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ABSTRACT

Both experimentally and theoretically, the MXene family has shown promising hydrogen evolution reac-
tion (HER) capabilities. However, so far, the theoretical approach has been relying on the well-known
thermodynamic descriptor, AGy, whereas experimental studies report Tafel plots, containing kinetic
rather than thermodynamic information. Aiming to link theory to experiments, the present study
explores five different HER pathways over the exemplary V,C (0001) MXene by density functional theory
calculations. While the surface coverage under HER conditions (with either H* or OH* adsorbates) is
extracted from a Pourbaix diagram, we determine the energetics of the reaction intermediates and tran-
sition states for both surface species as active sites. This enables the construction of free-energy diagrams
for the Volmer-Heyrovsky and Volmer-Tafel mechanisms and allows for the simulation of Tafel plots by a
rigorous microkinetic framework. While the active-site motif V,C-OH seems to be less relevant for the
HER under typical reaction conditions, we demonstrate that the HER is kinetically facile on the V,C-H sur-
face. For this surface termination, we report a potential-depending switching of the preferred mechanism
from the Volmer-Heyrovsky to the Volmer-Tafel description with increasing overpotential while encoun-

tering similarities to the HER over Pt.
© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Our society is demanding an urgent socioeconomic transforma-
tion to face the many issues arising from forthcoming climate
emergencies [1-4]. The increasing energetic demand [5] together
with the necessity of reducing our dependency on fossil fuels
drives the scientific and technological community to look for envi-
ronmentally sustainable alternatives [6,7]. Among all the alterna-
tive energy sources, the use of molecular hydrogen has attracted
a considerable attention due to its multiple capabilities in energy
storage or for its direct usage replacing the nowadays employed
fossil fuels [8-10]. Water splitting is a key reaction towards the
production of green hydrogen, where the hydrogen evolution
(HER) and oxygen evolution (OER) reactions take place at the cath-
ode and anode of an electrolyzer, respectively [11-13]. However,
these technologies still present few setbacks for their large scale
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application. Currently, the scarce and expensive Pt- and Ir/Ru-
based materials are among the best catalysts for HER [14,15] and
OER [16], respectively, and consequently, materials based on
non-scarce metals are called for to replace Pt- and Ir/Ru-based
materials [17].

Currently, materials based on earth-abundant elements are
being tested as alternatives to Pt-based catalysts for HER, such as
transition-metal carbides (TMCs) and nitrides (TMNs) [18-20]
transition-metal sulphides [21-23], phosphides [24-26], or metal-
lic organic frameworks (MOFs) [27] such as Ni-THT [28], Co-BHT,
and Co-THT [29]. Among them, a new family of 2D materials,
named MXenes [30], is raising considerable expectation [31].
While MXenes are strongly related to TMCs and TMNs in terms
of composition, they are structurally very different as MXenes con-
tain a few atomic layers only [32]. Most MXenes adhere to the gen-
eral formula M. X, where M stands for a metal, usually an early
transition metal from groups IV to VI (M = Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, W...) while X stands for carbon or nitrogen. Depending on the
synthesis, the surfaces of MXenes are functionalized with groups
such as -0, -OH, -H, and -F, and these are normally referred to as
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M1 XnTx, Where Ty indicates the termination on both metal sur-
faces of each MXene sheet. In addition, there are new members
of the family involving different metals [33] and even MXenes have
been proposed where metal and C and N layers can alternate [34].
Meanwhile, MXenes have multiple applications in batteries
[35,36], as supercapacitors [37], in antibacterial activity [38], in
CO, abatement technologies [39-42], and for multiple electrocat-
alytic processes [43] such as the HER, but also equally discussed
as electrocatalysts for the OER [44,45].

Relating to the HER activity of MXenes, Seh et al. [46] investi-
gated the suitability of the broadly used Gibbs free energy of
hydrogen adsorption, AGy [47], to evaluate the electrocatalytic
performance of several O-terminated early transition metal
MXenes, such as Sc;CO,, V3C;0,, CryCO,, M0,C0,, M04C30,, Crp-
NO,, Nb,NO,. Subsequent studies explored an even wider range
of MXenes, also addressing the HER activity of these materials
[48-51]. In particular, Ling et al. [48] proposed the net charge on
the atom(s) directly interacting with adsorbed H as an alternative
descriptor, yet this charge is indeed dependent on the MXene Ty
termination, as already mentioned. Additionally, the effect of ter-
mination on HER activity has been studied in detail by Hondoko
et al. [52] pointing out that F-terminated MXenes tend to exhibit
a lower HER catalytic activity than the O-terminated counterparts
[52]. This led to identify the exposed terminal O as the active sites
of the HER over MXenes [53], suggesting that freshly exfoliated
MXenes are not active catalysts for the HER and that some surface
functionalization is needed.

Despite the considerable number of studies that aim to compre-
hend the HER activity of MXenes, including the most recent review
[44], so far all theoretical studies rely on thermodynamic consider-
ations only, thus neglecting the effect of the kinetics in the HER.
However, the thermodynamic approach may not suffice to explain
experimental results in all cases, particularly not if the tacit pre-
condition of Brgnsted — Evans — Polanyi relation, which couples
the thermodynamic to the kinetic picture, is violated [54-56]. In
the present work we present a comprehensive study where, for
the first time, the kinetics of the HER over V,C, taken as an exem-
plary case of the MXene family, is accounted for besides the ther-
modynamic picture. This is achieved by the coupling of first-
principles calculations in the density functional theory (DFT)
approximation, including the determination of transition states,

Fig. 1. Top and side views of the p(3x3) supercells used to represent a V,C
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with microkinetic considerations to simulate Tafel plots that can
be compared to experiments, a methodology successfully applied
in the study of HER over metal oxide systems [57].

