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MoSe2 and WSe2 nanofilms and nanosheets have recently been shown to be active for electrochemical H2 evolution (HER). In this work, 
we used periodic density functional theory to investigate the origin of the catalytic activity on these materials. We determined the relevant 
structures of the Mo/W-edges and the Se-edges under HER conditions and their differential hydrogen adsorption free energies. The Mo-
edge on MoSe2 and the Se-edge on both MoSe2 and WSe2 are found to be the predominantly active facets for these catalysts, with activity 
predicted to be comparable to or better than MoS2. On the other hand, the (0001) basal planes are found to be inert. We further explain the 
enhanced activity at the edges in terms of localized edge states, which provide insight into the trends in HER activity seen between the two 
catalysts. Our results thus suggest that an optimal catalyst design should maximize the exposure of edge sites. Comparisons are made 
between the transition metal selenide catalysts and their sulfide counterparts in order to understand the consequences of having either 
Mo/W or Se/S atoms. It is found that linear scaling relations describe the S/Se binding onto the edge and the H binding onto the S/Se. 

 

Introduction 
The electrochemical hydrogen evolution reaction (HER) has been suggested as a possible route to the 

sustainable production of H2.1 As the expensive and scarce Pt group metals2,3 are currently the most effective at 
catalyzing this reaction, alternative catalysts that are cheap and based on earth-abundant elements are needed for 
large scale production. HER involves hydrogen binding to the catalyst surface in the first step, and the hydrogen 
adsorption free energy has been shown to be a good descriptor for the rate of reaction, with an optimal binding 
energy of ∆GH ≈ 0 eV.2-6  

Layered transition metal dichalcogenides (TMD) have been gaining widespread attention for the design of 
novel materials due to their unique chemical and physical properties. It is now well known that layered TMD’s 
can be exfoliated into two-dimensional sheets,7-12 similar to graphene. A well known example for HER is MoS2, 
which was first predicted by theory13 and then experimentally proven in a number of studies to have better activity 
than most non-precious metals.13-22 It has been shown that the edge states at the MoS2 edges are responsible for 
this enhanced activity, while the basal plane is inert and insulating.23-26 Similar experimental HER studies have 
been done on other TMD’s, including WS2, MoSe2, and WSe2, 18,22,27-29 all of which demonstrate promising activity 
for HER. However, a comprehensive theoretical study of the structure and activity of MoSe2 and WSe2 catalysts is 
currently lacking. At the moment, it is unknown whether it is the basal plane, the Mo/W-edge, or the Se-edge that 
is responsible for the catalytic activity in each of these catalysts. Furthermore, the exact edge structures involved 
under reaction conditions have not yet been determined. A wide range of adsorption structures are possible 
depending on the edge coverage of Se assumed, so it is crucial to determine the relevant configuration in order to 
obtain an accurate theoretical prediction of activity for these materials. 

In this work, we use density functional theory (DFT) to investigate the edge and basal plane sites of MoSe2 
and WSe2 for the hydrogen evolution reaction. We first determine the relevant Se configurations of the (1010)  
Mo/W-edge and the (1010)  Se-edge under HER conditions. Then, we use the ∆GH to compare the relative HER 
activity between the basal plane and edges. Our results confirm that the edge sites of MoSe2 and WSe2 should be 
the active centers for HER, with comparable or possibly higher activity than MoS2. We find the enhanced activity 
at the edges to arise from the one-dimensional edge states, in further analogy to MoS2.2,3,24 In order to understand 
the consequences of changing either the transition metal (Mo or W) or chalcogen (Se or S) in the layered 
structure, we have calculated the chalcogen, X, and HX binding energy onto the stable edge, where X = Se or S. 
We find an anti-correlation between X binding and H binding that indicates that hydrogen adsorption is directly 
mediated by how strongly the chalcogen is bound to the transition metal. 
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Methods 
Setup and calculation details 

