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Abstract: Nanostructures have attracted increasing interests for applications in 

electrolysis of water as electrocatalysts. In this work, the edge-catalytic effects of one 

dimensional (1D) VS2 nanoribbons with various edge configurations and widths have 

been investigated based on first-principle calculations. We show that the catalytic 

ability of VS2 nanoribbon strongly depends on its edge structure, edge configuration, 

and width. We find that the S-edges of VS2 nanoribbons are more active in 

electrolysis of water than V-edges due to their optimal free Gibbs energy for hydrogen 

evolution reaction in a wider range of hydrogen coverage. We also find that narrow 

nanoribbons show better catalytic performance than wide counterparts. We further 

show that the S-edge of narrow VS2 nanoribbon with its V-edge covered by eight 

sulfur atoms has near-zero free Gibbs energy of hydrogen adsorption and comparable 

catalytic performance with Pt to an extent of hydrogen coverage, which is contributed 

to its metallic characteristic. We expect that VS2 nanoribbons would be a promising 

1D catalyst in electrolysis of water because of their impressive catalytic abilities both 

on the basal planes and edges.  
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Introduction 

Renewable green energy sources have been widely explored to replace traditional 

counterparts because of their limited natural resources and harmful side effects. As an 

ideal clean energy carrier, hydrogen is considered as one of the most important green 

candidates in renewable energy technologies. [1-3] Hydrogen can be produced by 

various methods. As a simple, clean, and promising way, electrolysis of water has 

been attracted increasing attention. [4] The efficiency for hydrogen production in the 

process is mainly determined by catalysts used. To date, noble metals, such as 

platinum, are the most stable and efficient catalysts. [5-7] However, the high cost and 

low abundance in nature limit their practical application. The realization of industrial 

hydrogen production requires efficient, stable and earth-abundant new materials to 

facilitate electrolyzing water into hydrogen. A lot of efforts have been carried out to 

find novel materials to replace platinum. [8-15] Recently, two-dimensional (2D) 

transition metal dichalcogenide monolayers, such as MoS2, WS2, and TiS2, have been 

investigated as potential candidates to replace Pt due to their unique electronic, 

magnetic, and chemical properties. [16-37] It has been reported experimentally that 

MoS2 nanoribbons showed good catalytic in electrolysis of water because of its active 

catalytic sites and high conductivity at edges. [25-27, 35] Based on 

density-functional-theory (DFT) calculations, Tsai et al. reported that the Mo-edge of 

MoS2 shows better catalytic ability than its S-edge and found that doping can improve 

the hydrogen evolution reduction (HER) at its S-edge. [38-41] Most recently, Pan 

predicted that VS2 monolayer shows high HER activity even at basal plane, which is 
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comparable with Pt at lower hydrogen coverage. [42] However, its catalytic 

performance strongly depended on the hydrogen coverage and was reduced at high 

hydrogen coverage due to reduced conductivity. Therefore, it's necessary to 

investigate the HER performance at the edges of VS2 nanoribbons and find the 

mechanism to further improve its efficiency. In this work, we perform first-principles 

calculations to study the effects of edges on the HER activity of VS2 nanoribbons with 

various edges structures and widths. We find that S-edges of VS2 nanoribbons show 

active HER performance in electrolysis of water. We further show that narrow 

nanoribbons possess better catalytic abilities than wide ones.  

 

Computational Method 

We carry out the first-principles calculations to study the catalytic performance of the 

edges of VS2 nanoribbons for applications in hydrogen production. The Vienna ab 

initio simulation package (VASP) [43] incorporated with projector augmented wave 

(PAW) scheme [44, 45], which is based on the density functional theory (DFT) [46] 

and the Perdew-Burke-Eznerhof generalized gradient approximation (PBE-GGA) [47], 

is used in our calculations. To avoid image-image interaction between two 

monolayers in neighbouring supercells, vacuum regions of at least 20 and 15 Å in 

vertical and parallel directions, respectively, were used. Based on Monkhorst and 

Pack scheme [43], a 1×1×1 grid for k-point sampling for geometry optimization of 

supercells, and 5×1×1 grid for the calculation of the density of states (DOS) are used. 
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An energy cut-off of 450 eV are consistently used in our calculations.  Good 

convergence is obtained with these parameters and the total energy was converged to 

2.0×10-5 eV/atom. Both spin-polarized and spin-unpolarized calculations are carried 

out to investigate the effect of magnetic moment on the catalytic capability.  