2. Surface models and computational approach

The V,C (0001) basal surface is modelled by a p(3x3) supercell
with three atomic layers stacked in ABC fashion, as in previous
works on similar MXenes, see Fig. 1 [39,40,58-60]. The upper
and lower layers contain just V atoms whereas C atoms are placed
in the middle layer. A vacuum width of around 12 A along the z
direction is added to the supercell to avoid interaction between
interleaved MXenes; this is a technicality arising from the use of
a computational code that exploits periodic boundary conditions.
The surface termination of the V,C MXene is chosen by inspecting
the corresponding Pourbaix diagram as obtained from theoretical
calculations [44]. While most works consider a single surface ter-
mination only, a recent study considering various adsorbates,
including mixed phases [61], showed that the most stable surface
coverage is predicted to contain /3 and /5 of surface sites having
adsorbed O* and OH* (3/50* + !/30H*), respectively under HER con-
ditions, in all cases with adsorbates on their most stable HollowM
adsorption sites. Accordingly, this surface phase has been adopted
as the starting model to explore the HER kinetics. Nevertheless,
only when an overpotential is applied, a turnover in terms of
hydrogen formation is observed. In the case of V,C, at an applied
electrode potential of -0.5 V vs. the reversible hydrogen electrode
(RHE), the most stable surface is fully covered by adsorbed H*,
again on HollowM, and this surface phase is included as second
model in our study. We also considered the case with full OH* cov-
erage even if a previous work suggests that this situation is not
thermodynamically favoured at any pH or potential conditions
[61]. This is because, most often, the simulated surface Pourbaix
diagrams do not account for the effect of the surrounding solvent.
Therefore, to account for the aqueous electrochemical environ-
ment, we have added six molecules of water to the surface of the
(?/30* + '/30H*) phase. The atomic structure of the adsorbed water
is reminiscent of the ice-like structure, which has already been
successfully applied to study the HER kinetics in other systems
[62,63]. The explicit water molecules layer includes one extra

- W
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(0001) basal surface terminated by H (left) and OH (right) with the surface covered by six water

molecules in an ice-shaped structure. Metal atoms at the top and bottom layers are represented by bright and light purple spheres, while C atoms are represented by dark
brown spheres. H atoms adsorbed on the surface and on the water layer are shown as white and pink spheres, respectively, with O atoms shown as red spheres. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrogen, i.e. a H30 moiety, to prompt the H adsorption. In the
computational models with the initial (/50* + 1/30H*) surface cov-
erage, this leads to a new situation where the surface is fully cov-
ered with OH* groups, and this is the reason why the HER kinetics
over the fully OH*-covered surface is investigated in the present
study as well.

The present theoretical study of the HER kinetics and reaction
mechanisms over V,C is based on calculations carried out in the
framework of density functional theory (DFT) [64,65] using the
Vienna ab-initio simulation package (VASP) [66-68]. The Perdew-
Burke-Erzenhof (PBE) form of the exchange-correlation potential
was used [69] including dispersion effects through the Grimme’s
D3 approach [70]. The electronic density of the valence electrons
was expanded using a plane-wave basis set with an energy cut
off of 415 eV. The effect of the core electrons on the valence elec-
tron density is accounted for through the projector augmented
wave (PAW) approach of Bléchl [71], as implemented in VASP by
Kresse and Joubert [72]. A value of 107 eV was set as a convergence
criterion for the electronic energy optimization together with a
threshold of 0.01 A~! for the atomic forces acting on every single
atom of the system. For the calculations, the partial occupancies
of the orbitals are considered by the tetrahedron method with
Blochl corrections. Consequently, a I'-centered k-mesh of 5x5x1
dimensions was used to sample the Brillouin zone for the numer-
ical integration in the reciprocal space. At convergence, the total
energy was extrapolated to 0 K. Spin polarization was not consid-
ered as no magnetism was reported for V,C [73-75], and spin
polarization has negligible impact on the reaction profiles of non-
magnetic materials [76]. Nevertheless, test calculations for the
reaction profile relevant structure revealed that, even starting from
a spin-polarization trial density, the variational self-consistent
field procedure always converges to the closed shell, non-spin
polarized solution.

To locate the transition state (TS) structures along the possible
reaction paths, we used the climbing-image nudged elastic band
[77] (CI-NEB) and the improved dimer method [78], depending
on each single geometrical structure. All the identified TS were
characterized by proper frequency analysis, carried out by Hessian
matrix construction and diagonalization. We used finite displace-
ments of 0.03 A in length, verifying that in each case, only one
imaginary frequency was present. The structures of interest dis-
played in this work were represented using the VESTA code [79].

3. Hydrogen evolution reaction mechanism

Strongly acidic solutions are preferably used to carry out the
HER, although it is occasionally examined in buffered solutions
with an intermediate pH or under alkaline conditions. Considering
the ice-like water layer as a proton donor, we refer to the acidic
HER equilibrium:

2H" +2e =H,, U’ =0V vs. RHE (1)
Here we assume a H* activity of one, corresponding to pH = 0. Note,
however that HER performance may vary as a function of pH [80],
yet the HER is found to be more sluggish at higher pH values.
Indeed, on Pt reference electrode, low pH has been found to favor
a Tafel-step control of the kinetics, while higher pH favors
Volmer-step control, see below.

Two reaction mechanisms are frequently discussed in the liter-
ature, denoted as Volmer-Heyrovsky (VH) and Volmer-Tafel (VT)
[81,82]; their representation is given in Fig. 2. Both mechanisms
have in common that hydrogen is adsorbed on the electrode within
the electrochemical Volmer (cf. Eq. (2)), but they differ in the sec-
ond step. In the VH mechanism, the Heyrovsky step is also of elec-
trochemical nature (cf. Eq. (3)), in that the adsorbed hydrogen
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“ Volmer — Heyrovsky

Volmer — T2

Fig. 2. Schematic view of the two main HER mechanisms. The cycle with green
arrows corresponds to the Volmer-Tafel (VT) mechanism whereas orange arrows
refer to the description of Volmer-Heyrovsky (VH). Note that the first step, starting
on the top of each cycle is the same for both VT and VH, but the formation of H, in
the VT mechanism is of chemical nature whereas it is an electrochemical step in the
VH pathway. Adsorbed H atoms, H" ions, and electrons are depicted by white, pink,
and red spheres, respectively, while the rest of the colour coding is specified in
Fig. 1. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

species recombines with another proton from the electrolyte solu-
tion to release a single H, molecule. On the contrary, the VT mech-
anism consists of two subsequent Volmer steps and the Tafel step
of Eq. (4), a chemical recombination step of the two adjacent
hydrogen adsorbates to form H,.

