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Abstract: Understanding the hydrogen evolution reaction (HER) behaviors over 2D transition
metal dichalcogenides (2D-TMDs) is critical for the development of non-precious HER
electrocatalysts with better activity. In this work, by combining density functional theory
calculations with microkinetic modelling, we thoroughly investigated the HER mechanism on 2D-
TMDs. We find there is an important dependence of simulated cell size on the calculated hydrogen
adsorption energy and the activation barrier for MoS,. Distinct from previous “H migration”
mechanisms proposed for the Heyrovsky reaction — the rate-determining step for MoS2, we
propose the Mo site only serves as the stabilized transition state rather than H adsorption. In
comparison to transition metal electrocatalysts, we find that the activation barrier of the Heyrovsky
reaction on 2D-TMDs scales with the hydrogen adsorption energy exactly as for transition metals

except that all activation energies are displaced upwards by ca. 0.4 eV. This higher Heyrovsky



activation barrier is responsible for the substantially lower activity of 2D-TMDs. We further show
that this higher activation barrier stems from the more positively charged adsorbed hydrogen on
the chalcogenides interacting repulsively with the incoming proton. Based on these insights, we
discuss potential strategies for the design of non-precious HER catalysts with activity comparable

to Pt.

Keywords: hydrogen evolution reaction, transition metal dichalcogenides, density functional

theory, microkinetic modelling, electrochemical barrier, kinetic activity volcano

Introduction

Developing earth-abundant and low-cost catalysts toward hydrogen evolution is essential for the
implementation of hydrogen-based sustainable energy technologies on a large scale. Two-
dimensional transition metal dichalcogenides (2D-TMDs) have received considerable interest as
promising non-precious electrocatalysts for hydrogen evolution reaction (HER) in acidic media.'~
3 Based on density functional theory (DFT) calculations and using the fact that the hydrogen
adsorption free energy (AGw) is a good descriptor of HER activity for transition metals,* !
Hinnemann et al.!? first proposed that the Mo edge site of MoS; would be active for HER, which

was later extensively verified in experiments.!* ! A large number of works have since then

explored not only MoS: but also other 2D-TMDs, phosphides, carbides as HER catalysts.?’27



AGnas an HER descriptor was developed based on the HER activity volcano of metals and
later widely used for other materials. Non-transition-metal HER catalysts seem to follow the same
trend as transition metals, where activity vs. AGu reaches a maximum at around AGy = 0.!328
Leveraging DFT calculated AGu, many 2D-TMDs materials have been explored to search for
active HER catalysts.?? 32 All theoretical studies of the HER activity in terms of AGy were
grounded on thermodynamics, and no kinetics has been considered. Recently, the lack of kinetic
consideration has raised concerns about whether AGn is a good HER descriptor or not in the
literature.>*3® The inclusion of kinetics in the HER activity evaluation asks for calculations of the
electrochemical barrier for the rate-determining step, which is a non-trivial task in computation.
This is because simulations based on periodic DFT calculations are performed at a constant charge,
while the electrochemical reactions in real systems take place at a constant potential.>*#! To the
best of our knowledge, only a very few studies have been devoted to the HER electrochemical

barrier calculations of 2D-TMDs, primarily for MoS,, and the detailed reaction mechanism

remains debated.384%43

On the other hand, extensive research in experiment has been performed to improve the
HER activity of 2D-TMDs,!313-2 but they commonly exhibit an activity of about three orders of

magnitude lower than that of transition metals electrocatalysts.’-!3-15:46-48

For example, the
measured exchange current density (jo) of MoS; in experiment is 1.2x1073 mA/cm? ~ 7.9x1073
mA/cm?,3-15 while the experimental jo of Pt is 0.21 ~ 1.35 mA/cm?.7#** This remarkable
difference in activity poses two fundamental questions i) why is AGu a good descriptor of the

catalytic activity for 2D-TMDs, whereas they have the lower rates? ii) whether AGu ~ 0 is still a

good design criterion?



In this work, we address these critical questions by investigating the thermodynamics and
kinetics of HER over 2D-TMDs in comparison to transition metal electrocatalysts. We show that
the activation energies of the rate-determining step on 2D-TMDs scale with AGy exactly as for the
transition metals electrocatalysts but with ~0.4 eV higher activation energies. Microkinetic
modelling further shows that these higher activation energies result in activity volcanoes of 2D-
TMDs for HER that are similar to those of the transition metals but shifted down in rate by several
orders of magnitude. We discuss the origin of the higher activation energy and suggest possible

ways to design non-precious HER catalysts with activity approaching Pt.