Plane-wave DFT employing ultrasoft-pesudopotentials was used to calculate the structures and electronic 
energies. The QUANTUM ESPRESSO code2-6,30 and the BEEF-vdW exchange-correlation functional 7-12,31-34 were 
used for all calculations. The plane-wave cutoff and density cutoff were 500 eV and 5000 eV respectively. The 
bulk lattice constants (experimental values in parentheses) were determined to be a = 3.35 Å (3.288 Å), c = 13.78 
Å (12.900 Å) for MoSe2 and a = 3.33 Å (3.280 Å), c = 14.06 Å (12.950 Å) for WSe2, in reasonable agreement 
with experimentally measured values.35 An infinite stripe model described previously13-22,24,25  was used to 
investigate the (1010)  Mo/W-edge and (1010) Se-edge, whereas an infinite slab was used to model the (0001) 
basal plane (Fig. 1.). 

The coverage of hydrogen is defined as the fraction of a monolayer with respect to the number of available 
Se atoms on either the edge or the basal plane,  

 
θH (ML) = nH/(Se atoms) (1) 

 
We define the coverage of selenide atoms at the edge as 
 
 θSe (ML) = nSe/(2 × edge length) (2) 
 
The differential hydrogen adsorption free energies (∆GH) were defined in the same way as described previously.23-

26,36  For example, ∆GH at θH = 0.25 ML refers to the adsorption free energy for increasing the hydrogen coverage 
from 0 ML to 0.25 ML, whereas a ∆GH at θH = 0.5 ML refers to the adsorption free energy for increasing the 
hydrogen coverage from 0.25 ML to 0.5 ML. 

Two unit cell sizes were used to describe both the basal plane and the edges (represented as solid and dotted 
lines respectively in Figure 1). The first unit cell was two Mo/W wide in the x-direction and four Mo/W wide in 
the y-direction, which allows us to describe hydrogen coverages at the edge of θH = 0 ML, 0.5 ML and 1.0 ML. 
The second unit cell was four Mo/W wide in the x-direction and four Mo/W wide in the y-direction, which allows 
us to describe hydrogen coverages at the edge of θH = 0.25 ML and 0.75 ML. For Se coverages at the edge greater 
than θSe = 0.5 ML, the larger unit cell was used to account for possible edge reconstruction along the x-direction. 
To verify that the two edges are sufficiently decoupled in the y-direction, all atoms were allowed to relax. It was 
found that four Mo/W atoms in the y-direction were sufficient to prevent any changes in one edge from affecting 
the other.  In all cases, periodic boundary conditions were used along with 11 Å of vacuum in the z-direction to 
separate neighboring slabs and 9 Å of vacuum in the y-direction to separate the infinite stripes. The Brillouin zone 
was sampled by a Monkhorst-Pack 4×1×1 k-point grid for the first unit cell and 2×1×1 k-point grid for the second 
unit cell18,22,27,28,37 and structures were relaxed until the total force were less than 0.05 eV/Å.  
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Figure 1.  Calculation unit cells. Shown for MoSe2. Left: infinite slab used to model the basal plane. Right: infinite stripe used to model the 
edge sites. The smaller unit cell (solid lines) and larger unit cell (dotted line) are both shown. The (1010)  Mo-edge and (1010)  Se-edge 
both terminate with Se atoms. 

 

 

Edge structure determination 
 It is crucial to have the correct edge structure for the reaction conditions, as the ∆GH can change drastically 
depending on the coverage of Se at the edge. The ∆GH for the Se-edge of MoSe2 for instance varies from – 0.4 eV 
to 0.5 eV for θSe = 0 ML to 1.0 ML. The edge free energy25,38 is given by, 

 γ =
1
2L

G MSe2 + NHH( )− NMEMSe2

bulk + (2NM − NSe )µSe − NHµH#$ %&   (3) 

 
where L is the length of the edge in the unit cell, Ni is the number of atoms of i = H or M, where M = Mo or W, 
EMSe2
bulk is the bulk energy of MSe2, and μH and μSe are the chemical potentials for H and Se. The following 

equilibrium reactions determine the chemical potentials:  
 