Volmer step: H™ +e” + % — Hx,

(2)

Heyrovsky step: H' +e” +Hx — -+ Hy, 3)

Tafel step: 2Hx — x+ H, (4)

Given that our V,C surface models under HER conditions con-
tain already adsorbed hydrogen atoms, some additional considera-
tions are needed. As such, the HER can also proceed starting with
the Heyrovsky step to produce H, using the surface hydrogen with-
out needing an initial Volmer step. Table 1 describes the sequence
of steps for the HER mechanisms examined in the current study,
employing the two alternative terminations mentioned above
and the same line of thought. Nonetheless, based on the termina-
tions considered, not all the mechanisms resulting from combining
these steps are allowed. For instance, in the H-terminated MXene
(Tx = H), a H from the water layer can bond the metal V Top site
and thus any mechanism starting with a Volmer step will be
allowed. However, the hydrogen atoms absorbed at HollowM sites
that are present in the initial termination are strongly adsorbed
(ie. AG = -1.05 eV). Consequently, these H atoms cannot be used
as a hydrogen source for the HER, and therefore, mechanisms start-
ing with a Heyrovsky or Tafel step cannot proceed and are not con-
sidered (cf. Fig. 3). In contrast, on the fully OH-terminated V,C
surface, the V Top sites are sterically blocked by the OH groups,
thus leaving no free adsorption sites for the H atoms. In contrast
to the case of the V,C-H surface, the mechanisms cannot start with
a Volmer step. On the other hand, the H atoms from the surface OH
groups are exposed and can be combined to one hydrogen from the
water layer via one Heyrovsky step or, alternatively, can form a H,
molecule with another H from the surface OH via one Tafel step as
schematically shown in Fig. 3. We would like to emphasize that the
approximation of the ice-like water layer as hydrogen source on
top of the V,C surface requires caution and, instead of referring
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Table 1
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Description of the five HER mechanisms over V,C considered in the present study. The mechanism column defines the label for the studied Volmer-Heyrovsky (VH) and Volmer-
Tafel (VT) mechanisms. The last three columns correspond to the order of the steps for each pathway.

MXene Mechanism Step I Step II Step III
V,C-H VH-I Volmer Step Heyrovsky Step

VT-1 Volmer Step Volmer Step Tafel Step

VT-II Volmer Step Tafel Step Volmer Step
V,C-OH VH-II Heyrovsky Step Volmer Step

VT-II1 Tafel Step Volmer Step Volmer Step

v

o

O

o

X v

Fig. 3. Schematic representation of the initial steps for the HER that are possible for the H* and OH* terminated V,C surface. In case of the V,C-H surface (left image), the
Volmer step is the first one because incoming H (shown in pink) can be adsorbed on a vacant surface site (Top). However, the Heyrovsky and Tafel steps are forbidden as the
first step because hydrogen at the surface (HollowM) is adsorbed too strongly (e.g. AG = -1.05 eV). On the contrary, for the V,C-OH surface (right image), the adsorption sites
for H adsorption are sterically blocked by the OH adsorbates on the HollowM position, and consequently, the Volmer step is restrained. Therefore, the mechanistic cycle starts
with the release of gaseous hydrogen from the OH groups by a Heyrovsky or a Tafel step. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

to the lowest energy path, we investigated a representative num-
ber of options and computed the free-energy diagrams using an
average over these paths to reduce possible artifacts.

To finally predict the most favourable mechanism, the free-
energy diagrams of all the elementary steps and mechanisms are
estimated as indicated in the below. Fig. 4 depicts an example of
the free-energy diagram for the conventional VH and VT mecha-
nisms at # = 0 V and 0.2 V over the V,C-H example; for simplicity,
we refer to the absolute value of the HER overpotential in the fol-
lowing even though cathodic overpotentials are formally negative.
The free-energy landscape of the HER is directly affected by an
increase in the applied overpotential, and the free energies of the
reaction intermediates (RI) and transition states are lowered in
dependence of the number of electrons (n) transferred according
to Eq. (5) and Eq. (6). In the case of TS, the charge transfer between
the two involved states is considered not to be complete, which is
characterized by the transfer coefficient, a. Its specific value is usu-
ally unknown but for a one-electron transfer step, such as encoun-
tered with the Volmer and Heyrovsky steps, o is approximated to
be !/, based on experimental evidence of HER performance on Pt
[83], and a usual choice [84].

AG(17) = AG(0) — (n-e-n), (5)

AG* (1) = AG*(0) — [(n + ) - e ). (6)

In equations (5) and (6), AG(n) and AG(0) denote the free-
energy changes from the initial state (e.g., starting surface) to the
final state (e.g., reaction intermediate or product H,) at zero over-
potential or any arbitrary # value, respectively. Similarly, AG” is
the free-energy change from the initial state to a TS, and n or e indi-
cate the number of electrons transferred or the elementary charge,
respectively. Based on this framework, the free-energy profile of
the VH mechanism is modified in such a way that the Gibbs free
energy of TS #; is reduced by o, -e-# and that of Rl by 1-e -7,
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TS #, is lowered by (1+o0)-e-n and the product state by
2 -e -, see Fig. 4a. In a similar way, for the free-energy profile cor-
responding to the VT mechanism, the first steps are equally
affected in that the values for #; is reduced by o, - e -7, that of
RI1 by 1-e-#, that of #, by (1+0) - e-#, while for RI2, #5, and
the product state the Gibbs free energy is reduced by 2 -e -7, as
no more electrons are transferred in the Tafel step, see Fig. 4b.

