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The Reaction Mechanism for the Hydrogen Evolution Reaction on
the Basal Plane Sulfur Vacancy Site of MoS, Using Grand Canonical
Potential Kinetics
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ABSTRACT: We develop the grand canonical potential kinetics (GCP-K) formulation based on thermodynamics from quantum
mechanics calculations to provide a fundamental basis for understanding heterogeneous electrochemical reactions. Our GCP-K
formulation arises naturally from minimizing the free energy using a Legendre transform relating the net charge of the system and
the applied voltage. Performing this macroscopic transformation explicitly allows us to make the connection of GCP-K to the
traditional Butler-Volmer kinetics. Using this GCP-K based free energy, we show how to predict both the potential and pH
dependent chemistry for a specific example, the hydrogen evolution reaction (HER) at a sulfur vacancy on the basal plane of MoS,.
We find that the rate determining steps in both acidic and basic conditions are the Volmer reaction in which the second hydrogen
atom is adsorbed from the solution. Using the our GCP-K formulation, we show that the stretched bond distances change
continuously as a function of the applied potential. This shows that the main reason for the higher activity in basic conditions is that
the transition state is closer to the product, which leads to a more favorable Tafel slope of 60mV/dec. In contrast if the transition
state were closer to the reactant, where the transfer coefficient is less than 0.5 we would obtain a Tafel slope of almost 150mV/dec.
Based on this detailed understanding of the reaction mechanism, we conclude that the second hydrogen at the chalcogenide
vacant site is the most active towards the hydrogen evolution reaction. Using this as a descriptor, we compare to the other 2H
group VI metal dichalcogenides and predict that vacancies on MoTe, will have the best performance towards HER.

1. Introduction Butler-Volmer Kinetics Grand Canonical Potential Kinetics

The field of heterogeneous electrochemistry has been Nfe
Ug
N

growing rapidly, particularly with a focus on electrochemical
(a)

T ITS , Uy

water splitting and CO, reduction to efficiently convert
electrical energy generated from traditional and renewable
energy sources to recyclable energy carriers like H, or carbon
based fuels'*. Simultaneously, advances in Quantum
Mechanics (QM) based methods now enable the detailed
reaction mechanisms to be determined for simple low index
models of the catalytic surfaces®. Electrocatalysis is driven by :
applying a voltage across the reaction cell, providing a 4 ¥ /i
sensitive control of the rate not available with traditional e R: R:
heterogeneous thermal catalysis in which only the temperature Reactioﬁ Cooardinate Reaction ICOO,;,rdinate
and pressure can be used to drive the chemical reactions. (c)

Recently we have developed modifications in the traditional

QM (fixed numbers of electrons) to enable the applied voltage . ) .

(U) to be fixed, Grand Canonical QM (GC-QM)’. In GC-QM, Figure 1. Schematic showing how voltage dependent

. . . lectrochemical reactions described by grand canonical potential
the charges change continuously during the electrochemical eectr . v e poten
reaction %o keep tflgle applied U c}c])nstantfg This provides a new kinetics (GCP-K). (b) and (d) differs from the more standard view

. . L of Butler-Volmer kinetics (a) and (c). As the voltage is changed
way  (Grand Canp m(fal Potential Klnejtlcs, GCP-K) to from U, to Uy, the energy profiles shift as in (a) and (b), while the
understand the kinetics, completely different from the

ional ) 2 hemi . relevant reaction coordinate changes from Ry to R;. The Butler-
traditional Butler-Volmer description of electrochemistry in Volmer picture in (c) can be considered as a special case of the

Free Energy
Free Energy

Uy Uq

Charge

whigh the pptential surface is followed for each .species GCP-K scheme (d) in which the electron transfers
keeping an integer number of electrons, from. which the instantaneously.

system can transform to a product state by tunneling between ) )
the electrode and the reacting molecule. This is illustrated in Although the voltage dependent grand canonical potential
Figure 1. can be obtained from quantum mechanical calculations, the
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connection to the Butler-Volmer kinetics is non-trivial as the
latter theory is formulated for integer-charged solvated
molecules. In this paper, we provide a macroscopic theoretical
foundation for a new understanding of heterogeneous
electrochemistry based on GPC-K and compare it to the
traditional Butler-Volmer description.

Particularly, we will show that the voltage-dependent grand
canonical potential (GCP) for surface states can be derived
from traditional fixed-electron based free energies by using a
Legendre transformation. As a result, we find that GCP
depends quadratically on the applied potential U and on the
number of electrons allowing a continuous description of the
evolution of the reaction intermediates and transition states.

To illustrate the concepts underlying this new theoretical
formulation, we applied the GCP-K to study the detailed
reaction mechanism for the hydrogen evolution reaction
(HER) on the basal plane of MoS,. Over the past decade,
many theoretical and experimental studies have shown that
MoS, and other transition metal dichalcogenides can produce
hydrogen gas efficiently’”®. Initially it was believed that
hydrogen atom adsorption energy on the edge sulfur (S-H
bond) provided the most active site®1°, However, our QM
study of the HER mechanism!'" showed that the rate
determining step (RDS) for dihydrogen formation at edge sites
takes place via the Heyrovsky reaction in which a hydrogen
(proton) from the solution (H;0+) reacts with the Mo—H metal
hydride bond at the edge to form H,. The S—H bonded site is
not a kinetically important intermediate.