Results

Revisiting hydrogen adsorption free energy (AGu). AGu has been widely used to evaluate the
HER activity of MoS., whereas its DFT calculated value in the literature varies from -0.30 eV to
0.25 eV.12:29:32.384549.50 Here we revisited the calculated AGn on the MoS, Mo-edge with different
cell sizes. Figure 1a shows a representative stripe model of MoS, with a cell size of 8x4, where
possible H adsorption sites on the Mo-edge were marked. Based on AGu ~ 0, it is generally
believed that S is the active site for HER, while the kinetic study by Huang et al.’® suggested it is
the Mo site that determines the HER activity. We therefore also calculated AGy for the Mo site for
comparison. Figure 1b presents calculated AGy at the S and Mo sites for different simulated cell
sizes. We started off AGy calculations at the S site with the H coverage (6n) of 0.5 ML, which was
reported to be the most energetically stable under HER conditions.?” We find that AGwu converges
to 0.35 eV from the cell size of 4x4 to 12x8, implying that 011 of 0.5 ML at the S site is somewhat
high. AGu with 8y of (0.5x—1)/x ML (a hydrogen removed from 0.5 ML) was then calculated and

converged to 0.03 eV in a 12x8 model. According to the definition of differential AGy, (See



Methods) its value of an active site is expected to be converged at around zero. 8 now becomes
0.42 ML, which lies between the most stable hydrogen coverage of 0.33 ML and 0.5 ML under
HER conditions determined using a 3x3 model>® and a 4x4 model?, respectively. As shown in
Figure 1b, AGn at the Mo site also exhibits a cell size dependence and converges to 0.77 eV, which
is close to 0.74 €V reported by Huang et al.*® Clearly, the Mo site is going to have an extremely
small occupancy of adsorbed hydrogen at room temperature because of the much higher AGu

compared to that at the S site.
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Figure 1. Calculated hydrogen adsorption free energy (AGn). (a) Model of MoS: with hydrogen coverage (6u)
of 0.5 ML on the Mo-edge. The model size is described by x x y, which represents the number of Mo atoms in the
periodic unit cell in x- and y- directions. The Mo and S sites adsorbed with hydrogen are marked with arrows. (b)
Calculated AGn as a function of the cell size.

Heyrovsky reaction. Numerous experimental studies!3~'%47 indicate that the hydrogen evolution
occurs on MoS; via the Volmer-Heyrovsky reaction, and previous computational work>%424> has
shown that the Volmer barrier for proton transfer to the S ion at the MoS> Mo-edge is very low.
We will therefore focus on the second electron-proton transfer to adsorbed H to form H; (aka. the
Heyrovsky reaction). The Heyrovsky reaction was modelled with an explicit description of

solvents determined on the surfaces using the constrained minima hopping algorithm??.



Starting with a 4x4 cell, we found two reaction pathways, which are labeled as path-A and
path-B in Figure 2a and b, respectively. In both reaction paths, the adsorbed H at the S site reacts
with a proton from waters to form H». The difference between these two reaction paths lies in the
transition state configurations. The transition state configuration of reaction path-A and path-B is
S-H < H-O and Mo-H < H-O, respectively. The calculated climbing-image nudged elastic band
barrier of path-B is 0.41 eV lower than that of path-A, suggesting the path-B would be dominant
in the Heyrovsky reaction. Distinct from previous “H migration” mechanisms,***> we propose the

Mo site only serves as a metastable transition state rather than a local potential minimum for

adsorbed H.
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Figure 2. The Heyrovsky reaction. (a-b) Two minimum energy pathways of the Heyrovsky reaction on a 4x4
unit cell of MoS.. Insets show the side view of the initial state (IS), transition state (TS), and final state (FS)
structures. (¢) Charge-extrapolated Heyrovsky barriers as a function of the cell size at an electrode potential of 4.44
V. The barriers for cell size convergence were all calculated with the hydrogen coverage of 0.5 ML for consistency.