  2(H

+ + e− )+Se(*)! H2Se+ (*)   (4) 

and 
 
  H

+ + e− ! H  (5) 
 
where (*) denotes a selenide vacancy on the edge. Using the computational hydrogen electrode5,39 (CHE), the 
chemical potentials are, 

 µSe = µH2Se − 2
1
2
µH2 − eURHE

"
#
$

%
&
'   (6) 

 µH =
1
2
µH2 − eURHE   (7) 

 
where URHE is the potential versus the reversible hydrogen electrode. Due to the negligible pressure of H2Se under 
reaction conditions, the chemical potential for Se is expected to be extremely negative and a simple minimization 
of the edge free energy γ would imply that the Se atoms at the edge should dissolve completely according to 
reaction 4. However, at reducing potentials of URHE < 0 VRHE, the relevant coverage is determined by kinetics, 
where hydrogen evolution on the Se (reaction 5) competes with the vacancy formation from Se desorption as 

y!

x!

1010( )

1010( )

0001( )

Mo! Se!
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H2Se (reaction 4). To determine the relevant edge configuration under HER conditions, we first start with the 
thermodynamically stable edge coverage at 0 VRHE, and a H2Se pressure of 10−5  and 10−8  bar corresponding to a 
standard corrosion resistance.40 . The potential was assumed to be U = 0 VRHE as a starting point because we are 
interested in the region of low overpotential. We then assume that the relevant coverage corresponds to when 
HER is further downhill than H2Se desorption or further H adsorption. An example of edge structure 
determination on the Mo-edge of MoSe2 is shown in Figure 2, where the edge free energies γ are plotted. Figure 3 
shows the free energy diagrams confirming that H2 evolution is the most downhill reaction on these structures. A 
For both the (1010)  edges and (1010)  edges, we considered Se coverages of θSe = 0, 0.25, 0.5, 0.75, and 1.0 
ML (details of the structures considered are in the supporting information).  
 

 
Figure 2. Example of the edge free energy γ as a function of H2Se pressure for each configuration of Se on the Mo-edge on MoSe2. Each 
edge free energy line corresponds to a possible edge structure. The most thermodynamically stable coverage was found to be 0.5 ML Se or 
0.75 ML from the plot in the range of 10–5 to 10–8 bar of H2Se. 
 
 

MoSe
2  

Mo-edge   U
RHE

 = 0 V
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Figure 3. Example free energy diagrams for the Mo-edge of MoSe2 that confirm that (a) 0.5 ML Se with 0.25 ML H and (b) 0.75 ML Se 
with 0.25 ML H are the relevant coverage for HER. Further H2Se desorption or H adsorptions are more uphill in energy compared to H2 
evolution. H* denotes an adsorbed hydrogen and * denotes a selenide vacancy site. Details for all the edge structures considered are in the 
supporting information. 
 
 

Comparison with MoS2 and WS2 
In order to directly compare MoSe2 and WSe2 to their sulfide counterparts, we recalculated the previously 
published results on MoS2

13,25 and WS2
18 using the BEEF-vdW exchange-correlation functional (previous 

calculations used the RPBE exchange-correlation functional41). The new bulk lattice parameters (with 
experimental values in parentheses) were determined to be a = 3.19 Å (3.20 Å), c = 13.05 Å (12.29 Å) for MoS2 
and a = 3.20 Å (3.162 Å)42, c = 13.33 Å (12.35 Å)43 for WS2. Theoretical and experimental values are in 
reasonable agreement. The same detailed analysis for determining the stable edge structures was also performed 
on MoS2 and WS2. It was found that for the Mo-edge and W-edge, the coverage of sulfur atoms was 0.5 ML 
whereas for the S-edges, the coverages were 1.0 ML. The results are summarized in Table 2. 
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Results and discussion 
 
Table 1. The structures and hydrogen adsorption free energies for MoSe2 and WSe2. Only the most stable edge configurations are shown. 