 

Results and Discussion 

In our calculations, VS2 monolayer in rectangle configuration according to literature 

[23] is firstly constructed and optimized. Zigzag VS2 nanoribbons are obtained by 

cutting the monolayer (Figure 1), because zigzag-edges are confirmed to be more 

stable and electrocatalytically active than armchair-edges in hydrogen adsorption. [16, 

34] To investigate the effects of edges on the HER activity, two kinds of nanoribbons 

with different edge structures are constructed (Figures 1a&e), where one nanoribbon 

has four (half) sulfur atoms at its V-edge (called VS2-NR-HS) (Figures 1a&b), and 

another one has eight (full) sulfur atoms at its V-edge (called VS2-NR-FS) (Figures 

1e&f). To investigate the effect of width on their HER performance, VS2 nanoribbons 

with different widths are built up by taking one full honeycomb row off along the 

x-axis from the original nanoribbons at each time as indicated by the green dashed 

line and numbers (1, 2, 3, 4) (Figures 1a&e). The distances from its top V-edge to the 

dashed line marked with numbers are the widths of nanoribbons. The nanoribbons 

from the widest to the narrowest are named as VS2-NR-HS(FS)-W (W = 1 - 4). The 

nanoribbons with various widths are fully relaxed to study the edge stability and their 
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HER performance. To investigate the effect of hydrogen coverage, the length of the 

nanoribbon is about 12.65 Å (4 unit cells along x-axis) (Figure 1). 

 

The HER performance of VS2 nanoribbon can be characterized by the free Gibbs 

reaction energy of hydrogen adsorption ∆GH [38, 42, 48], which can be calculated 

from following equation: 

∆�� = ∆�� + ∆���	 − �∆��     (1) 

where ∆EH is the hydrogen chemisorption energy defined as: 

∆�� = E�NR + nH� − E�NR + �n − 1�H� − �
������      (2) 

and its average form is defined as: 

∆�� = �E�NR + nH� − E�NR� − �
� ������ /�     (3) 

where E(NR+nH) and E(NR) are total energies of VS2 nanoribbons with and without 

hydrogen atoms at the edge, respectively. n is the number of H atoms adsorbed at the 

edges of VS2 nanoribbons, and can be from 1 to 8 (for the edge with 8 sulfur atoms) 

(Figures 1d&g&h) or 1 to 4 (for the edge with 4 sulfur atoms) (Figure 1c) to 

investigate the effect of hydrogen coverage on catalytic activity. The hydrogen 

coverage refers to 
�
� and 

�
�, respectively, for different edge structures. Therefore, 

∆GH as a function of the hydrogen coverage (n) can be obtained. E(H2) is the energy 

of hydrogen molecule, ∆SH is the difference in entropy, and ∆EZPE is the difference in 
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zero point energy between the adsorbed and the gas phase. ∆EZPE - T∆SH is about 0.24 

eV. So Eq. (1) is simplified to ∆GH =∆EH + 0.24 [38, 48]. The reaction free energy of 

hydrogen adsorption calculated with Eq. (2) is referred to I-∆GH (individual process) 

and that calculated with Eq. (3) is referred to A-∆GH (average process). 

