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Rational design of MoS2 catalysts: tuning the 

structure and activity via transition metal doping† 

Charlie Tsai,ab Karen Chan,ab Jens K. Nørskov,ab and Frank Abild-Pedersen*b  

Density functional theory was used to study how transition metal doping could be used as a method for 
systematically fine-tuning the structure and activity of MoS2 catalysts. Through studying the hydrogen 
evolution reaction (HER) on the edge sites, the role of the metal dopant was determined to be in 
modifying the strength of sulfur binding on the edge, which determines hydrogen binding onto sulfur 
atoms on the edge through a negative linear scaling. A simple thermodynamic quantity, ∆GS, is thus 
identified, which allows for a description of both the stable structure and adsorption at the edge sites. This 
provides a descriptor-based framework for the rational design of new MoS2-type catalysts, where a metal 
dopant can be chosen to either strengthen or weaken the binding of key intermediates as desired. We also 
elucidate the unique coverage dependence of hydrogen binding, which explains why MoS2-type catalysts 
tend to have near-optimal hydrogen binding. These results are expected to be more general and easily 
extended to other reactions on other layered transition metal dichalcogenides. Besides confirming the high 
HER activity of previously studied MoS2 catalysts, we find 6 additional candidates that show marked 
improvement in hydrogen adsorption free energies over pristine MoS2. 

Introduction 

Two-dimensional layered transition metal dichalcogenides such 
as MoS2 have been gaining increased interest as a class of 
inexpensive electrocatalyst due to their unique chemical and 
physical properties resulting from their low-dimensionality.1-4 
Single layered MoS2 was first predicted by theory5 and then 
shown in a number of experimental studies to be active for the 
hydrogen evolution reaction (HER) with activity better than 
most non-precious metals.3-12 The increased activity of nano-
structured MoS2 compared to the inert bulk has been shown to 
arise from the metallic states located at the edge sites of the 
monolayer nanoparticles.1,6,13-18 Nanostructured MoS2 has 
further been suggested19 and subsequently proven20 as being 
active for electrochemical CO2 reduction due to the unique 
scaling of adsorption energies between key reaction 
intermediates on the edges.  
 In light of the wide range of possible applications for MoS2 
catalysts, it is desirable to develop a set of guidelines for 
rationally designing a new generation of MoS2-based catalysts, 
optimized for new sets of reactions. Transition metal doping 
into the S-edge of MoS2 has been demonstrated as one method 
for modifying the edge site activity in both the 
hydrodesulfurization reaction8-10,13,21-23 and HER.1,5,9,24 Since 
the Mo-edge has been predicted to be the active edge for HER,5 
doping is thought to improve the HER activity by modifying H 
binding on the S-edge. 
 Although several detailed theoretical studies21,25-28 have 
already been conducted, they have largely been limited to a few 
first row transition metal dopants, which is still insufficient for 
a broad understanding of how transition metals could modify 

the structure and activity of MoS2, particularly in the context of 
designing new catalysts. A systematic screening of transition 
metal dopants would provide an explanation of the general 
effects of doping and what the potentials and limitations are in 
using doped MoS2 catalysts for other reactions. Simple 
descriptors for the trends would also provide underlying 
intuition for choosing a specific dopant metal. 
 In this study, we present a density functional theory (DFT) 
study of 19 transitional metal-doped (Ag, Au, Cu, Co, Cr, Fe, 
Ir, Mn, Ni, Nb, Os, Pd, Pt, Ta, Re, Rh, Ru, V, W) MoS2 
catalysts. Using HER as a case study, we show that the 
expected activity can be continuously tuned over a wide range 
of binding energies through doping. We confirm that previously 
established MoS2-type catalysts are active, and propose 6 new 
candidates that should exhibit improved HER activity over 
MoS2 and most pure metal catalysts. Using a simple 
thermodynamic descriptor, we establish a negative linear 
scaling relationship between the characteristic binding strength 
of the edge S on the metal and the adsorption onto the S, which 
provides a general description of the trends in structure and 
activity on the edge. 
 