In addition to the edges of MoS,, the HER has been studied
extensively for other reactive sites. This includes the 1T phase
of MoS,'>!3 and amorphous MoS,!#!17. Activating the basal
plane of MoS, is of interest because of the potentially
abundant number of active sites. Early studies showed that the
untreated basal plane performs some HER catalysis, but the
performance is less favorable than the edge sites!®2!. Later, it
was found that artificially creating sulfur vacancies using Ar
plasma showed a correlation between the number of vacant
sites and HER activity??>. However, the experimental
conclusion of this study is controversial, since others showed
that the creation of sulfur vacancy by plasma is not responsible
for the HER?. Later it was found that under electrochemical
conditions sulfur vacancies are created without the use of Ar
plasma?. However, the interpretation is complicated because
the observed reactivity might arise also from the presence of
edge sites since they are known to be active towards HER.
This complicates the experimental identification of the true
nature of the active sites. Thus, although many studies have
been performed to optimize the basal plane for HER, the
reaction mechanism is not yet established.

In this study, we performed QM calculations using our new
grand canonical potential (GCP-K) formulation to determine
as a function of applied potential the reaction steps involved in
HER at sulfur vacancies on the basal plane of MoS,. By
accounting for all HER related chemical processes, we predict
the Tafel plots and onset potentials in both the acidic and basic
conditions.

Particularly, we resolved the difference in activity between
the acidic and basic conditions?>. We focus the detailed
discussions on MoS,, but we report the results for these new
methods applied to the other transition metal dichalcogenides
having the 2H structure, predicting that MoTe, is the best and
MoS, is the worst for HER via basal plane vacancies.

In contrast to the simplistic view in which the performance
descriptor is protonation of the reactive site, we find that it is
the addition of the second hydrogen to the reactive site that is
the important step. Indeed, this Volmer step determines the
reaction rates in both acidic and basic conditions. Thus we
conclude that the adsorption energy of the second hydrogen
atom can be used as the proper descriptor to assess
performance for the class of group VI transition metal
dichalcogenides.

2. The Grand Canonical Potential (GCP)
formulation using the constant charge
condition

Quantum mechanics (QM) calculations, such as density
functional theory (DFT), are nearly always performed with a
fixed number of electrons. To appropriately account for
electrochemical conditions at a specified applied voltage, we
must modify the methodology for the QM. Early methods to
correct the QM for electrochemical systems obtained a
relationship between the number of electrons and the work
function of the slab surface, where surface coverage?S, explicit
ions, or uniform background charges?’?® were introduced to
modulate the work function of the system. Later it was found
that counter ions can be included in the implicit solvation
model to provide a combined solvent-slab free energy, where
the corresponding grand canonical potential is defined as in
(1) so that electrochemistry processes can be obtained directly
using G(n; U)**31.

G(n; U) = F(n) —ne(Usyg —U) €))

where G is the grand canonical free energy, which depends
on the applied voltage U vs. SHE, n is the number of
electrons, e is unit electron volt in energy, F is the total free
energy as a function of n, and Usyg = p.sure/e is the electronic
energy at the standard hydrogen electrode (SHE) condition.
The signs are chosen such that U is directly related to the
experimentally defined value, i.e., U=—0.1V corresponds to
—0.1V vs. SHE. Changing to the reference hydrogen electrode
(RHE) shifts the reference fermi level further depending on
the pH of the solution.

However, for G(n; U) to be used as a thermodynamic
potential, the number of electrons in the system must be
equilibrated to the applied voltage. To do this the QM self-
consistent approach is to match the electronic fermi level to
that of the applied potential by changing the occupation of the
electronic bands, thus varying the number of electrons?-33,
Mathematically, this is

dF(n) dG(n;U)

pe=—g; =€Usgg—U)or— —=0 ()

Thus, we define the macroscopic thermodynamic Grand
Canonical Potential (GCP) as in (3).

GCP(U) = min G(n; U) = min (F(n) — ne(Usyg — U))

3)

Since experimental observations typically involve the

response of a chemical system as a function of the applied

voltage, we recommend using GCP(U) directly as an explicit

function of U in QM calculations modeling electrochemical

processes. In contrast many recent studies have assumed a
GCP(U) that depends linearly on U 33,

Instead, our definition of the GCP(U) in the form of
minimization as in equation (3), makes it immediately obvious

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11

oNOYTULT D WN =

that the linear approximation is not correct. The form of F(n)
must be at least quadratic in » in order to describe the
minimization of GCP(n; U). As reported previously?’-?8, the
form of GCP(U) is in fact approximately quadratic. Hence, we
expand F(n) in a quadratic form

F(n) = a(n — ng)*+b(n — no) + c,
where a, b and c are fitted parameters. Substituting and
performing the minimization, we have

1
GCP(U) = — 3-(b — pesur + eU)* + ¢ — Nopte,sur + noel

“4)
Using this form, we relate the parameters @, b, and ¢ to
physical quantities as follows.

e  First, when the system is neutral, F(n = ny) = c.
196¢PU) _
e 0U

e Second, the number of electrons is n(U) = —

ng 2ae(b Uesug +eU). Thus at the potential of zero

charge, n(Upzc)=ny, and we obtain b = u, syg— eUpzc.
an 1

e Finally, the differential capacitance is Caitt = 3; = — 3,
1

which gives a = — 5.
Summarizing, the grand canonical potential and the free

energy have the following form in terms of physical
quantitieS'