Recent works on the free-energy landscape in electrocatalysis
have demonstrated that not the highest free-energy barrier, AG”,
but rather the TS with the highest free energy, G%,, governs the
kinetics of the overall reaction [74,85 74]. For the HER, GZZS is either
given by the free-energy difference between TS #; and the starting
surface (G¥) or between TS #, and the starting surface (G¥). As
such, the free-energy barriers in the free-energy diagram corre-
sponding to the Volmer-Heyrovsky mechanism are related to the
respective TS free energies in Egs. (7) and (8):

Gf = AGY, (7)

G} = AGY + AGy,. (8)

Inspecting the free-energy profile of Fig. 4a, it turns out that G¥
corresponds to G¥. at n = 0 V whereas G} is met with G¥% at

1 = 0.2 V. Similarly, for the VT free-energy profile one can define
G¥,G¥,and G¥ by referring to Egs. (9)-(11);

Gl = AGY, 9
G = AGY + AGgn, (10)
G¥ = AGY + AGgp. (11)

Fig. 4b reveals that Gf and G} are encountered with G7 at

n=0Vandn =0.2V, respectively.
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Reaction Coordinate

Fig. 4. Schematic representation of an arbitrarily chosen Gibbs free energy profile
based on the V,C-H model for the a) Volmer-Heyrovsky and b) Volmer-Tafel
mechanisms at # = 0 V and # = 0.2 V in blue and orange, respectively. The initial
state (IS) is depicted in black. The final state (FS) and the reaction intermediate (RI)
are depicted by a solid line while transition states (TSs) are marked as #, (n=1, 2)
by dashed lines. Grix(0) and Ggix(0.2) are the corresponding free energies for the
reaction intermediate at # = 0 V and 5 = 0.2 V, respectively. G45(0) and G(0.2)
correspond to the transition state with highest free energy in dependence of the
applied overpotential. Finally, AG¥ in light blue corresponds to the barrier of the
second elementary step in panel a). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

4. Computational construction of Tafel plots

Tafel plots indicate the rate of an electrochemical reaction, esti-
mated from the current density, in dependence of the applied over-
potential, serving as the driving force for the process. Commonly, a
logarithmic plot is used in that the log;, of the current density, j, is
applied. This finding can be traced to the Tafel equation, which can
be derived as approximation for sufficiently large overpotentials
from the Butler-Volmer theory [85,86]:
logaj(1) = logjo + 1 (12)
where j(1) and j, are the current density as a function of the over-
potential #, and the exchange current density, respectively, and b
denotes the Tafel slope. The Tafel slope contains information about
the transfer coefficient which plays an important role for the reac-
tion kinetics relating to the TS (cf. Eq. (6)).

While the analysis and interpretation of Tafel plots can offer
valuable insight into the elementary reaction steps and kinetics,
it is not straightforward to translate the energetic picture in terms
of the free-energy landscape (cf. Fig. 4) into a Tafel plot. This
requires several assumptions which are discussed in the following.
The first aspect refers to the description of the RI coverage. The two
common approximations refer to the quasi-equilibrium and
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steady-state assumptions. The quasi-equilibrium approximation,
based on thermodynamic considerations in terms of the law of
mass action, assumes that the coverage of the RI remains essen-
tially constant upon increasing overpotential, and thus, the
quasi-equilibrium model is only a good choice if coverages are
not prone to change. Yet, it was demonstrated that quasi-
equilibrium is a valid approximation if there is a single linear
regime in the Tafel plot [77]. In case of the steady-state approxima-
tion, the RI coverage is described by the rate constants (kinetics) of
the elementary steps, thereby taking alterations in the RI concen-
tration on the electrode surface with increasing overpotential into
account. Considering the VH mechanism as depicted in Fig. 3a, the
time-dependent RI concentration as a function of the applied over-

potential is described by Eq. (13):
(M52) =l 5]+ ko) 1]~ s R~ ko) - RI,
n
(13)

which is deduced from the elementary steps of Eqs. (14) and
(15):
ki
IS = RI
](4

ky
Rl = FS
k,z

(14)

(15)

In the above equations, k;(#) and k,(#) are the forward and
backward rate constants of the elementary step in Eq. 14; equally,
ka (1) and k., (n) correspond to the forward and backward rate con-
stants of the step in Eq. 15. [IS], [FS], and [RI] are the concentrations
of the initial state, final state, and the reaction intermediate,
respectively. We would like to emphasize that we omitted the
activity of the reactant (H*) in the microkinetic expression of Eq.
13. This is due to the assumption of aj; = 1, vide supra, emphasizing
that our model is dedicated to the HER kinetics in acidic conditions.

Please note that depending on the surface configuration of V,C
(cf. Table 1), the IS can be either a metal atom, *, or adsorbed hydro-
gen, *-H. This renders whether the RI corresponds to *-H or * + H,,
respectively.