Theoretical approach 

We have chosen HER as a model reaction because there is now a 
rich body of literature for HER on MoS2-based catalysts.  
Furthermore, the strength of hydrogen binding on the edge can act as 
a simple probe for chemical activity since the hydrogen binding is 
known to scale with that of other key reaction intermediates.29 HER 
proceeds as 2H+ + 2e– → H2, where hydrogen is bound onto an 
active site (*) in the first step via H+ + e– → H(*). The hydrogen 
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adsorption free energy was thus determined to be an accurate 
descriptor of HER activity over transition metal catalysts, with an 
optimal binding energy of ∆GH = 0 eV leading to the highest 
activty.30-32 This descriptor-based approach using ∆GH was then 
extended to transition metal alloys,33 and used to predict the high 
activity of edge sites on MoS2,

5,6 confirm trends in HER activity on 
transition metal selenides,34 and predict trends in HER activity on 
transition metal carbides.35 Due to the largely successful application 
of the ∆GH descriptor beyond pure transition metals, we also use the 
hydrogen adsorption free energy, ∆GH, as an indicator of HER 
activity in this study. A detailed kinetic analysis of the hydrogen 
evolution reaction is outside the scope of the present work. 

Location and concentration of metal dopants 

 Since we are primarily interested in the trends and 
developing a general understanding, we focus on the S-edge 
with 100% of the edge-most Mo atoms substituted by the metal 
dopant. The reasons for this approximation are: (1) 
experimentally, Fe, Co, Ni, and Cu doped MoS2 catalysts have 
been shown to preferentially substitute at the S-edge with 100% 
replacement of the Mo atom in many cases;1,13,16-18,21-23,36 (2) 
previous studies on doped MoS2 clusters37,38 have showed that 
the S-edge is generally less stable and more prone to doping 
than the Mo-edge, in agreement with detailed scanning 
tunneling microscopy studies.23 Hence, even when the Mo-edge 
is doped, the doped S-edge is expected to also be present. 
Nevertheless, since partial doping of the S-edge as well as 
doping of the Mo-edge have been observed,21,28 we will return 
to the implications of these issues within the context of our 
results later on. We also do not consider the effects of doping 
into the basal plane in this study. 

Determining the stable edge structures 

 The edge structures of MoS2
 are known to be highly 

dependent on synthesis and reaction conditions,1,21,22,38 making 
it crucial to consider the relevant conditions in order to 
accurately describe adsorption and reactivity.39 In this study, we 
follow a method reported recently for determining the stable 
edge structures.19,34 
 An infinite stripe model1,5,13,14  was used to investigate the 
S-edge (shown in Figure 1A). In the infinite stripe, the Mo-edge 
and the S-edge are both exposed; however, when studying the 
S-edge, the exact configuration of the Mo-edge is unimportant 
so long as it is kept constant. 
 The coverage of H is defined as a fraction of a monolayer 
with respect to the number of available S atoms on the edge, 

 θH (ML) = nH/(S atoms) (1) 

and the S coverage is defined as 

 θS (ML) = nS/(2 × edge length) (2) 

For each doped S-edge, we considered S coverages of  θS = 0, 
0.125, 0.25, 0.5, 0.75, and 1.0 ML and H coverages of θH = 0, 
0.25, 0.5, 0.75, 1.0 ML for each S coverage. Examples of each 
S and H coverage are shown in Figure 1B. Both metal and S 
sites were considered at the edge and the H atom was found to 

preferentially adsorb onto the edge-most S sites and furthest 
away from an already adsorbed H, even for the cases where 
there are S vacancies. In principle, both S and H coverages 
could vary almost continuously in the ranges considered, but 
the intermediate coverages to the ones considered here would 
require large unit cell sizes that are computationally prohibitive. 
 Using the calculated energies of the infinite stripes with 
each possible configuration, the free energy of the edge γ was 
then determined by, 

 γ =
1

2L
Gstripe − N iµi

i

∑








  (3) 

where L is the length of the unit cell, Gstripe is the free energy of 
the infinite stripe, and the sum is over all i constituents of the 
edge and their respective chemical potentials µi and number of 
atoms Ni. Since we focus on HER in this study, we determined 
the stable structures under typical HER reaction conditions (i.e., 
reducing conditions). The chemical potentials at these 
conditions are determined by the following equilibrium 
reactions 

  (4) 

and 

   (5) 

where (*) represents a S vacancy on the edge. Using the 
computational hydrogen electrode (CHE),32,40 the chemical 
potentials for H and S can be written as 

 µ(H)=
1

2
µ H2( )− eURHE

  (6) 