Caifr

GCP(U) = —5—(U — Upzc)* + noel + Fo — Nopte,sni
(5a)
F(n) =— %M{(n —10)? + (e,s1E — eUpzc) (n — ng) + Fo
(5b)
where

e Cy is the differential capacitance, calculated from
parameter a

e Upyc is the potential of zero net charge, calculated from
parameter b

e [ is the free energy at zero net charge, calculated from
parameter ¢

e pny is the number of electrons at zero net charge,
summing all valence electrons in the QM

®  u.sur is the chemical potential of an electron vs. SHE

e ¢ is the energy of an electron volt, which is for unit
conversion from voltage to energy

The quadratic dependence in the free energy F(n) and the
grand canonical potential GCP(U) implies that the capacitive
effects will participate in the electrochemical processes.
Fundamentally, this is due to the fact that heterogeneous
systems allow electrons to delocalize into broad electronic
bands, resulting in fractional occupations. Thus, the number of
electrons can be vary continuously, leading to the capacitive
contributions.

We note that a similar quadratic form
G(U) = F(n(U)) — ne(Uspe~U)
was proposed previously®®, but the relationship between n

and U was established via the work function rather than a
proper thermodynamic minimization.

Journal of the American Chemical Society

Our approach shows that the work function is not needed to
calculate the grand canonical potential since we define
GCP(U) rigorously from the free energy F(n) via a Legendre
transform. Using the Legendre transform allows us to write
F(n) and GCP(U) in terms of physical parameters, with the
connection to Butler-Volmer kinetics as discussed below.

3. Simulation Model for the Basal Plane of MoS,

To predict the QM properties of a sulfur vacancy on the
basal plane of MoS,, we used a 3x3 MoS, periodic slab.
Removing a sulfur atom exposes three molybdenum atoms
that become available for bonding. This leads to four possible
intermediate states with 0 to 3 hydrogen atoms at the vacant
site. We label them as 0, 1, 2 and 3 or [MoS;], [MoS,|H
[MoS,]H, and [MoS,]H; in Figure 2. Detailed description of
the quantum mechanical calculations is provided in the

J

supplementary information.
p
e
8RB
[Mozsz]Hz [MoSz] 3

[MOSZ] [MOSZ]

Figure 2. Four possible states for Hydrogen adsorption at the
sulfur vacancy site. Blue: hydrogen atom; yellow: sulfur atom;
cyan: molybdenum atom.

To illustrate the quadratic behavior of the grand canonical
potential, we examined the voltage dependence for [MoS,|H
in detail. [MoS,]H is used here because we find below that it is
both the most stable intermediate thermodynamically and most
populous for the steady state reaction. Figure 3(a) shows that
the solvated free energy F(n) as a function of accumulated
charges appears to be linear. However, this is due to the large
contribution from the free energy of an electron at SHE.
Rearranging Equation (5), leads to (6),

1
F(n) — pespen = — Tdiff(n —10)” — pesnEno — eUpzc
(n—np) + Fy (6)

Equation (6) reveals the quadratic dependence on charge, as
shown in Figure 3(b). We see that the minimum is
approximately at n=n,.

Under electrochemical conditions, a nonzero voltage, U, is
applied to drive the reaction. This shifts the free energy in
equation (6) by neU, leading to G(n, U), as defined in
Equation (1). Figure 3(c) shows that applying a voltage of U=
—0.5V vs. SHE shifts the minimum of G(n; U) towards more
electrons, indicating that the slab becomes more negatively
charged.

Thus, although the free energy F(n) appears to be linear in
Fig. 3a, the thermodynamically relevant potential G(n; U) or
GCP(U) in Fig. 3c is clearly quadratic.
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4. Relationship between grand canonical
potential reaction Kinetics and Butler-Volmer
reaction kinetics

The above formulation can be used for stable states because
the equilibrium geometries usually change little as the applied
potential changes. However, since the transition state (TS) is
the maximum along the minimum energy path (MEP) for the
reaction coordinate, the TS geometry will change as the
applied voltage changes.

> F(n)

w -~

S

E . (a)

[T ‘._._

> S

o 0 .\,__\

g B

wi e
g7 s
& -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Number of electrons (n — ng)

F(n) = n X Ue sHe
< 107351 ;

2 107301 (b) o’
>

51072.5- "

c
W 1072.0 y g
-

(o]
(] 4 -
L0715 ~e_ o __e-

-05 0.0 0.5 1.0 1.5 2.0 2.5
Number of electrons (n — ng)

G(n, U)=F(n) — n X (Ue,sye — eU) for U= — 0.5V

/7
< 957.50 (c) S
a
~ 4
= 957259 i
~ s,
< 957.001 Vi L’
= -
O 956.75+ ~o i
-

-05 0.0 0.5 1.0 1.5 2.0 2.5
Number of electrons (n — ng)

Figure 3. the free energy and grand canonical potential as a
function of the number of electrons. The DFT energies are
indicated by Blue dots, the dashed curve is the polynomial fit. (a)
a linearly fit to F(n) , (b) a quadratic fit to F(n) — n * . sue , (c) a
quadratic fit GCP(n, U).