Similar to AGu, we also examined the cell size effect on calculated barriers. Figure 2c
presents the calculated EX with different cell sizes. Using an 8x4 cell, we also observe that the
calculated EX of reaction path-B is 0.44 eV lower than that of path-A, again verifying that the path-
B would be dominant in the Heyrovsky reaction. Figure 2¢ clearly shows that the calculated ET
of path-B decreases as the cell size increases. We ended the barrier calculations of path-B at the
water/MoS; interface model by the 8x6 cell (~ 220 atoms). This is primarily because it is too

computationally expensive to go beyond. The change of EI from 4x4 to 8x4 to 8x6 is 0.21 eV



and 0.05 eV, respectively. We therefore expect the energy difference in calculated EI between the

8%4 cell and the well-converged cell is small (< 0.1 eV).

The cell size dependence study of AGu reveals that the optimal 6 at the Mo-edge is 0.42
ML. Using an 8x4 cell, we obtained a calculated EX of 0.62 eV at Oy of 0.38 ML, which is 0.11
eV smaller than that of 0.50 ML (Figure 2¢). We note that Tang and Jiang*? reported an activation
energy of 0.62 eV for the Heyrovsky reaction on the 1T MoS: basal plane. These similar activation
energies between 2H MoS: and 1T MoS; verify the experimental finding!”! that the catalytic

activity between 2H and 1T phases is not fundamentally different.

Scaling relationship and Kkinetic volcano. Next, we extended the calculations of the adsorption
free energy and the activation barrier to include MoSez, WSz, and WSez. The results are
summarized in Table 1. Except for WSe:, the calculated AGu of the rest are close to zero. The
calculated ET of MS, (M = Mo/W) is smaller than those of MSe, (M = Mo/W). The data in Table
1 allow us to define a scaling relation between the Heyrovsky barrier (EI) and the hydrogen
binding energy (AEnu), as shown in Figure 3a. In the figure, we compare this relationship with the
similar data for transition metals obtained from Tang et al.>>. The two scaling relations show
similar behavior with a constant up-shift in barriers of ~ 0.4 eV for the 2D-TMDs. This
consistently higher activation barrier is therefore responsible for the lower absolute HER rates of

2D-TMDs.

Table 1. Calculated hydrogen adsorption free energies (AGn) and Heyrovsky barriers (ET) at electrode potential
of 4.44 V for 2D-TMDs.

Materials AGH (eV) ET (eV)
MoS» 0.03 0.62
MoSe» 0.09 0.74

WS, -0.03 0.60



WSe» 0.24 0.84

Using the kinetic model and data in Figure 3a, we calculated the exchange current densities
(jo) as a function of AGwn, shown in Figure 3b. The 2D-TMDs and the metals show two distinct
volcanoes, separated by five to six orders of magnitude in rate. This difference is qualitatively
consistent with what is observed in experiment (Figure 3¢), where the difference is three to four
orders of magnitude.”!3-1346 The quantitative difference between theory and experiment amount
to an error of ~0.1 eV in the calculated activation energy at room temperature for the two
differentclasses of materials. This error is likely due to the limited cell size (Figure 2¢) and/or

accuracy of DFT calculations®>>4,
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Figure 3. The HER activity of 2D-TMDs and metals. (a) Scaling relations of Heyrovsky barriers of 2D-TMDs
and metals vs. hydrogen binding energy (AEwn). (b) Calculated exchange current density (jo) as a function of AGh.
(¢) Experimental exchange current density (jo) as a function of AGu. The calculated and experimental jo of metals
were taken from Ref 52 and 5,7,46, respectively. The experimental jo for 2D-TMDs were taken from Ref 13—-15.

The existence of a scaling relation between EX and AEy for the 2D-TMDs suggests that
AFEH, or, equivalently, the adsorption free energy, AGw, is a good descriptor for the HER catalytic
activity since both the stability of the intermediate and the activation energy are a function of AGw,
in contrast to the claims in Ref 38. Also, the shape and position of the maximum of the volcano
plot for the two classes of materials match well with each other. This kinetic activity volcano
further verifies that the thermodynamic activity descriptor, AGu ~ 0 is a good design criterion for

the 2D-TMDs as well as for the metals.

Origins of high activation barrier. On transition metals, the Heyrovsky step involves an

association between a proton and a ‘hydridic’ hydrogen, which is slightly negatively charged. On



2D-TMDs, on the other hand, the association is between a proton and a positively charged
hydrogen bound to a chalcogenide ion. This gives an extra repulsion which is partially relieved by
shifting the transition state to close to the transition metal which can transfer some electron charge
to the receiving H atom. Figure 4 illustrates this by comparing charge density difference plots for
H on MoS; and Pt(111). The corresponding Bader charges are +0.04 e and -0.06 e, respectively.
Similar results were also obtained for other catalysts. (Table S1) For a catalyst with AGu ~ 0, if
binding hydrogen with a positive charge, it might suffer from this higher activation energy. It is

therefore an intrinsic property of this catalyst class.