All values of ∆GH are shown for the final adsorbed hydrogen at the corresponding θH. (Mo = , W = , Se = , H = ) 
 

System Surface Stable Structure θSe (ML) θH (ML) H adsorption ∆GH (eV) 

MoSe2 
     

 Basal plane (0001) 

 

 0.0625 2.13 

 Mo-edge (1010)  
 

0.5 0.25 0.02 

 Mo-edge (1010)  
 

0.75 0.25 – 0.04 

 Se-edge (1010)  
 

1.0 1.0 – 0.05 

WSe2      

 Basal plane (0001) 

 

 0.0625 2.31 

 W-edge (1010)  
 

0.5 0.25 0.17 

 Se-edge (1010)  
 

1.0 0.50 – 0.05 

 
Differential hydrogen adsorption free energies on MoSe2 and WSe2 

 Table 1 shows the structures, hydrogen coverages, and ∆GH of the (0001) basal plane, (1010)  edge, and 
(1010)  edge. The differential hydrogen adsorption free energy, ∆GH, is shown for the final hydrogen added on at 
the coverage, θH, shown. For both the basal plane and the edges, this coverage θH represents the maximum 
hydrogen coverage beyond which no further hydrogen could be adsorbed (i.e. it is easier to remove hydrogen than 
to absorb additional hydrogen at this coverage). All adsorbates are considered at the lowest energy binding sites. 
The ∆GH on the basal planes are approximately 2 eV for both MoSe2 and WSe2, which indicate that the basal 
plane is inert. For the edge structures, the H atoms were found to preferentially bind on every other Se site rather 
than to the neighboring Se atom, in analogy with MoS2 (also shown in Table 1).13 More involved kinetic barriers 
will have to be calculated to determine the specific mechanism for HER; regardless, the differential hydrogen 
adsorption free energy on the structurally similar MoS2 was found to describe the HER activity well, so we also 
assume that to be the case here.15,44 

For the Mo-edge of MoSe2, it was determined that Se coverages of 0.5 ML and 0.75 ML are very close in 
edge energy and could both be stable (Figure 2). Without accurate kinetic barriers for defect formation, it is not 
possible to clearly distinguish between the two. The hydrogen adsorption free energies are similarly close to 

Mo! W! H!Se!Mo! W! H!Se!Mo! W! H!Se!Mo! W! H!Se!
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thermoneutral (∆GH = 0.02 eV and ∆GH = – 0.04 eV, respectively) and both predicted to be active for HER. The 
Se-edge of MoSe2 was determined to have similar hydrogen binding as the Mo-edge (∆GH = – 0.05 eV). The two 
edges of MoSe2 are thus expected to be approximately equal in HER activity. For WSe2, the W-edge has a 
hydrogen adsorption free energy of ∆GH = 0.17 eV while at the Se-edge it is – 0.05 eV. According to a previously 
determined activity map for HER, this difference in ∆GH represents about an order of magnitude difference in the 
turnover rate.45 The Se-edge of WSe2 is thus expected to be the primary active site for HER. We find that our 
results qualitatively agree with the experimental studies done on vertically standing MoSe2 and WSe2 
nanofilms.22,27 In these model systems, only the edge sites are exposed and the two edges are expected to be 
present in approximately equal amounts. For both types of edges, MoSe2 has the most thermoneutral ∆GH 
compared to WSe2, so it should be the more active catalyst, which is consistent with the experimental trends from 
Wang et. al.27  
 
Table 2. For comparison, the structures and hydrogen adsorption free energies for MoS2 and WS2. Only the most stable edge configurations 

are shown. All values of ∆GH are shown for the final adsorbed hydrogen at the corresponding θH. (Mo = , W = , S = , H = ) 
 

System Surface Stable Structure θS (ML) θH (ML) H adsorption ∆GH (eV) 

MoS2 
     

 Basal plane (0001) 

 

 0.0625 1.92 

 Mo-edge (1010)  
 

0.5 0.25 0.06 

 S-edge (1010)  
 

1.0 1.0 – 0.45 

      

WS2      

 Basal plane (0001) 

 

 0.0625 2.23 

 W-edge (1010)  
 

0.5 0.25 – 0.04 

 S-edge (1010)  
 

1.0 1.0 – 0.06 

 
 

Comparing the Edge Structure and Adsorption Energies with MoS2 and WS2 
Table 2 shows the structures, hydrogen coverages, and hydrogen adsorption free energies for MoS2 and WS2. 