Given that all the RIs within the HER are adsorbed species, we
can relate their concentrations to their coverage at the electrode
surface. In this context, we redefine [IS] and [FS] as 6s, and [RI] as
0s_u, where 0s and 0s_y correspond to the coverage of vacant sites
or the coverage of adsorbed hydrogen on the MXene surface. Con-
sidering the balance of active sites and the steady-state approxi-
mation, the two conditions of Eq. (16) and Eq. (17) must be
fulfilled.

d(R)\ _
(40) -
Os(m) + Os-u(n) =1, (17)
where the definition or reaction rate is
d
w0m) = L — iy ) 05-at) — Kal) - 0500 (18)

With this, one can rewrite the reaction rate expression in Eq.
(13) as;
_ ka(n) - ka(17)
ki (i7) + k1 () + k2 (17) + k-2 (1)
3 k-1 (17) - k-2(17)
ka(n) +k1(n) + ka2 (1) + k-2(1)°

r(n)

(19)
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Finally, we apply Faraday’s law to obtain the current density in
dependence of the applied overpotential:

jm=n-e-r(n) - e (20)

The substitution of the expression of r(x) in Eq. (19) into Eq.
(20) leads, after some algebra, to Eq. (21). We additionally make
use of the assumption that only the forward reaction is accounted
for in the Tafel regime (# > 0.03 V) [87], because the overpotential
applied is large enough to fairly neglect the backward reaction.

oy +op)1e
exp(( 1kB%)’7)

G +ayne G —(1-a1)ne G —AGg+ou e ’
exp <—1 T + exp 2 T + exp 2 T

(21)

2kgTel 4
7]) _ B h t .

where kg is Boltzmann’s constant, T the temperature in Kelvin, h is
Planck’s constant, e is the elementary charge, 'y is the density of

s s s -2 __ n° of sites
active sites in cm™*, defined as Iy = JZ2Ses o and o, are the

transfer coefficients of the first and second steps, Gf and G are
the TS free energies of the first and second step (cf. equations (7)
and (8)), and finally, AGg, corresponds to the free energy of the reac-
tion intermediate at # = 0. In order to facilitate the calculations and
to compare them to experimental values, j(#) is not expressed in the
international system units but in A/cm 2. Please note that the eval-
uation of Eq. (21) requires knowledge of both the energetics of the
thermodynamics and kinetics in terms of AG and AG?, respectively.
Based on the evaluation of Eq. (21), it becomes possible to simulate
Tafel plots in dependence of the applied overpotential and to corre-
late the Tafel lines to the rate-determining step, as obtained from
free-energy diagrams (cf. Fig. 4).

However, for reactions with more steps as VT, the steady-state
assumption requires a more complex expression since more RIs are
involved. Yet, the quasi-equilibrium approach offers a simple alter-
native to simulate the Tafel plot for the VT mechanism. While the
quasi-equilibrium approximation is not able to capture the transi-
tions between linear Tafel regimes, indicating a change in the rate-
determining step of the reaction, it can fairly estimate each linear
region individually [88]. Thus, by applying the quasi-equilibrium
analysis to each TS allows obtaining three linear regimes, and the
least favourable regime is reconciled with the rate-determining
step in dependence of the applied overpotential, see Fig. 5.

The preceding discussion illustrates that the simulation of Tafel
plots requires the knowledge of various quantities, such as AG and
G? for the RIs and TSs, respectively. These terms are obtained by
DFT calculations, analysing the difference in Gibbs free energies
for each individual steps. At zero overpotential, AGg, AG} and

AGY¥ are obtained from Eq. (21):

AG = AEror + AEzpe — TAS (22)

For a free-energy change between two intermediate states,
AGri, AEror refers to the energy difference between the initial and
final states whereas for the free-energy barriers AG} and AG},
AEror correspond to the energy difference between the initial state
and the first or the RI and second TS, respectively. In general, for
processes involving n steps the total free-energy difference from
n-1 to n is obtained according to Eq. (23) and (24) for RIs and
TSs, respectively.

AEror = Ep — En_1, (23)
or,
AEjy =Ef —En 4 (24)

In Eq. (22), AEzg corresponds to the zero-point energy differ-
ence between two consecutive steps, n-1 and n. In the present
study we computed the AEzy for the two different surfaces in a
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Fig. 5. Schematic representation of linear Tafel regimes for an arbitrary chosen
Volmer-Tafel mechanism. While in a) the linear regimes derived from all the three
steps of the mechanism are depicted, and b) shows the final Tafel plot. Green, red,
and blue lines indicate the current density in dependence of the applied overpo-
tential for each elementary step. In the present figure, the 3" step, in blue, governs
the kinetics of the reaction for small overpotentials (1 < 0.1 V) whereas the 1% step,
in green, is reconciled with the kinetic bottleneck for larger overpotentials
(n > 0.13 V). Consequently, the Tafel plot of the V-T mechanism consists of two
linear regimes. The transition between the two linear regimes, indicating a change
in the rate-determining step, is not captured by the quasi-equilibrium assumption.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

slightly different way. For V,C-H we assume that the vibrations
of the water layer and the H adsorbate involved in the RlIs are
decoupled from the vibrations of the MXene, including the H layer
of the termination. Therefore, the frequencies taken explicitly into
account are those from the extra H and of the water layer. How-
ever, for the V,C-OH surface, the vibrations of the OH from the
MXene termination are accounted for. The reason for such differ-
ence is the nature of the RIs involved on the different MXenes. In
the case of V,C-H, the H involved in the RIs are adsorbed on V
Top site, and the vibrations can be safely decoupled from those
of the rest of the MXene, including the termination. However, in
the case of V,C-OH, the RIs directly involve the H atoms form the
OH termination and thus, they must be included. Therefore, the
AEzpe term is computed within the harmonic approximation, as
given in Eqgs. (25) and (26);

AFEzpp = ZPE, — ZPE, 1, (25)
or,
AE} = ZPE! — ZPE, ., (26)
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and similarly, we can obtain the entropy corrections TAS, see
Egs. (27) and (28);

TAS =TS, — TSy 1, (27)
or,
TAS* = TS* — TS, ;. (28)

The entropy containing term in Eqgs. (27) and (28) is computed
by Eq. (29) [61];

" hv;/kgT
TS — kBNATZ kT T

where besides the variables described already in Eq. (21), N is
the Avogadro number and v; correspond to the vibrational frequen-
cies of the same normal modes considered in the ZPE calculation.