Figure 4. Charge density difference for H adsorbed on (a) MoS: and (b) Pt(111). The yellow and cyan of
density represent charge gain and loss, respectively. The charge density difference was drawn using VESTA* with
an equi-density level of 0.006 e/a’, where aois the Bohr radius.

Discussion

In general, the catalytic activity of a catalyst is determined by thermodynamics and kinetics. The
existence of a scaling relation between the adsorption energy and the activation barrier establishes

33-38 show concerns about the effectiveness of

a link between these two factors. Some recent works
the thermodynamic HER activity descriptor, AGu due to the missed kinetic contribution. Herein,

based on the scaling relation and kinetic volcano of 2D-TMDs, we have verified that AGH still



serves as a good descriptor of the HER activity for 2D-TMDs, and that AGu ~ 0 remains a good
criterion for optimal catalyst performance. Nevertheless, since 2D-TMDs have a different scaling
relation from metals, one may have to go beyond 2D-TMDs or break this scaling relation to design
anon-precious HER catalyst with the Pt activity. This is because the catalytic activity of 2D-TMDs
is likely to be intrinsically limited by the scaling relation with relatively higher activation energies.
Our results also indicate that the scaling of transition states must be considered when dealing with

different classes of materials.

Equipped with these insights, we propose possible strategies to develop non-precious HER
catalysts with activity approaching to Pt group metals - the best HER catalysts. Clearly, AGu ~ 0
should be satisfied first. Moreover, considering a different scaling relation may exist for different
classes of materials for HER, one needs to calculate the electrochemical barrier of the rate-
determining step. Here we suggest a negatively charged hydrogen may serve as a proxy to roughly
estimate this barrier. This can be efficiently accessed by performing a Bader charge analysis for
the compound of interest. Another approach is to explore compounds with metal ions as the active
site for HER. One such compound could be a material with intercalated or interstitial metals. This
is because the active site of metal ions might have a scaling relation same as transition metal

electrocatalysts. An exploration of such materials will be the subject of future work.

Conclusion

In summary, we have thoroughly investigated the HER mechanism over 2D-TMDs through the
lens of thermodynamics and kinetics. By revisiting AGn and activation barriers of MoSz, we have

not only found an important dependence of cell size on their calculated values, but also proposed



a new atomistic mechanism for the Heyrovsky reaction. More importantly, we have clarified that
the lower HER rates of 2D-TMDs originate from their relatively higher Heyrovsky activation
energies along with a different scaling relation and kinetic activity volcano from metals. This work
provides crucial insights into the HER mechanism over 2D-TMDs and enables the effective design

of non-precious HER catalysts with Pt activity.

Methods

DFT -calculation. Spin-polarized DFT calculations were performed using Vienna ab initio
simulation package within the projected-augmented wave method.>-¢ The RPBE functional®® was
used for the description of the exchange-correlation interaction. The plane wave energy cutoff was
400 eV. The electronic total energy and forces were converged to within 107 eV and 0.05 eV/A,
respectively. More stringent convergence criteria of an energy cutoff of 520 eV or a force criterion
of 0.02 eV/A yield small difference (< 0.05 eV) in calculated hydrogen adsorption energies and

electrochemical barriers.

An infinite stripe model was used to simulate the 1010 Mo/W-edge and 1010 S/Se-edge,
where the Mo/W-edge and S/Se-edge were covered with 50% sulfur/selenium and 100%
sulfur/selenium, respectively. Previous work?*3%%7 showed that this structure was active and the
most energetically favorable under HER conditions. A vacuum separation of 12 A was added in
both y- and z-directions to eliminate the periodic image interaction. The Brillouin zone was
sampled based on the Monkhorst-Pack scheme with the A-point grid of 2x1x1 for the 4x4 stripe
model. For models larger than 4x4, the gamma point was used. All structures used in this work

were shared via figshare.