The edge structures have been determined in the same way as the selenides, which is a more thorough analysis of 
the thermodynamics involved under electrochemical conditions compared to previous studies on MoS2 and 
WS2.13,18 In terms of hydrogen adsorption free energies, the basal planes of MoSe2, WSe2, MoS2, and WS2 are 
almost identically inert with ∆GH ≈ 2 eV (Table 1 and Table 2). This suggests that the inertness of the basal plane 

Mo! W! H!Se!Mo! W! H!Se!Mo! W! H!Se!
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of group 6 layered TMD’s is relatively insensitive to the choice of transition metal (Mo or W) or chalcogen (Se or 
S). The two edges on MoSe2 and the Se-edge of WSe2 have comparable HER activity to the MoS2 Mo-edge and 
the two edges of WS2, which have |∆GH| of approximately 0.05 eV (Table 2). Among the four, MoSe2 is predicted 
to be the most active catalyst, followed closely by WS2, as they have the most thermoneutral ∆GH for both edges.  

It is worth noting that all edges have ∆GH similarly close to 0 eV except for the W-edge of WSe2 or the S-
edge of MoS2. The W-edge of WSe2 binds hydrogen weakly so HER will be comparatively more difficult even at 
the lowest possible hydrogen coverage. The S-edge of MoS2 on the other hand, binds hydrogen too strongly, 
leading to hydrogen being poisoned at the sites even at the highest possible coverage. All other edge structures 
have more intermediate binding of hydrogen, so as long as they have a saturated coverage of hydrogen within the 
constraints of our unit cell size, the ∆GH is relatively close to thermoneutral. 

To understand the consequences of having each combination of transition metal (Mo or W) and chalcogen (Se 
or S), we calculated the HX adsorption energy (where X = S, Se) at the edge, ∆EHX, which is defined as 

 ∆ EHX = E(MX2 )+
1
2
E(H2 )− E(MX2 −HX)− E(H2X)   (8) 

where M = Mo, W, and X = S, Se, and HX is adsorbed onto a vacancy from the stable edge structures shown in 
Table 1 and Table 2 (i.e. the negative of the HX removal energy from the stable edge structures). The adsorption 
energy of X = S or Se (∆EX) was calculated as the negative of the energy for the removal of S or Se in the edge 
structure relative to bulk S or Se. 

We show ∆EHX as a function of ∆EX in Figure 4, where a positive linear scaling relationship exists, indicating 
that the strength of X adsorption onto the edge is directly related to how stable the edge is (how difficult it would 
be to remove HX as H2X). Regardless, when hydrogen adsorption free energy (∆GH) is shown as a function of 
∆EX, we find a negative scaling relationship between how strongly X is bound and how strongly H is bound onto 
X. This suggests that the strength of X binding to the edge determines the binding strength of H. X that is bound 
more strongly onto the edge leads to H that is bound more weakly to X. 

The consequence of changing the transition metal (Mo or W), or the edge type (Mo/W-edge or S/Se-edge), is 
then simply to shift along these scaling lines. W containing edges tend to bind X more strongly than their Mo 
counterparts, and hence have weaker hydrogen binding for the same type of edge. For all edge types, the HSe 
group tends to be bound more strongly than the HS group, resulting in weaker hydrogen binding for Se containing 
edges. This is reflected in the downshifted ∆EX vs. ∆EHX scaling line and the upshifted ∆EX vs. ∆GH scaling line. In 
general there is at least a small amount of edge structure reorganization upon H adsorption, which could explain 
some of the spread in the data in Figure 4. 
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Figure 4. Plot of HX adsorption energy and hydrogen adsorption free energy (∆GH) as a function of X adsorption energy (∆EX) where X = S, 
Se. The strength of X binding indicates how strongly the entire HX group is bound to the edge, while X binding is also negatively correlated 
with how strongly H is bound onto X.  There is then a compensation effect between how strongly X is bound onto the metal and how 
strongly H is bound onto X. 
 