 µ(S) = µ H2S( )−2
1

2
µ H2( )− eURHE









  (7) 

where URHE is applied bias defined relative to the reversible 
hydrogen electrode (RHE) and we have defined the pressure of 
H2S to be 10–6 bar, corresponding to standard corrosion 
resistance.41,42 This provides all the necessary parameters for 
determining the free energies of the edges γ. 
 Since we are interested in the region of low overpotential, 
we first take the most thermodynamically stable edge 
configuration at URHE = 0 V, then we assume that the steady 
state hydrogen coverage is where H2 evolution of the final 
adsorbed hydrogen is more exergonic than either the desorption 
of HS as H2S or further H adsorption. This analysis has been 
used and thoroughly discussed in previous studies as 
well.1,19,22,34 Additional details and a table of the stable 
structures are included in the ESI†. 
 In reality, the coverage at URHE < 0 V would be determined 
by kinetics, since the pressure of H2S should be negligible and 
yet MoS2 catalysts have been shown to be remarkably stable 
through potential cycling8,43. However, since activation 
energies of surface reactions are known to scale with adsorption 
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energies,44,45 we use thermodynamic quantities as an 
approximation. Our focus is on extracting general guidelines 
from the trends, so a detailed analysis of the kinetic barriers 
involved would be outside the scope of this study. 

  
Figure 1. (A) On the left, the top view of the calculation unit cell showing the 
infinite stripe model with both the Mo-edge and the S-edge exposed. The location 
of the dopant metal on the S-edge is highlighted in pink. On the right, the front 
view of the S-edge on the infinite stripe model showing a coverage of θS = 0.5 
ML and θH = 0.25 ML as an example. The dashed lines indicate the unit cells used 
in this study. The larger unit cell was used to calculate H coverages of θH = 0.25 
and 0.75 ML, whereas the smaller unit cell was used to calculate coverage of θH = 
0, 0.5, and 1.0 ML; (B) Examples of each θS and θH considered for each dopant in 
this study. 

Calculation details 

All results were calculated using plane-wave DFT employing 
ultrasoft-pseudopotentials. The QUANTUM ESPRESSO code46 and 
the BEEF-vdW exchange-correlation functional47-50 were used for all 
calculations. Recent studies have shown that hydrogen adsorption 
free energies of MoS2 calculated using the BEEF-vdW functional 
agree with those calculated using the RPBE functional previously.5,51 
The bulk lattice constants for MoS2 were determined to be a = 3.19 
Å and c = 13.05 Å.  Due to the inclusion of van der Waals 
interactions, both lattice constants are in reasonable agreement with 
experimental values of a = 3.16 Å and c = 12.29 Å.21,52,53 The plane-
wave cutoff and density cutoff were 500 eV and 5000 eV 
respectively. Further calculation details are summarized in the ESI†. 
 

Results and discussion 

Trends in the structure and activity 

Doping significantly alters the S and H coverages of the S-edge 
structure (summarized in Figure 2). There is a general 
correspondence between the reactivity of the pure transition metal54 
used for doping and the resulting S coverage at the S-edge (θS) 
(Figure 2A). The noble metal dopants (group 11 metals) have the 
smallest θS, the more reactive metal dopants (group 8 through group 
10 metals) have higher θS, and the most reactive metal dopants 
(group 5 through group 7 metals) have the highest θS. Within each 
θS, the more reactive dopants generally have smaller θH and the more 
noble dopants have higher θH (H coverage increases towards the 
right of the periodic table). From the edge structures, we observe a 
general compensation effect between adsorption of S on the metal 
and the adsorption of H on the S; stronger binding metals have larger 
S coverages but also smaller H coverages. The effect of transition 
metal substitution then appears to be in modifying the binding 
strength of S on the edge (reflected in the S coverage), and in turn, 

modifying how strongly the H is bound (reflected in the H 
coverage).  

 
Figure 2. The variation in S coverage (θS) and H coverage (θH) at the S-edge with 
choice of dopant metal in the periodic table. The S coverages are indicated by the 
color and the H coverages are shown in the table. Details of the structural 
determination and the geometries of the structures are provided in the ESI†. 

The H adsorption free energies on the doped edges (∆GH) of 
MoS2 are almost continuously tuned over a range of approximately  
–1.0 eV to 0.3 eV (Figure 3). These differential H adsorption free 
energies were calculated for the final adsorbed H at the stable S and 
H coverages indicated in Figure 2. For HER, we find 14 doped 
structures that have ∆GH closer to thermo-neutral than the S-edge 
(Pt, Ni, Ru, Rh, Co, Fe, Mn, Ta, V, Nb, Cr, Os, Ir, and Re) and 
among them, 6 doped structures (Ru, Rh, Co, Fe, Mn, Ta) that have 
∆GH closer to thermo-neutral than the already HER active undoped 
MoS2 Mo-edge. Our results confirm the experimentally proven Fe, 
Ni, and Co-doped MoS2 S-edges that show improved HER activity 
over pristine MoS2,

9,24 which indicates that our approach of using a 
single thermodynamic descriptor, ∆GH, is reasonable. 