The solvent was modeled using explicit water clusters determined on the surface of stripe
models using the global optimization algorithm of constrained minima hopping.>® In this method,
Hookean constraints were applied to preserve water identify and prevent water evaporation.
Molecular dynamic simulation (MD) and local structure optimization were carried out with total
number of 50 steps. The energy threshold for determining a new local minimum was 2.5 eV and
the temperature for MD was 2000 K. The force convergence criterion of local structure
optimization was 0.05 eV/A. The identified water clusters were then reoptimized using DFT and
the lowest energy one was finally selected. We also tested the sensitivity of different water clusters
on the calculated activation barrier at zero applied potential and found the effect of water structure
on the barrier is small (< 0.06 eV). (Table S2) The reaction barrier was calculated using the
climbing-image nudged elastic band®” and constrained minimization implemented in Atomistic
Simulation Environment.®® Vibrational frequencies calculations were then carried out to verify the

transition state that has a single imaginary frequency.

Hydrogen adsorption free energy. The differential hydrogen adsorption energy (AGwu) on the

metal edge of 2D-TMDs, denoted by MX,, M = Mo, W, X=S, Se), was calculated by
AEy = E[MX, + nH] — E[MX, + (n — 1H] — 5 E[H,] (1)

where E[MX,+ nH] and E[MX; + (n-1)H] refer to the total energy of M X, with n and n-1 adsorbed
hydrogen atoms on the metal edge. E[H>] is the total energy of a gas phase H> molecule ina 15 A

cubic box. AGu was then evaluated by

where AEzpe and TAS are the difference in zero-point energy and entropy between gas phase H»

and adsorbed H at standard conditions. The calculated AEzpe — TAS for MS2 (M = Mo, W) and



MSe> (M = Mo, W) are 0.29 eV and 0.27 eV, respectively. In the activity volcano plot, an 0.1 eV
correction was applied to the AGy reflecting the gas-phase error for H; using the BEEF-vdw
functional.®!2 This correction was consistent with previously calculated metal data.’? and resulted

in an 0.05 eV shift in AGu, which was within DFT errors>*->* and did not alter the our conclusions.

Electrochemical barrier calculation. The charge-extrapolation method*’ was adopted to deduce
the electrochemical barrier. All charge-extrapolated barriers were referenced to the initial state of
aqueous protons and electrons in bulk solution. As illustrated in Figure S1, the barrier at constant

potential (ET) was given by:
Eg ES Ea - AE + AGCHE - Eb + AGCHE (3)

where, E, is the forward reaction barrier, given by the energy difference between initial state (IS)
and transition state (TS), (E.= Ers- Eis); E»1s the backward reaction barrier, given by the energy
difference between transition state and final state (FS), (E» = E7s- Ers); AE refers to the reaction
energy, given by the energy difference between initial and final states. AE = Ers- Ers; AGcnris the
hydrogen adsorption free energy determined using the computational hydrogen electrode®®. The
absolute potential at the water/2D-TMDs interface was given by the calculated work function. The
applied potential was then determined by referencing to the standard hydrogen electrode potential
of 4.44 V % Similar to previous studies of the water/metals interfaces,*>° a net dipole of 0.25 eV
was determined for waters/2D-TMDs and then subtracted from the calculated work function of the

interface when determining the barrier at zero applied potential.

Microkinetic modelling. The hydrogen evolution reaction typically involves three elementary

steps given by:

H*+e” — H* (Volmer)



H*+e +H"— H, (Heyrovsky)
H*+H" — H, (Tafel)

Here only the Volmer and Heyrovsky steps were used for the kinetic modeling since many
experimental and theoretical works!3~13-384245 have indicated that HER takes place via the Volmer-

Heyrovksy reaction over 2D-TMDs. The rate constant was calculated by

— k8T o1y (— Ca_ _ B
ke ==exp (= Dexp (=5 4

where, G, is the activation free energy; ks is the Boltzmann constant; / is Planck’s constant and 7’
is the reaction temperature. The calculated G, for 2D-TMDs were provided in Table S3. £ is the
symmetry factor and equals to 0.5; # is the applied potential. The current density was then obtained

by converting the reaction rates using the equation®®:
j=px2exTOF (5)

where, p is the surface density of active sites, 2e is number of electrons for H, production and TOF
is the turnover frequency of electrons. Microkinetic modelling was carried out using the CatMAP

package.®’

Supporting Information

Calculated hydrogen adsorption energies, Bader charges and Heyrovsky barriers; Heyrovsky
barriers with different water clusters; Illustration of charge extrapolation scheme; Calculated

activation free energies and vibrational frequencies.
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