 

We first study the V-edge of VS2 nanoribbons with that covered by four sulfur atoms 

and various widths (VS2-NR-HS-V-W) (W = 1 - 4) (Figures 1a&b). Various hydrogen 

coverages are realized by adding n hydrogen atoms onto the sulfur atoms at the edges 

(the orange dashed line in Figure 1c). We see that the calculated free Gibbs energies 

of VS2-NR-HS-V-W in individual processes generally increase as hydrogen coverage 

increasing, and good HER activities may be achieved at certain hydrogen coverages, 

depending on the width of nanoribbons (Figure 2a). For example, the HER activities 

of wide nanoribbons (I-∆GH = -0.13 eV for VS2-NR-HS-V-1, and I-∆GH = -0.09 eV 

for VS2-NR-HS-V-2) are better than narrow ones (I-∆GH = -0.37 eV for 

VS2-NR-HS-V-3 and I-∆GH = -0.33 eV for VS2-NR-HS-V-4) at a hydrogen coverage 

of 
�
� (Figure 2a). However, at hydrogen coverage of 	 �	, narrow nanoribbons (I-∆GH 

= -0.11 eV for VS2-NR-HS-V-3, and I-∆GH = -0.13 eV for VS2-NR-HS-V-4) show 

better HER activity than wider ones (I-∆GH = -0.24 eV for VS2-NR-HS-V-1 and 

I-∆GH = 0.14 eV for VS2-NR-HS-V-2). At full hydrogen coverage (	��	), VS2-NR-HS-2 

(∆GH = 0.14eV) shows the best catalytic performance in all of considered systems. 

The calculated A-∆GH as functions of hydrogen coverage in average processes show 
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the same trends as those in individual processes, but are negative. Although the 

A-∆GH of VS2-NR-HS-V-2 is -0.14 eV at full hydrogen coverage, its catalytic 

performance should be not good because that the total reaction free energy needs to 

time the number of hydrogen atoms (four). Comparing the calculated reaction free 

energies in individual and average processes, we see that individual process is more 

likely to happen at high hydrogen concentration (from 50% to 100%). We also see 

that the V-edge of VS2-NR-HS-4, shows better HER performance at 75% !	 �	" 

(A-∆GH = -0.31 eV) and 100% �	��	� (A-∆GH = -0.19 eV) than Mo-edge of MoS2 

nanoribbon at the same width (both above 0.6 eV at 75% and 100%) [38]. 

 

For the S-edges of VS2 nanoribbons with V-edge covered by four sulfur atoms and 

various widths (VS2-NR-HS-S-W, W = 1 - 4), the calculated free Gibbs energies for 

hydrogen adsorption in individual processes show oscillating phenomena as a 

function of hydrogen coverage (Figure 3a), which are in a range of 0.08 to 0.19 eV at 

even hydrogen coverages (n > 2), and 0.14 to 0.43 eV at odd hydrogen coverages (n > 

2) (inset in Figure 3a). Among all of the four nanoribbons, the S-edge of the narrowest 

one (VS2-NR-HS-4) shows the best HER performance, as indicated by the relatively 

low reaction free energies (∆GH = 0.08 eV, 0.13 eV, 0.16 eV) at a wide hydrogen 

coverage (	��	 to 
#
�	 and 

�
�	). The calculated ∆GH in average processes show oscillating 

increment (from 0.08 eV to 0.2 eV) as hydrogen coverage increasing from 	��	 to 

	��		(Figure 3b). Similarly, the average process is more difficult to happen than 
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individual process if considering the number of hydrogen atoms when n > 2, but is 

easier at hydrogen coverage of 
�
�	 because of low A-∆GH (0.08 eV) and high I-∆GH 

(-1.07 eV). Different from MoS2 nanoribbons, where their S-edges are more 

catalytically inert comparing with Mo-edge [38, 39], the S-edge of VS2 nanoribbons 

show interestingly better catalytic ability than their V-edges. 

 

For another VS2 nanoribbon with V-edge covered by eight sulfur atoms (Figures 

1e&f), similarly, we firstly investigate the HER performance of V-edges of 

VS2-NR-FS-V-W (W = 1 - 4). The relaxed structures of VS2-NR-HS-V with various 

hydrogen coverages show that they are not stable at certain hydrogen coverages (	 �	 

and 	��	) by broken V – S bonds, and forming hydrogen molecules. Therefore, their 

free adsorption energy ∆GH’s are not considered in these situations. The calculated 

A-∆GH show that only the V-edge of VS2-NR-FS-4 is active at hydrogen coverages of 

	$�	 and 	%�	 (0.11 eV and 0.12 eV, respectively) (S1). 