 
Figure 3. The range of H adsorption free energies (∆GH) on each transition metal 
doped MoS2. The values of ∆GH span a range from approximately – 1.0 eV to 0.3 
eV. The gray lines indicate the range where the doped edges show improved 
(more thermo-neutral) ∆GH compared to the pristine MoS2 S-edge or Mo-edge  

Understanding the role of the dopant in modifying adsorption 

To understand how the dopant modifies the stability of S on the 
edge metal relative to the reactivity of the S atom, we employ a 
thermodynamic descriptor of the characteristic S–metal binding onto 
the edge. Here we have chosen the adsorption free energy of a single 
S atom onto the bare metal edge ∆GS (equivalent to a sulfur 

Mo S Dopant 

 (1010)

 (1010)

(A) (B) 

θS 
= 0.25 ML  θH = 0.25 ML  

θS 
= 0.75 ML  θH = 0.75 ML  

θS 
= 0 ML  θH = 0 ML  

θS 
= 0.5 ML  θH = 0.5 ML  

θS 
= 1.0 ML  θH = 1.0 ML  

 (1010)

θS 
= 0.125 ML  θH = 0 ML  
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coverage of θS = 0.125 ML. Refer to Figure 1A). This is analogous 
to the bulk cohesive energy per S–metalulfur bond that was proposed 
by Toulhoat et al.,25,55,56 and was successfully used as a descriptor 
for activity on a variety of bulk transition metal sulfides. Our ∆GS is 
instead an indicator of the characteristic S–metal bond strength on 
the edge. We also choose the H adsorption energy onto the single S 
atom, ∆GH–S, as a descriptor for the characteristic H binding onto the 
S (hereafter referred to as the characteristic H–S binding). Although 
the edge structure where ∆GS is defined is highly unstable under 
HER conditions, it provides a fixed reference for comparing the 
variation in S binding on the doped edges. In using only a single S 
atom, the energetic contribution from structural rearrangements is 
also minimized, as the rearrangements often result from interactions 
between neighboring S atoms51,57 (see ESI† for all structures and 
coverages considered herein).  

When the S coverages, θS, are shown as a function of the metal-S 
adsorption free energy on the edge, ∆GS, (Figure 4), the descriptor 
for metal-S binding on the edge (∆GS) is shown to successfully 
describe the trends in the stable edge structure. The doped edges 
with the strongest metal-S binding (most negative ∆GS) have the 
highest S coverage whereas those with the weakest metal-S binding 
(most positive ∆GS) have the lowest S coverage.  Generally, nobler 
metals (such as Ag) have the weakest S binding and more reactive 
metals (such as W) have the strongest S binding. This is in 
agreement with previous studies that have found the trend in S–metal 
bond strength for a doped edge to be Mo > Co > Ni > Cu.21,37 In 
reality, the stable coverages could also be one of the more 
intermediate S coverages not sampled in this study, and the 
dependence of θS on ∆GS is expected to be more continuous. 

 
Figure 4. The stable S coverage at the edge θS as a function of the metal-S 
adsorption free energy on the edge ∆GS. 

When the characteristic H–S binding on the edge ∆GH–S is 
plotted as a function of ∆GS (Figure 5A), there is an negative linear 
relationship between the two descriptors, which suggests that there is 
a compensation effect at play here: stronger S–metal binding should 
lead to weaker H–S binding. The linear scaling suggests that the 
characteristic H–S binding energy is entirely determined by how 
strongly the S–metal binding is, which sets a limit in how the two 
can be varied with respect to each other. In this way, the dopant 

metal plays a central role in mediating the binding of adsorbates onto 
S. 