While the DFT calculations are performed for zero electrode
potential, we make use of the computational hydrogen electrode
(CHE) [89] approach, to describe the potential dependence on the
RHE scale. This framework couples the total energy, the zero-
point energy, and entropy of the hydrated proton and electron to
half of the free energy of a gaseous H, molecule. This equilibrium
is met for a pressure of 1 bar of H, in a solution of protons with
activity 1 at 298.15 K:

In(1 — e/l (29)

Higg) + 67¢%H2<g), @U = 0V vs. RHE, (30)

since in equilibrium AG = 0 is fulfilled, it can be concluded:

1

2

Based on the introduced framework, application of Eq. (21)
allows compiling Tafel plots for the different HER mechanisms.
Note that to compute the Tafel plot, positive values of the current
density j, are required due to its logarithmic representation in the
Tafel plot. Thus, we recall that we use the absolute values of the
current density and applied overpotential for the discussion of
the elementary processes in the HER in the following.

Finally, a comment is needed on the description of the electro-
chemical environment within the DFT calculations. While canoni-
cal DFT calculations may inappropriately capture free-energy
differences by comparing initial, transition, and final states at con-
stant charge instead of constant potential [90], the grand canonical
framework may require the evaluation of surface phases with vary-
ing H* coverage to keep the electrode potential constant [91]. Since
our MXene phases are fully hydrogenated under acidic HER condi-
tions, the approach of a varying H* coverage is not applicable to
reach constant potential conditions. Note also that many of the
recent theoretical studies still apply constant charge calculations
and use a correction term to reach a constant potential description
[90,92,93]. Given that there is no consensus in the literature on the
aptitude and error bars of the various modifications proposed, we
stay with the canonical formalism even if this does not represent
the electrochemical environment. However, this methodology
allows resolving the HER kinetics in a qualitative fashion, and the
derived conclusions in our manuscript are robust due to the signif-
icant free-energy differences between the -H* and -OH* covered
surfaces.

G(Hiu)) +Gle™) =5 G(Hagg). (31)

5. Results and discussion

To simplify the discussion, the results for V,C-H and V,C-OH are
presented separately and, for each case, the different mechanisms
are discussed one after the other.
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5.1. The V>C-H case

We start by considering the Volmer Heyrovsky I (VH-I) path by
recalling its mechanistic description according to Eqgs. (32) and
(33):

Volmer step : H;0" +e” +Mx* =M —H + H-0, (32)

Heyrowsky step : H30" +e~ +M — H = M  + H, + H,0. (33)

In Egs. (32) and (33), M* indicates a vacant top site at the water
covered V,C-H surface. In the first step, one hydrogen is adsorbed
at the top site on the surface, see Eq. (32), and subsequently, a sec-
ond hydrogen recombines with the adsorbed H atom at the top site
to form the final hydrogen molecule, see Eq. (33). This mechanism
is only possible for the V,C-H system because the top sites on the
V,C-OH surface are sterically hindered.

We discuss in the Supplementary Data (SD) that, in principle,
hydrogen could also be adsorbed on HollowC as adsorption site,
see Fig. S1 of the SD. Using the unit cell described in Section 2, a
total of eighteen initial different adsorption sites were evaluated,
including direct and indirect adsorptions; see additional details
in Figs. S2-S4 of the SD. Direct adsorptions imply that one hydro-
gen atom from the H30" adsorbs in a single step on the respective
site. In contrast, indirect adsorption involves two steps in that one
H from the H30" moves toward a vicinal water molecule first, and
in a second step, the hydrogen atom pointing towards the surface
of the acceptor water molecule is adsorbed at the surface.

Our thermodynamic analysis indicates that the RI, adsorbed
hydrogen, appears to be more stable when bound to the top site
(adsorption free energies ranging from —0.17 to +0.19 eV) rather
than on the HollowC site (adsorption free energy of about
0.30 eV; see Table S1 in the SD). When the water layer is rear-
ranged in response to adsorption, there are several situations
where one oxygen atom from the water layer interacts with one
V atom from the surface. As the adsorption at the HollowC sites
is consistently less energetically favoured than at the top sites,
one direct and one indirect HollowC paths are further tested, but
we do not find any important differences in terms of the thermo-
dynamic picture. Therefore, hydrogen adsorption on the HollowC
site is not further pursued.

Finally, a second hydrogen atom is added to the water layer.
This hydrogen atom recombines with the hydrogen species
adsorbed on the top site in the Heyrovsky step, and the energetics
of the TS, see Tables S2 and S3 in the SD, is quantified following the
same procedure as for the Volmer step. Fig. 6 depicts the free-
energy diagram of the VH-I mechanism at # = 0 V and 0.2 V. Given
that the Volmer step reveals higher TS free energy than the Hey-
rovsky step at # = 0 V, the Volmer step is reconciled with the
rate-determining step, even if the applied overpotential is
enhanced. Consequently, the computational Tafel plot reveals a
single linear regime as shown in Fig. 7.

Next, we have tested the Volmer-Tafel I (VT-I) over the V,C-H
surface, and its mechanistic description is given by Eqs. (34)-(36):

Volmer step: H30" +e~+Mx =M —H + H,0, (34)

Volmer step: H30" +e +M—-H + M+ = 2(M —H) + H,0,
(35)

Tafel step : 2(M — H) = 2M % + Ha. (36)

While the Volmer steps of Eqgs. (32) and (34) are identical, in
contrast to the above-discussed VH-I mechanism, the second step
contains the adsorption of a second hydrogen atom (cf. Eq. (35)).
Finally, the two adsorbed hydrogen species recombine under the
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Fig. 6. Free-energy diagram for the VH-I mechanism over the V,C-H surface at
n=0Vandn=0.2V in blue and orange, respectively. While the initial state (IS) is
depicted in black, the reaction intermediate (RI) and final state (FS) are indicated by
blue solid lines. Transition states (TS) are marked by dashed lines. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 7. Simulated Tafel plot of the HER over V,C-H via the Volmer-Heyrovsky
mechanism as obtained from the free-energy landscape of Fig. 6. Given that the first
transition state of the mechanism is higher in free energy than the second transition
state, the mechanism is limited by a single step, and hence, the Tafel plot reveals a
single linear regime.

formation of gaseous hydrogen in the Tafel step (cf. Eq. (36)). We
recall that the above mechanistic description can only occur on
the V,C-H surface, but cannot take place on the V,C-OH phase.