Fig 1 (b) shows schematically that as the voltage is changed
from U, to a more negative U,, the negatively charged product
becomes more stable, shifting the potential energy surface
downward for the species. However, this energy energy
changes as the geometries change along the MEP. Because the
reactant has fewer electrons, the stabilization is less effective,
resulting in a leftward shift of the transition state towards the
reactant. The coordinate along the reaction coordinate changes
from R, to R, in Figure 1(b). In comparison, for Butler-Volmer
kinetics®’-¥, only two states are involved, and the shift from R,
to R; is the result of the shift in energy for the final state, as
shown in Figure 1(a).

The difference between the grand canonical potential
reaction kinetics (GCP-K) and Butler-Volmer kinetics is more
obvious for the reaction path in the charge-reaction coordinate
or (n, R) plane as shown in Figure 1(c) and 1(d). In the Bulter-
Volmer picture, an electron is transferred through tunneling
from the electrode to the product, resulting in a discontinuity
in the (n, R) plane. However, in extended systems where
intermediates are adsorbed on the surface, there can be
fractional charges per unit area since electrons are delocalized.

As a result, the surface species can charge or discharge
continuously, leading to a smooth reaction path in the (n, R)
plane, as shown in Figure 1(d). Thus, the Bulter-Volmer
picture in the (n, R) plane can be considered as the special case
of the GCP-K picture in which the electron transfer takes place
instantaneously as in Figure 1(c).

In the GCP-K picture, the reaction path changes
continuously in the (n, R) plane. Thus, both the charge n and
the spatial reaction coordinate R are relevant coordinates.
Because the constant charge free energy F(n) is used to
transform to GCP(U), we must prove that the grand canonical
potential for the transition state obtained from the constant
charge F(n) coincides with the grand canonical potential
obtained from constant voltage calculations.

The transition state grand canonical potential GCPrg,(U)
can be found explicitly by transforming Frg(n), where Frg(n)
is the barrier for each fixed charge » such that

FTs(}’l):maXRF(l’l,R), with RIS <R< RFS

Then,

GCPrs4(U) = ming(Frs(n) — ne(Uspe — U))
On the other hand, including the spatial dependence in
Equation (1), leads to

G(n, R; U) = F(n, R) — ne(Usue—U)
Thus, the barrier calculated from the explicit voltage
dependent grand canonical potential is defined as

GCPrs y(U) = maxg GCP(U, R) = maxpmin,GCP(n, R; U)

To show that the two approaches, GCPrsy(U) and
GCPrs(U), are equivalent, we employ the minimax
theorem™:

Given:

1.  F(n, R) is quadratic and thus convex in n, then so is
GCP(n, R; U) = F(n, R) — ne(Usug — U),

2. The reaction path is smooth in extended systems
since the charges transfer continuously at the
electrode. By the definition of the transition state,
the reaction path is concave in R in the neighborhood
OfRTs.

Then,
GCPqs,y(U) = max min (GCP(n, R;U))
R n

= min max (GCP(n, R;U))
n R

= min max (F(n, R) — ne(Ugyg — U))
n R

= min (Frs(n) — ne(Usyg — U))
n

= GCPrs,(U)

Thus, the transition state obtained from the constant charge
barriers and the constant voltage barriers are indeed
equivalent. This relationship allows us to calculate the barriers
for a system with a fixed number of electrons (standard QM)
and then use the Legendre transform to obtain the voltage
dependence for the transition state. Figure 1(d) shows that for
each voltage (U), there corresponds a transition state with a
specific charge (n) and spatial distance (Rrs). Thus, Rrg is a
function of charge (n), or Rrs(n) = argmaxpF(n, R).

Because the grand canonical potential of the transition state
is found by minimization in #» and maximization in R, then at
the transition state we have
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MGCP(TL,R;U) =0 @)

As discussed above, GCP(n, R; U) depends on R and U
quadratically around the transition state, the derivatives in n
and R reduce the dependence from order 2 to order 1. As the
result, Equation (7) implies that Ryg(n) depends linearly on n.
This linear dependence is shown qualitatively as the dashed
line in Figure 1(d).

(a) Schematics of TS in base:

(c): Mo-H and O-H as functions of net charges in base:

Journal of the American Chemical Society

e At U=-500mV, the most stable state is 1, or [MoS,]H.

e However, at a more negative potential, U=—700mV, the
most stable state becomes 2, or [MoS,]|H..

This is expected because the grand potential G(n, U) = F(n)
— neU is smaller for more negative charge (larger n) when a
negative potential (more negative U) is applied. Thus the
[MoS,]H, becomes more stable than [MoS,]H with a more
negative charge.