 

In the case of S-edges of VS2 nanoribbons with V-edge covered by eight sulfur atoms 

(VS2-NR-FS-S-W, W = 1 - 4), the calculated ∆GH show that excellent HER activities 

can be achieved (Figure 4). We see that the free Gibbs energies for hydrogen 

adsorption fluctuate around 0.2 eV with increasing hydrogen coverage, and the 

optimal catalytic performance of VS2-NR-FS-S-1, 3 and 4 occur from 	 �	 to 
�
� in the 
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individual processes (inset of Figure 4a). We also find that the catalytic performance 

of S-edges in VS2-NR-FS is better than that in VS2-NR-HS because of relatively low 

reaction free Gibbs energies (Figures 3a&4a). Interestingly, we see that the calculated 

A-∆GH of VS2-NR-FS-S-1, 3, and 4 in average processes almost overlap with each 

other and increase from -0.12 to 0.1 eV as hydrogen coverage increases from 
 
� to 

�
� 

(Figure 4b). Particularly, the calculated A-∆GH of VS2-NR-FS-S-1, 3, and 4 are near 

zero (0.013 eV, 0.006 eV, and 0.009 eV, respectively) at a hydrogen coverage of 
$
�, 

indicating high catalytic ability for average processes to happen. We see that the HER 

performance of S-edges of VS2-NR-FS in average process is much better than that of 

VS2-NR-HS (Figures 3b&4b). At the same time, the relaxed structures of 

VS2-NR-FS-3-W (W = 1-4) show that they are stable under various hydrogen 

coverages at their edges (S2&S3) and charge transfers from H atom to S atom (0.05 ~ 

0.1 e). By comparing with literatures, we note that the activities of S-edges of 

VS2-NR-FS (0.006 eV) are much higher than those of Mo-edges of MoS2 (0.06 eV) 

and MoSe2 (0.02 eV) nanoribbons, and W-edges of WS2 (-0.04 eV) and WSe2 (0.17 

eV) nanoribbons under optimal performance conditions [39]. We further see that the 

HER performances of S-edges of VS2-NR-FS is even better or comparable with the 

doped S-edges of MoS2 nanoribbons [38]. The calculated free Gibbs energies in both 

individual and average processes show that the S-edges of VS2-NR-FS are active in 

electrolysis of water at a wide hydrogen coverage (from 
 
� to 

�
� ) and show best 

performance at a moderate hydrogen coverage, which is comparable with Pt. We also 

carry out spin-polarized calculations and find that spin-alignment has negligible effect 
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on the calculated Gibbs free energy (S4). To reveal the origin of HER performance of 

S-edges in VS2-NR-FS, the total densities of states (TDOSs) are calculated. The 

calculated TDOSs show that these nanoribbons are metallic, as indicated by the Fermi 

levels within conduction bands (Figures 5a-e). This high conductivity promises that 

S-edges of VS2-NR-FS show high catalytic ability even at the vicinity of full 

hydrogen coverage.  

 

To give a clear indication on the stability of VS2 nanoribbon, it is necessary to study 

its formation possibility by calculating its edge energy (Eedge) as below: 

�&'(& = ��)* − ��+�,-�.��� − /01 − 203�/25        (4) 

where the edge energy has been normalized to the length of the edge. ENR is the total 

energy of VS2 nanoribbon, and Eunit (VS2) is the energy of the VS2 unit calculated 

from its monolayer. n is the total number of VS2 units in the nanoribbon. 01 and 03 

are the chemical potentials of one single atom calculated from bulk sulfur and 

vanadium, respectively. m and l are the numbers of extra S and V atoms at the edges 

of VS2 nanoribbon, respectively. L is the nanoribbon’s length. From the calculated 

edge energies of these two types of nanoribbons (Figure 6), we see that all the edge 

energies are slightly above zero and almost independent of width, indicating that these 

two types of nanoribbons can be achieved under suitable conditions. Importantly, the 

edge energies of VS2 nanoribbons with V-edge covered by eight sulfur atoms 
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(VS2-NR-FS) are lower than those with one edge covered by four sulfur atoms 

(VS2-NR-HS) by 22 %, indicating the VS2-NR-FS may be easier to be obtained in 

experiments. The easier formation of VS2-NR-FS and its active edge in electrolysis of 

water indicate that they may find applications as catalysts in electrical hydrogen 

production. 