The RIs of the VT-I mechanism are reconciled with one hydro-
gen atom (RI1) or two hydrogen atoms (RI2) adsorbed at the top
site. The energetics of the first Volmer step, including the free ener-
gies of RI1 and the TS1, can be directly taken from the VH mecha-
nism. Regarding the second Volmer Step, the number of possible
pathways increases exponentially as each single RI from the previ-
ous mechanism can be taken as a starting point. Therefore, several
Top and HollowC sites, including direct and indirect adsorption, are
evaluated. Figs S5-S7 of the SD show the adsorption sites tested for
the first and second Volmer steps, respectively, and data is encom-
passed in Tables S4-S6 of the SD.

It turns out that hydrogen adsorption at the Top site is energet-
ically preferred over the HollowC site. However, a second hydrogen
atom on the surface results in a less favourable adsorption energet-
ics compared to the first Volmer step, revealing adsorption free
energies of 0.30 to 0.56 eV. We note that the repulsion of adjacent
hydrogen species on solid-state electrodes is well documented in
the literature [94]. The kinetic barriers for the Tafel step, however,
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are surprisingly small, given that these are in the range of 0.32 to
0.61 eV, especially in comparison with the formation barriers of
hydrogen on bare MXenes [59]. This can be explained by referring
to the surface termination: For V,C-H, the most stable sites of H
adsorption (HollowM) are already occupied by hydrogen. Conse-
quently, the less stable top adsorption sites are involved in the for-
mation of the hydrogen molecule, and this leads to a facile kinetics.

Fig. 8 shows the Gibbs free energy diagram of the VT-I mecha-
nism at# =0V and 0.2 V. Both Volmer step TSs require similar bar-
riers, but the second barrier is slightly higher, implying that for low
overpotentials, the rate-determining step refers to the second Vol-
mer step. However, when gradually increasing the overpotential,
the first Volmer step is reconciled with the kinetic bottleneck.
Thus, the Tafel plot for the VT-I mechanism consists of two lineal
regimes where the kinetics of the reaction are dominated by the
second and first Volmer steps (cf. Fig. 9).

The last mechanism tested over the V,C-H surface refers to an
alternative Volmer-Tafel mechanism (VT-II). Essentially, this
mechanism corresponds to the initial VT description, but the order
between the Volmer and Tafel steps is changed:

Volmer step: H3;0" +e  +Mx =M —H + H,0, (37)
Tafel step: M—H + Hyy =M % + H,, (38)
Volmer step: Hs0" + e~ + M * = Hpy + H-0. (39)

The first step in Eq. (37) is identical to the two previous mech-
anisms. Yet, the adsorbed hydrogen species directly recombines
with another hydrogen from the HollowM site —Hyy in Eq.
(38)— to release a hydrogen molecule (cf. Eq. (38)). Finally, the
resulting vacancy on the HollowM site is filled up by hydrogen
again (cf. Eq. (39)). Please, note that M’x stands for the MXene sur-
face with a free HollowM site.

Our calculations reveal though that the Tafel step is blocked.
This is mainly related to the fact that hydrogen on the HollowM
site is strongly bound, and this majorly hampers the HER kinetics.
Therefore, this mechanistic description is not further pursued.

5.2. The V,C-OH case

The HER over the V,C-OH surface can occur via the Volmer Hey-
rovsky mechanism, but here the steps are inverted, and thus, this
mechanism is denoted as VH-II.
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0.6 1 Gr(ls# (0 o
2 041 i “RI2 -
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Fig. 8. Free-energy diagram for the Volmer-Tafel mechanism at n = 0 V and
1 =0.2 Vin blue and orange, respectively. While the initial state (IS) is depicted in
black, the reaction intermediate (RI) and final state (FS) are indicated by blue solid
lines. Transition states (TS) are marked by dashed lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 9. Simulated Tafel plot of the HER over V,C-H via the Volmer-Tafel mechanism
as obtained from the free-energy landscape of Fig. 8. Two linear regimes are
obtained in that the second Volmer steps limits the rate for small overpotentials
whereas the first Volmer step becomes rate determining for large overpotentials.

Heyrovsky step : H3;0" +e” + MO —H = MO x + H,

+ H,0 (40)

Volmer step : H3;0" +e” + MO = MO -H + H,0. (41)

First, one hydrogen from the water layer recombines with
adsorbed hydrogen from the OH adsorbates on the HollowM sites
to form gaseous hydrogen in the Heyrovsky step (cf. Eq. (40)).
Thereafter, one hydrogen atom from the electrolyte replaces the
missing hydrogen atom in the Volmer step (cf. Eq. (41)). Conse-
quently, the RI in this mechanism is reconciled with surface oxy-
gen, MO*. We note that, for the water ice-like layer, we have
used the same initial configuration as for V,C-H, but the final con-
figuration differs slightly upon relaxation. Four different reaction
paths have been considered, which are summarized in Fig. S8 of
the SD.

The RIs for all four paths are extremely stable in comparison to
the IS, AG ~ -3.45 eV. Therefore, regardless of any kinetic barrier
this mechanism can already be excluded based on thermodynamic
reasoning, and thus, is no longer explored.

Finally, the last evaluated pathway corresponds to a third vari-
ant of the Volmer Tafel mechanism (VT-III).

Tafel step: MO—-Hx* + MO —-Hx = 2MO =« + H, (42)
Volmer step: H* +e” +2MO+ = MO —H  + MO . (43)
Volmer step: H" +e  +MOx + MO—-Hx =2MO—-Hx. (44)

Here, two hydrogen atoms from the OH terminating groups
recombine via a Tafel step to form gaseous hydrogen (cf. Eq.
(42)), and afterwards, two hydrogen atoms adsorb on the O-
covered moieties to close the catalytic cycle (c¢f. Egs. (43) and
(44)). In this case, the Rls are reconciled with 2 MO* and MO* plus
a MO-H*.