5.1a start with the sulfur vacant site with no hydrogen

(b) Schematics of TS in acid:

2 O

H 0 S Mo

(d): Mo-H and O-H as functions of net charges in acid:

Transition State (n vs. R)

Transition State (n vs. R)

Transition State (n vs. R)

Transition State (n vs. R)

I~
g-100 Tew i B S
g s 5-0.8 o
S -0.75 Sa " G .
g e g~ v~
-0.50 S e
~ -0.4 ~
1.94 1.92 1.90 1.88 158 160 1.62 1.64
-------> Forward Direction e > Forward Direction

Reaction Coordinate along Mo-H distance (A) Reaction Coordinate along O-H distance (A)

0.0{%~, 0.0,
@ ~ W -~
o - o Lo
s ~ & -~
202 S 802 ~_
et ~ < ~
p ~ 3 &
Z04 - z04 S
~ ~
o~
210 2.05 2.00 135 140 145

-----=-> Forward Direction
Reaction Coordinate along O-H distance (A)

------- > Forward Direction
Reaction Coordinate along Mo-H distance (A)

Figure 4. The transition states as the system evolves from [MoS;]H to [MoS;]H,. (2): the transition state structure in basic conditions.
(b): the transition state structure in acidic conditions. (c): relationships between the transition state charge (n) and spatial coordinates
(Rts) in basic conditions. (d): relationships between the transition state charge (n) and spatial coordinates (Rrs) in acidic conditions.
The linear relationships in (c) and (d) agree with the qualitative picture in Figure 1(d).

To show this linear relationship quantitatively, we studied
the transition state of hydrogen transfer from the solution to
[MoS,]H to produce [MoS,]H,, as shown in Figure 4. We
show below that this is the rate determining step (RDS) for
HER at the sulfur vacancy site on the basal plane of MoS,. In
this primary step, the hydrogen atom gradually moves from
the oxygen atom of the water molecule towards the
molybdenum atom at the reaction center. As a result, two
spatial coordinates are important. One is the Mo—H distance
and the other is O—H distance, such that in the forward
direction, the distance of Mo—H is becoming shorter and the
distance of O—H is becoming longer. Fig 4 (e)-(h) shows that
the relationship between R and n for the transition state is
linear as predicted by the GPC-K approach.

5. Discussion of the HER mechanism on MoS,
basal plane

5.1The Hydrogen Evolution Reaction
Conditions

in Acidic

Using the information from Fig. 5, we can calculate the
grand canonical potential of all the relevant intermediates and
their connecting transition states at any given applied
potentials. In this reaction, the sulfur vacancy site can bind up
to three hydrogen atoms.

atom adsorbed:

e At U=-500mV we first adsorb a hydrogen atom from the
solution at TSO01 with a barrier of 1.7 kcal/mol

e At U=-700mV we first adsorb a hydrogen atom from the
solution at TSO01 with a barrier of and 0.8 kcal/mol.

5.1b Start with one hydrogen atom adsorbed at the site:

This site can react with another hydrogen from the solution
to generate an H,, while leaving behind the empty site with

e A barrier (TS10) of 22.6 kcal/mol at U=—500 mV and
e A barrier (TS10) of 20.3 kcal/mol at U=—700 mV

Or it can abstract a second hydrogen from the solution to
form [MoS,]H, with

e A barrier of 15.3 kcal/mol (TS12) at U=—500 mV and
e A barrier of 13.6 kcal/mol (TS12) at U=—700 mV
5.1c Start with two hydrogen atoms adsorbed at the site:

They can react with each other to gemerate an H, while
leaving behind the empty site with

e A barrier (TS20) of 17.9 kcal/mol at U=—500 mV and
e A barrier (TS20) of 18.2 kcal/mol at U=—700 mV
or one of the hydrogen atoms can react with another
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hydrogen atom from water to generate H, while leaving
behind [MoS;]H with

e A barrier of 8.8 kcal/mol at U=—500 mV (TS21). and
e A barrier of 7.5 kcal/mol at U=—700 mV (TS21).

or [MoS,]H, can abstract another hydrogen solution to form
[MoS,]H; via TS23. However, we found that this step
involves the same transition state as TS21, thus the barriers e AtU=-700mV, TSO01 is even lower at 2.4 kcal/mol.

This shows that at high applied potential, there is a bias
toward the intermediate species with more electrons, making
them more stable.

5.2a Start with no hydrogen adsorbed:

e At U=-500mV, the barrier TS01 leading to [MoS,]H is
very low at 3.3 kcal/mol,

Hydrogen Evolution Reaction at pHO and
U =-500mV vs. RHE (black) or
U =-700mV vs. RHE (blue)

TS31
3.8 kcal/mol
5.3 keal/mol

TS01 TS12 TS23
G¥=1.7 keal/mol GE =15.3 kcal/mol G':E = 8.8 kcal/mol
0: [MoS,] G*=0.8 keal/mol 1: [MoS,JH G* = 13.6 kcal/mol 2: [MoS,H, G* =17.5 kcal/mol 3: [MoS,]H;
G = 0 kcal/mol G =-18.6 kcal/mol G =-18.1 kcal/mol G =-13.7 kcal/mol
G = 0 kecal/mol G =-22.5 kcal/mol G =-26.7 kcal/mol G =-27.3 kcal/mol

TS10 TS21 TS32
G+ =122.6 kcal/mol G+ = 8.8 kcal/mol G = 14.3 keal/mol
G¥=20.3 kcal/mol G+ = 7.5 kcal/mol Gt =13.3 keal/mol

.
+=
P

i =

TS20
Gt =17.9 kecal/mol
Gt =18.2 keal/mol

Figure 5. The Free energies at 298K under acid conditions for all reaction intermediates and transition states involved in the HER at the
sulfur vacancy on the basal plane of MoS2. Black: U = -500mV vs RHE, blue: U = -700mV vs. RHE.

are 8.8 and 7.5 kcal/mol.