 

Conclusion 

We present a first-principles study on two types of zigzag VS2 nanoribbons with 

various widths. We find that S-edges of VS2 nanoribbons are more catalytically active 

than V-edges in electrolysis of water. Especially, the S-edges of VS2 nanoribbons with 

V-edge covered by eight sulfur atoms show best HER catalytic performance in a wide 

range of hydrogen coverage and comparable activity with Pt at certain hydrogen 

coverages due to high conductivities. Our study further shows that narrow 

nanoribbons have overall better catalytic performances than wide counterparts. Our 

calculations demonstrate that the HER performance of 1D nanoribbon not only 

depends on edge atoms, but edge configurations and its width. It is expected that our 

findings may provide guidance on the design of electrocatalysts and find applications 

in electrolysis of water. 

  

Page 12 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 13 / 24 

 

Acknowledgments  

Hui Pan thanks the support of the Science and Technology Development Fund from 

Macau SAR (FDCT-068/2014/A2, FDCT-132/2014/A3, and FDCT-110/2014/SB) and 

Multi-Year Research Grants (MYRG2014-00159-FST and MYRG2015-00017-FST) 

and Start-up Research grant (SRG-2013-00033-FST) from Research & Development 

Office at University of Macau. The DFT calculations were performed at High 

Performance Computing Cluster (HPCC) of Information and Communication 

Technology Office (ICTO) at University of Macau.  

 

Supporting information 

Figures of the calculated free Gibbs energies of hydrogen adsorption on V-edges of 

VS2-NR-FS-W (W = 1-4) in both individual and average processes. Relaxed 

structures and hydrogen chemisorption energies of VS2-NR-FS-3-S with various 

hydrogen coverages from one to eight hydrogen atoms adsorbed. Spin polarization 
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Figure caption: 

Figure 1, The representative structures of zigzag VS2 nanoribbons with different edge 

structures and configurations: (a) top view of VS2 nanoribbon with V-edge covered by 

four sulfur atoms (VS2-NR-HS-W), (b) side view of VS2-NR-HS-W, (c) V-edge 

structure of VS2-NR-HS-W, (d) S-edge structure of VS2-NR-HS-W, (e) top view of 

VS2 nanoribbon with V-edge covered by eight sulfur atoms (VS2-NR-FS-W), (f) side 

view of VS2-NR-FS-W, (g) V-edge structure of VS2-NR-FS-W, (h) S-edge structure 

of VS2-NR-FS-W. Hydrogen atoms (white balls) are added to show their adsorption in 

Figures 1c, 1d, 1g&1h. The dashed orange line on hydrogen atoms indicates the way 

to remove hydrogen atoms one by one in Figure 1c&h. The width (W = 1 - 4) of VS2 

nanoribbon is the distance for the V-edge to the dashed green line and indicated it 

decreases. 

Figure 2, Calculated overpotentials of V-edges of VS2-NR-HS-W (W = 1 - 4) as a 

function of hydrogen coverage: (a) I-∆GH and (b) A-∆GH. 

Figure 3, Calculated overpotentials of S-edges of VS2-NR-HS-W (W = 1 - 4) as a 

function of hydrogen coverage: (a) I-∆GH and (b) A-∆GH. 

Figure 4, Calculated overpotentials of S-edges of VS2-NR-FS-W (W = 1 - 4) as a 

function of hydrogen coverage: (a) I-∆GH and (b) A-∆GH. 

Figure 5, Calculated total density of states of VS2-NR-FS-3 with a hydrogen coverage 

of: (a) 0, (b) 1/8, (c) 2/8, (d) 4/8 and (e) 8/8 at its S-edge. 
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Figure 6, Calculated edge energies of pure VS2-NR-HS(FS)-W (W = 1 - 4). 
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