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Transition metal dichalcogenide 2D semiconductors

Ti, Zr, Hf S2, Se2, Te2 Semiconducting (Eg = 0.2~2 eV), diamagneticd0

V, Nb, Ta S2, Se2, Te2 Narrow band metals (10-4 W.cm) or semimetals, superconductingd1

Cr, Mo, W S2, Se2, Te2 Semiconducting (Eg = 1.5 eV), diamagneticd2

Mn, Tc, Re S2, Se2, Te2 Antiferromagnetic or diamagnetic, small gap semiconductorsd3

Chhowalla, Nature Chem. , 2013
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2D materials as catalysts for hydrogen evolution reaction (HER)

H+
H2

Defects

Strain

Increasing edges

Metallic phase
Coupling with substrate

Electron transport

TMD for HER

Synthesis of metallic TMD
-Challenging



HER with Metallic 1T Phase MoS2

Polarization curves: 2H+ + 2e- = H2 Tafel slope

1T-WS2 1T-MoS2

Overpot. 80 mV 150 mV
Tafel slope ~ 60 mv/dec ~ 40 mV/dec

Nano Lett. 2013



Metallic 2D TMDs as catalysts for HER
TaS2 for HER from Yanfeng Zhang Group at Peking U (Nature Comm. 2017, 8, 958)



Metallic 2D TMDs as catalysts for HER
NbS2 for HER from Yakobson Group at Rice U (Nature energy 2017, 2, 17127)

Very low current 
densities



Nb1.35S2

Phases of NbS2:
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Cross – Sectional TEM of Nb1.35S2

Z. A. = [11-20]

Z. A. = [11-20]

0003Rhombo

0002Hexa

Two different phases of NbS2 observed – thin regions ae 2H phase (metallic) 
and thick regions are 3R phase 



Nb1.35S2

2H Nb1.35S2 

We can observe 
additional Nb layers 
in the hexagonal 
structure.



Nb1.35S2 for HER
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HER Properties of Nb1.35S2

The rate of H2 evolution reaches ~30 L cm−2 h−1 equivalent to 6 mmol h−1 cm−2 at 400 mV.



HER Properties of Nb1.35S2



2H NbS2 catalysts for large scale hydrogen production

HydroGEN: Advanced Water Splitting Materials 16

Innovation: Developed new Nb1.35S2 catalysts with very 
high current density – demonstrated electrolyzer 

Chhowalla research group - Rutgers

HER Catalysts
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v Nb1.35S2 catalysts demonstrated good stability 

v Incorporated Nb1.35S2 catalyst in an electrolyzer

Accomplishments & progress
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v Nb1.35S2 catalysts demonstrated good stability 

v Incorporated Nb1.35S2 catalyst in an electrolyzer

Accomplishments & progress

❖ 2H Metallic NbS2 catalysts

❖ Real Electrolyzer with current density of 

1A/cm2 Demonstrated

❖ 2H Metallic NbS2 catalysts
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Figure 3 
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