For [MoS;]H;, no more hydrogen can be added, thus it can
generate H, via the Volmer step (TS31) with a barrier of 3.8
and 5.3 kcal/mol, or it can generate H, via the Heyrovsky step
(TS32) with a barrier of 14.3 and 13.3 kcal/mol.

5.2 Hydrogen Evolution Reaction in Basic Conditions

Similarly, we can use the GCP-K method in basic
conditions to calculate the GCP energy of each species and the
barrier for each reaction. However, because we use RHE, the
reference fermi energy of the electron is shifted by pH x 0.059
eV. As shown in Figure 6, at U = —500mV vs RHE, the
relative stability of [MoS,]H, [MoS,]H, and [MoS;]H; are
very similar, while [MoS,], the state with no hydrogen atom
adsorbed, is much less stable. Thus under basic conditions, we
conclude that there is always at least a hydrogen atom
adsorbed at the reaction site. Specifically,

e At U=-500 mV, the most stable state is 1, or [MoS,]H,
same as the acidic case,

e At U= —700 mV, the most stable state is shifted to 3, or
[MOSz]Hg

Hydrogen Evolution Reaction at pH14 and
U =-500mV vs. RHE (black) or
U =-700mV vs. RHE (blue)

TS01
Gf = 3.3 keal/mol Gi[ =
0: [MoS,] G+ = 2.4 kcal/mol 1: [MoS,H Gt=
G = 0 kcal/mol _— G =-15.9 kcal/mol
G = 0 kcal/mol G =-19.5 kcal/mol
TS10 TS21

G =28.8 kcal/mol
G*=27.1 kcal/mol

Figure 6. The Free energies at

vacancy on the basal plane of Mo
=20.1 kcal/mol’

T
15.
1.

G* =21.6 kcal/mol
Gt =18.6 kcal/mol

Such a low barrier is due to the large thermodynamic force,
so that [MoS,]H is —15.9 and —19.5 kcal/mol downhill from
[MoS,] for =500mV and —700mV, respectively. However, the
kinetics at [MoS,]H is more unfavorable because it is
relatively too stable. It has to overcome a large
thermodynamic force to react with another water molecule to
form H, and [MoS,] via TS10.

5.2b Start with one hydrogen atom adsorbed:

Different from the vacant state [MoS,], the kinetics at
[MoS,]H is more unfavorable because it is relatively much
more stable. To react with another water molecule to form H,
and [MoS,] via TS10, it has to overcome a large
thermodynamic force:

e At U= -500mV, the barrier TS10 leading to [MoS,] is
28.8 kcal/mol,

e AtU=-700mV, the barrier TS10 is 27.1 kcal/mol.

On the other hand, it is much easier to form two adsorbed
hydrogen atoms at the reaction site (TS12), since [MoS,]H, is
similar in energy to [MoS,]H.

e A barrier (TS12) of 15.1 kcal/mol at U =—-500mV,

TS31
G¥=9.5 kcal/mol
Gt =10.8 kcal/mol

TS23
kecal/mol G*=10.8 kcal/mol
kecal/mol 2: [MoS,]H, G*=5.9 kcal/mol 3: [MoS,]H,
G =-15.5 kcal/mol G =-13.5 kcal/mol
G =-23.5 kcal/mol G =-25.7 kcal/mol
. TS32
G* = 24.8 kcal/mol
G¥=27.1 kcal/mol

8K under basic cor&%&)lﬁ)sa fgrgaqptﬁél‘f”éa% i ?ﬁ%gaiates and transition states involved in HER at the sulfur
Black: 5@0TIW5\1§F HHEP, blue: —

mV vs. RHE.
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e A barrier (TS12) of 13.6 kcal/mol at U =—-700mV.
5.2¢ Start with two hydrogen atoms adsorbed:

Having two adsorbed hydrogen atoms for [MoS,]H, allows
the H, molecule to be formed via the Heyrovsky mechanism
(TS21) or the Tafel mechanism (TS20). However, both steps
have to overcome a ~20kcal/mol barrier at —500mV and
—700mV.

e At U = —500mV, the Tafel barrier (TS20) is 19.5
kcal/mol and the Heyrovsky barrier (TS21) is 21.6
kcal/mol,

e At U = —700mV, the Tafel barrier (TS20) is 20.1
kcal/mol and the Heyrovsky barrier (TS21) is 18.6
kcal/mol.

Instead of forming H, directly, [MoS,]|H, prefers to abstract
one more hydrogen atom from the solution,

e A barrier (TS23) of 10.8 kcal/mol at U =-500mV,
e A barrier (TS23) of 5.9 kcal/mol at U =-700mV.
5.2d Start with three hydrogen atoms adsorbed:

At last, H, molecule can be formed from [MoS,]H; via the
Heyrovsky step (TS32) or the Tafel step (TS31). However, the
Tafel step wins since the barrier is only 9.5 kcal/mol
(—=500mV) and 10.8 kcal/mol (=700mV), much lower than the
activation energy for the Heyrovsky step with a barrier of
almost 25 kcal/mol.

Summarizing, our analysis shows that hydrogen formation
at the sulfur vacant site in basic conditions starts from
[MoS,;]H, and continues to bind two hydrogen atoms
sequentially, leading to [MoS,]H;. Then H, molecule is
formed via the Tafel mechanism while [MoS,]H; returns to the
initial state [MoS,]H.

