 

no degradation of currents at ηJ=10 for 24 h. 

(d) Nyquist plots using the frequency in the range from 100 kHz to 0.1 Hz at a potential of -

0.15 V ( = 150 mV). The modified Randles circuit for fitting is shown in the inset.  
Electrochemical impedance spectroscopy (EIS) measurements of the samples were performed 

using an amplitude of 10 mV. In the high-frequency limit and under non-Faradaic conditions, 

the electrochemical system is approximated by the modified Randles circuit shown in the inset, 

where Rs denotes the solution resistance, CPE is a constant-phase element related to the double-

layer capacitance, and Rct is the charge-transfer resistance from any residual Faradaic 

processes. A semicircle in the low-frequency region of the Nyquist plots represents the charge 

transfer process, with the diameter of the semicircle reflecting the charge-transfer resistance. 

The real (Z) and negative imaginary (-Z) components of the impedance are plotted on the x 

and y axes, respectively. The simulation of the EIS spectra using an equivalent circuit model 

allowed us to determine the charge transfer resistance, Rct, which is a key parameter for 

characterizing the catalyst-electrolyte charge transfer process. The fitting parameters are 

summarized as follows. A smaller Rct value of 2M phase than of 2H phase indicates more facile 

electron transfer kinetics that enhances the catalytic activity. The Rct values suggest that the 

HER performance is determined by the charge transfer rate. 

[Fitting Impedance parameters for the equivalent circuit]

(e) Cyclic voltammetry (CV) curves of samples in a non-Faradaic region at 20-100 mV s-1 scan 

rates (with a step of 20 mV s-1). The scan range is 0.10.2 V vs. RHE, in 0.5 M H2SO4. 

Sample Rs () CPE (mF) Rct ()

2H MoSe2 5.19 0.84 48.16

2M MoSe2 5.26 1.80 26.03

2H WSe2 5.23 1.49 50.45

2M WSe2 6.47 3.15 33.72
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(f) Difference (J) between the anodic charging and cathodic discharging currents measured 

at 0.15 V (in 0.5 M H2SO4) vs. RHE is plotted as a function of the scan rate, and the slope 

provide the Cdl value. Herein, we plotted the half of J to show directly Cdl. 

[ECSA of samples calculated using the equation of ECSA = Cdl/Cs, where Cs is the flat 
standard capacitor (60 F cm-2)S7]

(g) Electrochemically active surface area (ECSA) was estimated using Cdl (see the 

experimental section in Supporting Information). The LSV curve was plotted using JECSA (J 

divided by ECSA), showing the higher catalytic activity of 2M phase than that of 2H phase.

Sample Cdl (mF cm-2) ECSA

2H MoSe2 5.53 92.17

2M MoSe2 5.97 99.50

2H WSe2 9.83 163.83

2M WSe2 12.84 214.00
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Figure S10. TDOS of (a) MoSe2.33 and (b) WSe2.33 (Model C) with the 2H and 2M (2M1 and 

2M2) phases; (c) MoSex and (d) WSex for Model I (at x = 2.13) and Model S (S1 and S2 at x = 

2.2), calculated using the PBE method. PDOS of (e) MoSe2.33 and (f) WSe2.33 for the 2M1 

configuration.



S27

 (a), (b) The TDOS of MoSe2.33 and WSe2.33 for 2H and 2M (2M1 and 2M2) was calculated 

using the PBE method. The Fermi level (black dashed line) is set to zero. The 2M1 represents 

the most stable configuration of 2M phase, and 2M2 corresponds to the next stable 

configuration. The 2M2 is less stable than the 2M1 by 4.6 meV and 7.2 meV for MoSe2.33 and 

WSe2.33, respectively. For MoSe2.33, 2M1 and 2M2 exhibit the band gap (Eg) of 0.03 and 0.01 

eV, respectively. Specifically, 2M2 of MoSe2.33 is a semimetal. The 2H phase is a 

semiconductor with Eg = 0.18 eV. For WSe2.33, Eg = 0.09 eV for both 2M1 and 2M2, and Eg = 

0.21 eV for the 2H phase. Note that the PBE usually underestimates the band gap.

(c), (d) TDOS of 2M phase for Model I (at x = 2.13) and Model S (S1 and S2 at x = 2.2) was 

calculated using the PBE method. The S1 represents the most stable configuration of 2M phase 

Model S, and S2 corresponds to the next stable configuration. The S2 is less stable than the S1 

by 2.7 meV and 0.2 meV for MoSe2.2 and WSe2.2, respectively. The Model I and S are metallic, 

which needs further investigation.

(e), (f) Partial DOS (PDOS) of MoSe2.33 and WSe2.33 was calculated for the 2M1 configuration. 

The PDOS of d(M) and p(Se) states shows the same feature, indicating that the TDOSs are 

governed by a strong hybridization near the Fermi level. 
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