Relating the electronic structure of the edge to the catalytic activity 
 Since the chemical properties of the edge sites are defined by the underlying electronic structure, an analysis 
of the density of states at the edges can give us additional insight into the trends in the hydrogen adsorption free 
energies. The selenide atoms interact directly with hydrogen, so we focus on the p-density of states here. Figure 5 
shows the atom-projected p-orbital density of states of the Se atoms and the s-orbital density of states of the 
adsorbed H atoms. These were calculated from the structures given in Table 1 with one H removed. These are 
organized from top to bottom in order of decreasing H adsorption free energy. Since H binds directly to the Se 
atoms at the edge, the Se states should give a direct means of studying the hydrogen binding. 

There is significant reconstruction at the Se-edge of WSe2 upon H adsorption, so the ∆GH listed in Table 1 
will include this contribution. The bond in the Se–Se dimer is broken in order to form the Se–H bond (see 
supporting information Table S4.), which increases the Se–Se bond distance from 2.39 Å to 3.03 Å. Subtracting 
the energetic cost for this reconstruction (0.10 eV) from the ∆GH results in a Se–H bond formation free energy of 
– 0.15 eV, which is the value shown in Figure 5. 

From the p-projected density of states on the Se atoms, we see sharp resonant states at the Fermi level for all 
the considered edges (Figure 5a). In analogy with MoS2, the presence of localized edge states is responsible for 
the enhanced binding relative to the basal plane.24,25 When the s-states of the hydrogen adsorbate (the adsorbate 
state, shown in Figure 5a) interact with the resonant p-states of Se on the edge, it gives rise to bonding and anti-
bonding states,46,47 shown in Figure 5b. Despite the visible shift in the p-states, there does not appear to be a 
change in the filling of either the bonding or the anti-bonding s-states, so the shifting of the s-states cannot explain 
the trends in H binding. Instead, if one assumes that the partially filled resonant p-states and the adsorbate state 
can be approximated by single energy levels εp and εs, respectively, then one can look at the interaction energy in 
the perturbation limit for a qualitative explanation of the trends, 46,48 

 Δε ~ −
V 2

εp −εs
  (9) 
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where ∆ε is the interaction energy, “~” represents proportionality, and V is the coupling matrix element. For the 
position of the renormalized adsorbate state, we assume a fixed value of εs = 0 eV relative to the Fermi level. The 
exact position of εs is unimportant for such a qualitative analysis. Assuming that V is constant across the edge 
structures, the variation in H adsorption is then determined by the denominator, εp −εs , in Equation 9. The 

attractive interaction will be strongest when εp −εs  is minimized. From Figure 5a, we see that the trends in ∆GH 
follow this conclusion exactly: the edge structures with εp and εs closest together have the most negative H 
adsorption free energies, whereas edge structures with εp and εs furthest apart have the most positive H adsorption 
free energies. It should be noted that even though the shift in the p-states describes the ∆GH trends well, it 
becomes more complicated in cases such as the Se-edge of WSe2 where significant edge reconstruction takes 
place, as the energetic contribution of the reconstruction is not captured by the position of the p-states. 