6.0 Overall kinetics

Since all the energies of the relevant reaction intermediates
and transition states are calculated as functions of applied
potential using the quadratic grand canonical potential, the
potential dependent rate constants are obtained using the
Eyring rate equation. Once all rate constants are found, a
microkinetic model is used to calculate the overall reaction
rates and species concentrations.

First, we write the rate equations for all species as:

dxg

2 = — ko1xo + k1ox1 + kaox2

—_
5
b

(b):
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dXZ

= k12x1 — ka1xa — kaoxz + k3ax3
dxs

I = kasxa — k3pxs — k3ixs

and the Eyring rate equation as:

kT AGE(U)
kij(U)zTexp(— o )

where x; is the concentration for each intermediate species,
kij(U) is the voltage dependent rate constant. However, the
above set of equations is linearly dependent. We must include
an additional constraint, Y ;x; = 1. If we are concerned only
with the steady state chemistry, we can set the left hand sides
of the above equation to zero. We then obtain the
corresponding rates and concentrations by solving the system
of linear equations. This then leads to the I-V plot and the
Tafel plot as shown in Figure 7 (a) and (b).

Typically, experimental studies report the applied voltage at
10mA/cm? as the onset potential for the catalyst. As shown in
Figure 7(a), we found that the onset potential for the 11.1%
sulfur vacancy to Mo atom ratio is —0.62V in acidic
conditions, and —0.52V in basic conditions, agreeing
qualitatively with experimental findings that the basal plane of
MoS, is more active in basic conditions than in acidic
conditions.

To correlate directly with experimental onset potentials, the
experimental number density of the sulfur vacancies must be
known. However, if the same sites are responsible for HER in
both acidic and basic conditions, the onset potentials should
scale linearly between acid and base. Indeed, exactly this
linear relationship is found for all reported onset potentials for
various samples?, which are plotted in Figure 7(c). Our
predicted onset potentials for base and acid are also plotted in
figure 7c, which agree very well with our fitted line across the
experimental samples. The Tafel slope in acidic condition is
reported to be 127mV/dec, corresponding to a transfer
coefficient of 0.47, which is similar to our predicted transfer
coefficient of 0.39 derived from our Tafel slope of 155mV/dec
in Figure 7(b). No Tafel slope has been reported for HER on
the basal plane of MoS,. We predict the Tafel slope to be 62
mV/dec.

As shown in Table 1, the dominant reaction intermediate is
[MoS,]H, the reaction site with one hydrogen atom adsorbed,
agreeing with our discussions of Figure 5 and 6 where we
conclude that [MoS,]H is the starting point of the catalytic
cycle. Although the energetics of [MoS;]H is nearly identical

(c):

Onset Potential in Acidic vs. Basic Conditions

log())

-10.0
-125 / / 0
-15.0

= Acidic condition, onset=-0.62V -2
= Basic condition, onset=-0.52V

Current Density (mA/cm?)

= Acidic condition, slope=155.28mV/dec /
= Basic condition, slope=61.68mV/dec

o4 ® Experimental Valugs MoS2 Th\jlf'l’i"r;!

@® Theoretical Prediction 3

&

206 _-~Theory
_{11.1% S vacancy)

el
n-MoS2

/"/
-~ Natural Molybdenite

-20.0 o o -4
-0.8 0.7 -06 -05 —0.4 -03 -1.0 -0.8

Applied Potential (V vs. RHE)

Applied Potential (V vs. RHE)

Onset potential in base (V vs. RHE)

—0.4 —0.2 0.0 -1.75 -1.50 -1.25 -1.00 -0.75 -050 -0.25

Onset potential in acid (V vs. RHE)

Figure 7. (a) QM predicted I-V curves for acidic and basic con-ditions. (b) Tafel plots for acidic and basic conditions. (¢) Comparison
between our QM predictions and the experimental interpolation from [A24]. This shows excellent agreement.

dx

1
= = ko1xo — k1ox1 — k12x1 + k2122

to [MoS,]H,, as shown in Figure 5 and 6, the near unity
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concentration is mainly the result of the rate determining step
in which [MoS,]H is protonated to [MoS,]H..

Condition [MoS2] [MoS2]H [MoS2]H2 [MoS2]H3

Acidic 0.0(~500mV)  0.9999 7976 X106 1.119 x 109
(pHO) 0.0(=700mV)  0.9998 1.480 X105 2.544 x 107
Basic 0.0(-500mV)  0.9992 6.791 10 7.323 x10°
(pH14) 0.0(-700mV)  0.6542 1.100 X104 0.3457

Table 1. Predicted species concentrations in fractions at the sulfur
vacancy during hydrogen evolution reaction. The concentrations
are normalized to sum to 1.

However, in basic condition, when the applied voltage is
high, e.g., =700mV vs. RHE, the concentration of [MoS,]H;
increases to a nontrivial amount. This is mainly because the
activation energy of the Tafel reaction (TS31) becomes e
nearly as high as the original Volmer rate determining step of
TS12.

7. Comparison with other Group VI Transition
Metal Dichalcogendies

Since the adsorption of the second hydrogen atom to the
sulfur vacant site is the general rate determining step, we can
use its adsorption grand potential as the descriptor to compare
the hydrogen evolution reaction activity at the basal plane
across the class of group VI transition metal chalcogenides.
The conventional adsorption energy is calculated at neutral
charge, but since the number of electrons is not equilibrated to
an applied voltage, this approach corresponds to intermediate
states having different voltage. Such an approach is
inappropriate for electrochemistry because the energy
difference between two arbitrary voltages do not have any
physical or chemical significance.