Plotting the hydrogen adsorption free energy for the stable 
structures under reaction conditions (∆GH) as a function of ∆GS, we 
find that the ∆GS extends beyond the simple compensation effect 
with ∆GH–S and is also able to describe hydrogen adsorption at the 
various S and H coverages. Since ∆GH is used as a descriptor for the 
HER activity of the catalyst, the HER activity would then be entirely 
determined by how strongly the dopant metal binds S on the edge. 
The trends are preserved between Figures 6A and 6B because higher 
S coverages simply lead to an overall weakening of the S–metal 
binding, which in turn strengthens the H–S binding. This effect 
simply decreases the slope of the line in Figure 5A. The success of 
∆GS in describing the trends at the stable coverage suggests that 
although the correct coverage is crucial in accurately determining the 
∆GH for a given doped edge, the trends are relatively insensitive to 
the exact coverages. This means that ∆GS can act as a descriptor for 
the trends in binding strength on the doped edges regardless of the 
target reaction conditions. This leads to a general guideline for 
tuning the reactivity of MoS2: a stronger binding metal dopant leads 
to weaker adsorbate binding on the S, and a more noble metal dopant 
will lead to stronger adsorbate binding on the S. 

Note that the existence of S vacancies for some of the doped 
edges and the possibility of H biding on the metal does not pose a 
problem for the scaling lines, since hydrogen preferentially binds to 
the S in those cases. The edges with lower S coverage at the same 
conditions indicate weaker binding directly to the metal, which 
corresponds to stronger and preferred binding to the S. This is indeed 
what our results show (stable structures shown in the ESI†).  

 
Figure 5. (A) Plot of the characteristic H–S binding energy (∆GH–S) on the S site 
as a function of the characteristic S–metal binding energy (∆GS) on the metal site. 
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Weaker S binding to the metal corresponds to stronger H binding to the S. ∆GS 
corresponds to a single S adsorbed onto the bare metal edge, whereas ∆GH–S 
corresponds to a single H bound onto that S (equivalent to θS = 0.125 ML and θH 
= 0.125 ML, the lowest possible coverages); (B) Plot of differential H adsorption 
free energy at the stable coverages for each doped edge (∆GH) as a function of the 
characteristic S–metal adsorption free energy at the edge, ∆GS (same as in A). 
∆GS acts as a descriptor for the H binding at the various stable coverages. The 
gray line indicates where ∆GH = 0 eV. The mean absolute errors (MAE) are ≈ 0.2 
eV, which is approximately the error of DFT calculations for adsorption energies. 
This is reasonable considering that edge reconstruction13,34 also contributes greatly 
to the scatter (additional details in the ESI†). 

The ∆GH–S and ∆GH values for both the pristine S-edge and the 
pristine M-edge on MoS2 and WS2 (values taken from previous 
studies) scale alongside the doped MoS2 S-edges, which suggests the 
negative linear correlation between ∆GS and ∆GH is general for 
transition metal sulfide edges, regardless of the exact local structure. 
Values of ∆GS in the range of –4 eV to –2 eV display the most 
thermo-neutral ∆GH. Out of all the doped structures, this represents 
the region where S is bound the most strongly, and hence, where it is 
the most stable against desorption as H2S. The optimal doped MoS2 
HER catalysts are thus also expected to be the most stable ones 
under reaction conditions. Spread in the data results from 
reconstruction of the S atoms in the edge upon H adsorption, which 
is especially pronounced for the S-edge of pristine WS2 and MoS2, 
which have a full coverage of S-dimers at the edge at θS = 1.0 ML. 
This phenomena as well as its energetic contributions have been 
discussed in detail previously.51,57 Further information related to 
edge reconstruction is included in the ESI†. 

Although we have focused on the 100% doped S-edge so far, the 
simple picture formulated by the thermodynamic descriptor ∆GS 
could easily be extended to systems where there is partial doping of 
the S-edge or doping on the Mo-edge. Since both edges appear to 
follow the same scaling lines for ∆GS vs. ∆GH, metal dopants that 
bind S stronger or weaker than Mo should also shift up or down the 
scaling line, respectively. Similarly, partial doping of either edge by 
a transition metal should simply lead to ∆GS that is intermediate 
between the pristine MoS2 edge and that of the 100% transition 
metal doped edge. Indeed, it has been previously reported that when 
the concentration of Co dopants is varied, the S–metal binding 
strength should vary continuously between the pure MoS2 S-edge 
and the Co-doped S-edge.21 

We also note that although the lowest energy configuration of 
hydrogen was always found to be on a sulfur site, other key reaction 
intermediates could bind directly to the metal instead, even without 
the presence of a vacancy. This was shown previously for CO 
adsorption onto Ni-doped MoS2 for the electrochemical reduction of 
CO2.