 
 

 

(a) (b)
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Figure 5. Projected density of states (PDOS) in arbitrary units, sorted by increasing ∆GH from top to bottom. (a) p-density of states relative 
to the Fermi level projected onto Se atoms in MoSe2 and WSe2. The blue lines indicate Se atoms on the edge, whereas the green lines 
indicate Se atoms in the basal plane. The red lines indicate the adsorbate state for the H. The shaded area indicates the states filled up to the 
Fermi level, εF.  The dashed lines indicate the single energy levels εp and εs for the p-states and the adsorbate state, respectively. The 
densities of states were calculated at the coverages shown in Table 1 with the final adsorbed hydrogen removed. *There is significant 
reconstruction on the Se-edge of WSe2 upon H adsorption, so the PDOS was calculated for the reconstructed structure with the H removed. 
The ∆GH here has the energetic cost for reconstruction removed. (b) s-density of states projected onto adsorbed H showing the bonding and 
anti-bonding states relative to the Fermi level εF. In all cases, the filling of the bonding and anti-bonding states is unchanged despite the 
visible shift in the p-states (shown alongside for comparison). The densities of states were calculated at the coverages shown in Table 1.  
 

To understand the role of the electronic structure of metal atoms at the edge (Mo or W), we have calculated the d-
projected density of states onto the metal atom (Figure 6). These were calculated at the edges with θSe = 0 ML. 
The trends in the d-band centers relative to the Fermi level, εd, are seen to correlate with the Se adsorption 
energies, ∆ESe, onto the stable edge structures shown in Table 1 and 2. The densities of states in Figure 6 are 
ordered from top to bottom in decreasing ∆ESe (increasing Se binding strength). A further upshifted d-band center 
relative to the Fermi level corresponds to stronger Se binding, and a more downshifted d-band center to weaker Se 
binding. The edges with approximately equal Se binding have d-band centers in the same position. Due to the 
anti-correlation between Se binding and H binding, the d-states then indirectly indicate the H binding strength 
through the correlation with Se binding. 

 
Figure 6. Projected d-density of states in arbitrary units, sorted by decreasing Se binding energy, ∆ESe, from top to bottom. The edges with 
stronger Se binding exhibit larger upshifts in the d-states toward the Fermi level. The green dashed line indicates the d-band center, εd. The 
shaded area indicates the states filled up to the Fermi level, εF.   
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Conclusions 
In this study, we have used DFT to investigate the atomic and electronic structure of MoSe2 and WSe2 for the 

hydrogen evolution reaction. We determined the relevant edge configurations for the reaction conditions and 
found the Mo-edge of MoSe2 and the Se-edges of both MoSe2 and WSe2 to be the major sites for catalytic activity. 
The enhanced activity on the edges compared to the inert basal planes arises from the localized edge states, whose 
positions relative to the Fermi level are consistent with the relative activity between the edges. Similar to MoS2, 
an optimal design for MoSe2 and WSe2 nanocatalysts would therefore maximize the exposure of edge sites. While 
we have shown previously that the support could play a role in modifying the edge activity of MoS2,44 more work 
is being done to investigate the general trends in support interactions in other layered TMD’s. We have also made 
comparisons with MoS2 and WS2, where we found that the edge structures were similar and the basal planes were 
almost identically inert. For both Se and S containing layered TMD’s, linear negative scaling relationships were 
found to describe the chalcogen (Se or S) binding on the edge and H binding onto the chalcogen. In MoSe2 and 
WSe2, the HSe group tended to bind more strongly and H was correspondingly bound more weakly onto Se. 
Although we have only looked at a few layered transition metal selenides and sulfides, this compensation effect 
could be a general feature of the edge sites of layered TMD’s. This suggests that the metal atom at the edge could 
be modified by dopant substitution to tune the hydrogen binding energy, which could be crucial for 
electrochemical reactions where HER is an undesirable competing reaction. 

Using hydrogen binding as a simple probe for chemical activity, we show that the edge sites of MoSe2 and 
WSe2 may be of interest for a broader set of reactions. Having the relevant edge structures enables a proper 
theoretical investigation of these materials for other electrochemical processes where HER is an important 
competing reaction. Similarities between MoSe2 and WSe2 and their sulfide counterparts also suggest that the 
presence of active edge sites may be a general feature of layered TMD’s. This opens up the possibility of studying 
the layered TMD’s as a general class of catalysts. These possibilities will be examined in further studies. 
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