Instead, we compare the GCP of the intermediate species at
the same voltage. We have also used the GCP approach to
predict successfully the hydrogen adsorption energies at the
same voltage (V=0 vs. SHE) to explain the hydrogen evolution
relationships on MoSSe/NiSe,*! and FeP/NiP*,

Voltage to balance [MX;]H and [MX;]H

> 0.51 \ —— MoS;
\

31 0.4 ’1’ ‘\ MOSEZ

g 0.3+ ol \ ‘\ MoTe;

o v i 1, S WS

> ," d o N \\ ‘

8 0.2+ .'I,’, ,/ 5 WSe;

= Vv sy

g9 MX,IH A S MX, ]H

o I mt e B

< 0.0+ [MX.] "_________________::uz

Figure 8. Required applied potential to obtain a zero reaction
energy for the rate determining Volmer step from [MX,]H to
[MX,]H,. We predict that this lowest required voltage will
correspond to the best HER performance.

Since we have shown that the rate determining step is the
Volmer reaction from [MoS;]H to [MoS;]H,, we can use the
reaction energy of this step to compare the reactivity across
materials with similar structures. However, the reaction
energy, AGp(U) = Gy(U) — G1(U) between 2 and 1, depends
on voltage. Instead of comparing AGy,(U), we calculate the

voltage necessary to obtain AGy,(U)=0, then the material with
the lowest required voltage will be the most active towards
HER. The corresponding voltages for different transition metal
dichalcogenides are reported in the first numerical column in
Table 2.

Voltage when AG([MX,]) AG([MX,]H3)

G(MX;H) =

G([MX,]H,)
MoS2 n =0.521V 0.82 eV 0.17 eV
MoSe2 | n =0.372V 0.83 eV 0.065 eV
MoTe2 | n =0.0902V 0.69 eV 0.046 eV
WS2 n =0.367V 0.61 eV 0.26 eV
WSe2 n =0.241V 0.65 eV 0.21eV

Table 2. The relative grand canonical energies of [MX;] and
[MX,]H; at the optimal voltages. The relative energies
AG([MX,]) and AG([MX;]H;) referenced to [MX,]H (or
[MX,]H,) indicate whether the species might be important for the
actual reaction mechanism.

In addition to the required potentials, we also calculated the
relative energies of [MX;] and [MX;]H; to determine whether
they will interfere with the proposed stable states of [MX,]H.
As shown in Table 2, all of the relative energies of [MX,] are
greater than 0.6 eV from the [MX,]H species, reaffirming that
the vacant site [MX;] is not an important intermediate during
HER at the basal plane. On the other hand, the [MX,]H; are
relatively much more stable, which allows the HER to proceed
and complete the catalytic cycle from [MX,]H; back to the
original state of [MX,]H.

Based on these calculations, we predict that MoTe, will
have the best per site activity across the stable 2H group VI
metal dichalcogenides, with #=0.09 V. Next is WSe, with
1n=0.24V, followed by WS, and MoSe, with #=0.37V, with
MoS2 last at #=0.52V. Our predicted trend agrees with the
observed trend? that for single crystal MoS, and MoSe,, the
onset potential for MoSe, is —0.78V vs. RHE in acidic
condition, which is 0.47V lower than the onset potential of
—1.25V vs. RHE for MoS,. If a transfer coefficient of 0.5 is
assumed, the onset potential of MoTe, will be 0.22V less
negative than MoS, for the same density of chalcogenide
vacancies.

8. Conclusion

In conclusion, we have shown that our formulations of the
grand canonical potential kinetics (GCP-K) in terms of
thermodynamics provides a fundamental basis for
understanding  electrochemical processes. Our GCP-K
formulation arises naturally from minimizing the free energy
using a Legendre transform. As the result, the free energies
and the grand canonical potentials of the reaction
intermediates include a quadratic term that depends on the
differential capacitance Cgir. We use the minimax theorem to
show that the barriers in the constant charge picture and
constant potential picture describe the same transition states.
Using this GCP based free energy, we showed how to predict
both the potential and pH dependent chemistry of the
hydrogen evolution reaction at the sulfur vacancy of the basal
plane of MoS..
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We find that the rate determining steps in both the acidic
and basic are the Volmer reaction in which the second
hydrogen forming is adsorbed from the solution. Using the our
GCP formulation, we show that the stretched bond distances
change continuously as a function of the applied potential.
This shows that the main reason for the higher activity in basic
conditions is that the transition state is closer to the product,
leading to the much more favorable Tafel slope of 60mV/dec.
In contrast if the transition state were closer to the reactant,
where the transfer coefficient is less than 0.5 we obtain a Tafel
slope of almost 150mV/dec.

Based on this detailed understanding of the reaction
mechanism, we conclude that the second hydrogen at the
chalcogenide vacant site is the most active towards the
hydrogen evolution reaction. Using this as a descriptor, we
compared the rest of the 2H group VI metal dichalcogenides
and predict that MoTe, will have the best performance
towards HER among the 2H group VI transition metal
dichalcogenides considered here.
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