Our calculations reveal that the free-energy barrier for the ini-
tial Tafel step (about 1.43 eV) is the highest among all investigated
barriers studied. Therefore, G¥ for this mechanism is twice as
large as for the VH-I and VT-I mechanisms, and thus, is not further
considered.

5.3. Comparison of active sites and mechanisms
In summary, we have investigated the HER kinetics over the

V,C-H and V,C-OH surfaces. Our DFT calculations clearly indicate
that V,C-H corresponds to the active site motif under HER condi-
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tions in that the vacant top sites are responsible for the formation
of gaseous hydrogen. This is an important information given that
HollowM rather than Top corresponds to the energetically pre-
ferred adsorption site of V,C under HER conditions. Using thermo-
dynamic considerations by determining the free energy of
adsorbed hydrogen only would likely result in an incorrect result
since the hydrogen bond strength on the energetically favoured
HollowM site would be evaluated, and this binding energy cannot
be related via BEP relation to the kinetics of the HER over the top
sites, as resolved in this study. This finding emphasizes the danger
of hasty conclusions by thermodynamic approaches and equally
underpins the importance of kinetic studies to resolve the entire
free-energy landscape.

Relating to the V,C-H surface, we have demonstrated that two
mechanistic descriptions are possible, namely the VH-I and VT-I
pathways. Fig. 10 shows a comparison of the Tafel plot for the
two mechanistic descriptions. While for small overpotentials the
VH-I mechanism is energetically preferred, it is evident that for lar-
ger overpotentials the VT-I pathway is kinetically favoured. This
finding can be explained by the fact that with increasing overpo-
tential, the coverage of adsorbed hydrogen on the top site
increases, which facilitates the chemical recombination of two
adjacent hydrogen atoms on the top sites compared to the electro-
chemical Heyrovsky step in the VH-I mechanism. Note that the
overall qualitative picture remains unaltered when increasing or
decreasing o values to 0.3 or 0.7, see Fig. S9 of the SD, with only
slight changes in the exact overpotential of transitioning between
determining reaction. The obtained results in terms of the top sites
as active species for the HER and the Volmer-Tafel mechanism as
the preferred mechanistic description for large overpotentials is
somewhat reminiscent of the HER over Pt(111) [62,95], and this
may be another cornerstone why MXenes are promising electro-
catalysts for the generation of hydrogen. Especially, because
MXenes are 2D versions of transition metal carbide materials
[96], which are known to behave like Pt-group metals in catalysis
[97].

Finally, by comparing the Tafel plots of the VH-I and VT-I mech-
anism with an experimentally reported Tafel plot of the HER over
V,C, we observe the impact of the MXene termination (OH- vs.
H-covered surface) on the electrocatalytic performance. The exper-
imentally reported Tafel plot [98] indicates that V,C is not active
toward the HER in the potential regime of —0.5 V < U wvs.
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Fig. 10. Simulated Tafel plots of the HER over V,C-H via the Volmer-Heyrovsky and
Volmer-Tafel mechanisms in blue and black, respectively as obtained from the free-
energy landscape of Figs. 6 and 8. For small applied overpotential, # 0.07 V, the
Volmer- Heyrovsky mechanism is kinetically preferred whereas for larger overpo-
tentials the Volmer-Tafel mechanism describes the reaction rate. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Marti Lopez, K.S. Exner, F. Vifies et al.

RHE < 0 V. We trace this finding to the presence of the OH-covered
surface under these potential conditions (cf. Section 2), given that
we demonstrated that the HER kinetics of this surface termination
is poor. On the contrary, the experimental Tafel plot indicates
hydrogen formation for U < -0.5 V vs. RHE, and this can be
explained by the presence of the H-covered surface, which has a
facile kinetics according to our first-principles study. Conse-
quently, the HER kinetics of V,C can be tuned if the transition from
the kinetically inactive OH* phase to the active H* phase is shifted
toward more positive potentials and ideally occurs at about U=0V
vs. RHE.

6. Conclusions

Taking V,C (0001) as a representative case of the MXene family,
five different hydrogen evolution reaction (HER) mechanisms have
been studied for two different surface terminations, which are cho-
sen based on the Pourbaix diagram under HER conditions. The V,C
(0001) surface is either covered by H* or OH* on HollowM sites,
and we explicitly account for the presence of water by considering
an ice-like monolayer in our simulations.

The present study pinpoints that, despite the availability of a
plethora of hydrogen adsorbates on the V,C surface, the HER is
more complex than initially thought. We demonstrate that the
OH* termination does not show catalytic activity toward hydrogen
formation but rather the H-covered surface corresponds to the
active motif under HER conditions. However, the active hydrogen
atoms adsorb on the unoccupied top sites and are not reconciled
with the energetically preferred HollowM site. We study the
Volmer-Heyrovsky and Volmer-Tafel mechanisms over the H-
covered surface, construct free-energy diagrams by resolving the
thermodynamics (reaction intermediates) and kinetics (transition
states) from density functional theory (DFT), and compile Tafel
plots by applying a rigorous microkinetic framework.

Our simulations reveal that the Volmer-Heyrovsky pathway
corresponds to the preferred mechanistic description for small
overpotentials whereas the Volmer-Tafel path becomes kinetically
preferred for larger overpotentials. The obtained results are sur-
prisingly similar to the HER over Pt, thus providing evidence why
MXenes are potential electrocatalysts for the formation of gaseous
hydrogen by means of electrochemical water splitting. Also, our
combined approach consisting of DFT calculations and microki-
netic considerations may serve as a guideline of how to unravel
the elementary steps of electrocatalytic processes, such as for the
HER, by moving beyond the prototypical thermodynamic frame-
work focusing on adsorption free energies only.
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