19 For such cases ∆GS would be expected to directly describe 
the binding strength of the adsorbate, instead of indirectly through 
the sulfur binding. This then presents an additional compensation 
effect where the strengthening of one reaction intermediate on the S 
could lead to the weakening of another reaction intermediate on the 
metal. 

The hydrogen coverage dependence of ∆GH  

The change in the differential H adsorption free energy (∆GH) as 
a function of the H coverage (Figure 6) sheds light on why a large 
portion of the doped MoS2 catalysts is predicted to be active HER 
catalysts. Unlike transition metal surfaces,58 the differential energy 
of H adsorption changes significantly with increasing coverage even 
before reaching a full monolayer. The reason for this is that for the 
doped MoS2 edges, the weakening in H binding results partly from 

reorganization of the S atoms at the edge upon H adsorption51,57 
rather than just adsorbate-adsorbate repulsion (some more 
information in the ESI). As long as ∆GH of the first H on the edge is 
slightly below 0 eV, the ∆GH at subsequently higher coverages will 
approach or cross thermo-neutral. This is shown for the pristine Mo-
edge, and the Mn, Ni, Nb, and Re doped S-edges in Figure 6. Similar 
to the transition metals, the coverage effect is more pronounced for 
surfaces with weaker binding. For doped edges that bind H too 
strongly (Pd doped MoS2 for example), ∆GH will be far from 
thermo-neutral even at the highest coverage, whereas for doped 
edges that bind H too weakly (Re doped MoS2 for example), the 
higher coverages will only have H binding that is further weakened. 
The majority of doped edges fall somewhere in between and have 
some coverage of H where ∆GH is within 0.2 eV from thermo-
neutral. 

This presents an important caveat for the design of MoS2 
catalysts for other electrochemical reactions where HER is an 
unwanted competing reaction. The favourable range of ∆GH for 
MoS2 based catalysts could mean that HER will present issues for 
selectivity. 

 
Figure 6. Plot of the variation of the differential H adsorption free energy (∆GH) 
with respect to H coverage (θH) of several doped MoS2 S-edges. The gray line 
indicates where ∆GH = 0 eV. 

Conclusions 

In summary, DFT calculations have been used to investigate the 
trends in the structure and reactivity of doped MoS2, where it was 
found that a wide range of H and S coverages could be achieved. We 
showed that ∆GH can almost be continuously tuned to create an 
optimal catalyst for HER. Through the negatively scaling between 
∆GS (the characteristic metal-S binding at the edge) and ∆GH, we 
provide an explanation for the variation: promoting the S-edge with 
a more reactive metal will lead to weaker H binding, and a less 
reactive metal will lead to stronger H binding. The success of the 
∆GS descriptor highlights the central role of the edge-most metal in 
determining structure and activity. Our results provide a simple 
descriptor-based guideline for the design of MoS2 catalysts where 
the dopant metal is chosen to weaken or strengthen key 
intermediates. We have shown previously that the negative linear 
scaling between chalcogen (S or Se) binding and H binding on the 
edge is general for several transition metal dichalcogenides,34 so the 
concepts developed here could be easily extended for the design of 
these other catalysts.  Furthermore, since the adsorption of H has 
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been shown to scale with the adsorption of other key reaction 
intermediates, our results can also be extended to other reactions. 

Detailed calculations involving the reaction barriers would be 
necessary to further validate the trends in HER activity. Future 
efforts will focus on elucidating the specific reaction mechanism for 
HER (either Volmer-Tafel or Volmer-Heyrovsky) on layered 
transition metal sulfides in general. This will be necessary in 
confirming our approach in screening the activity of these catalysts 
using the free energy of hydrogen adsorption ∆GH. 

The scaling of ∆GH and ∆GS on doped MoS2 along with other 
layered transition metal sulfides also suggests that the compensation 
effect between the binding on the metal and on the S could be a 
general feature for these materials. The linear scaling relations 
suggest that certain features of the electronic structure could be 
exploited in order to further understand the reactivity of transition 
metal sulfides. Since ∆GH is determined through ∆GS, it is plausible 
that the d-states of the edge-most transition metal simultaneously 
determine the S coverage (through the S binding strength on the 
edge) as well as the adsorption properties onto S sites.  However, the 
binding energies at the edge are often coupled to geometric 
rearrangements of the edge S atoms upon H adsorption1,51,57 and the 
various S and H coverages, which add an additional layer of 
complexity to the search. These ideas will be explored in future 
work. 
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