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Abstract

MXenes, two-dimensional (2D) transition-metal carbides and
nitrides with diverse compositions and structures, have
attracted notable attention due to their potential as promising
alternatives to the conventional Pt-group catalysts for the
hydrogen evolution reaction (HER). Hereby, we analyze the
state-of-art approaches in theoretical modelling HER in
MXenes with the aim of assessing their intrinsic activity for this
crucial electrocatalytic reaction, analyze diverse thermody-
namic and electronic properties proposed as descriptors,
inspect kinetic aspects, and explore linear scaling relations.
Ultimately, we present an overview of the challenges, per-
spectives, and future research of HER in MXenes.
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Introduction

The rising energy demand and depletion of natural
resources require renewable energy sources [1—3].
Molecular hydrogen (H;) shows promise as an alterna-
tive fuel [4—6]. Current industrial hydrogen production
has limitations [7,8], but electrochemical processes
offer a sustainable solution. Efficient and cost-effective
electrocatalysts are vital for widespread use [9,10].
Two-dimensional (2D) materials, MXenes, have shown
promising potential as HER electrocatalysts [11—19].
These materials exhibit a chemical formula of
M, 1X, T, with = 1—4, M is an early transition metal,
X stands for carbon and/or nitrogen, and T, are

terminating functional groups such as O, H, OH, or F
(¢f. Figure la—b) [17]. MXenes are obtained from
chemical etching of A elements from a MAX phase
precursor using F-containing etchants like hydrofluoric
acid (HF), either directly [17] or #z situ [20*]. Surface
termination can be controlled [21], and F-free synthesis
[22] methods are available. Some treatments yield
clean MXenes [23], allowing for adjustments in
composition, thickness, and surface termination. This
concise review explores MXene’s HER using compu-
tational methods, discussing reaction mechanisms, ac-
tivity descriptors, and future research trends.

Hydrogen evolution reaction and MXene
electrocatalysts

The general mechanisms of the HER were established
for most materials including MXenes [24—33]. Two
possible well-agreed mechanisms for the HER reaction,
Volmer-Heyrovsky and Volmer—Tafel (¢f Figure 1c)
[25]. Both share a first electrochemical step as is Eq. (1).

Volmer step: HT 4+ ¢ + * — H* (1)

where * represents an active site and H* represents an
adsorbed hydrogen atom. These two mechanisms differ on
the second step, represented in Egs. (2) and (3).

Heyrovsky step: HY + ¢~ + H* — * + H, (2)

Tafel step: 2H* — * 4+ H, (3)

The Heyrovsky step is electrochemical nature, whereas
Tafel step involves the recombination of two previously
reduced protons.

Meng et al. [26*] found that the reaction could poten-
tially start from H atoms of —OH or —H terminations,
besides the reduction of aqueous H' in VH or VT
mechanisms. They also explored the termination effect
on HER mechanism of Ti3C; MXene, pointing out that
models featuring mixed terminations lead closer to the
HER equilibrium line with thermodynamic over-
potential of 0.01. All in all, MXenes showed outstanding
performance as HER electrocatalysts [34,35] and
several descriptors have been proposed to evaluate their
HER electrocatalytic properties [36%,37*].
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(a) All elements involved in different MAX phases. Reprinted with permission from Ref. [73]. (b) Schematic illustration of the MXene structures with
M. 1XnTx general formula (see text), reprinted with permission from ref. [20]. (c) Schematic Volmer-Heyrovsky and Volmer—Tafel pathways for hydrogen
evolution reaction (HER) under acidic and alkaline conditions. Reprinted with permission from ref. [24]. (d) Free energy diagram of HER processing on
TioCO,, VoCO,, NboCOy, TizCoOs, and NbsC30, under standard conditions. Reprinted with permission from ref. [65]. (e) Pourbaix diagrams for

TisC> MXene (0001) surface regarding fully —O, —OH, and —H terminated surfaces (left), or including as well fully —F terminated surfaces (right).
Reprinted with permission from ref. [26]. (f-g) Schematic representation of an arbitrarily chosen Gibbs free energy profile and linear Tafel regimes based
on the VoC—H model for the Volmer-Heyrovsky and Volmer—Tafel mechanisms. Reprinted with permission from ref. [50].

Thermodynamic approach to the HER by
MXenes

The calculated Gibbs free energy (AG) of HER in-
termediates is crucial for assessing the activity of elec-
trocatalysts like MXenes as it is directly related to the
potential determining step (PDS). For the equilibrium in
Eq. (4) at 1 bar and 298.15 K

+

H(a

< 1/2-Ha(g) (4)

q)+e

the computational hydrogen electrode (CHE) model, [38]
allows one to estimate the chemical potential of the left-
hand side and to relate it to the standard hydrogen
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electrode (SHE), which takes the potential for Eq. (4) as
zero. In the case of MXenes, one has

AGy = AEy + AEzpg — T-ASy, (5)
and
AEp = EnH/MXene - E(nfl)H/Mche - 1/2'EH2 (6)

where F,HMxene and E g, 7HMXene are the total energy of
the MXene model with # and #-7 H adatoms, respectively,
Ey, is the H; molecule energy in vacuum, the AEypr and

3

contribution and entropy change, respectively. A variant of
this descriptor has been proposed [39%,40*], that is
directly related to the rate determining step (RDS)
although not widely used yet (¢f Figure 1d).

In MXenes, the —O termination [41] is the primary active
site for H adatom. However, analyzing other potential
active sites requires further investigation. Here, AGy
appear to be a key descriptor for HER catalyzed by
MXenes [42], consistent with the Sabarier principle.
Optimal H adsorption strength is vital for efficient reac-
tion rates at different steps. However, while the AGy

ASy terms account for the difference in zero-point-energy maximum corresponds to the HER PDS,
Figure 2
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(a) The volcano curve of exchange current (ip) as a function of the AGy-. Reprinted with permission from ref. [63]. (b) Negative of the overpotential of
MXenes plotted versus AGy-. Reprinted with permission from ref. [28]. (¢) Projected density of states (PDOS) of the O atom on Hf,CO, with different

vacancy types. Reprinted with permission from ref. [47]. (d) DOS plot of CroNb,C305, TiaNbaC30,, and VaNb,C30,. The ¢, values denote the position of
O-2p band center with respect to the Fermi level. Reprinted with permission from ref. [32]. (e) Linear relationship between AGy- and oxygen formation

energy (E;), the lowest unoccupied state (¢ ys), number of electrons gained by oxygen atom (N,) and oxygen binding energy (Ep). Reprinted with

permission from ref. [37].
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Brgnsted—Evans—Polanyi (BEP) relationships [43,44]
justify considering it as RDS. However, more researches
are required to investigate the kinetics and determine the
true RDS in the HER process. Using AGy = 0 as a design
criterion is controversial because it assumes equilibrium
conditions without considering overpotential or non-
thermoneutral conditions [45,46]. Additionally, there
are several computationally based proposals to improve
the MXenes HER through structural modifica-
tions [29,30,33,47,48].

Pourbaix diagrams are useful for determining the surface
composition of an electrode under specific pH and po-
tential conditions using the CHE method [38].
Analyzing Pourbaix diagrams is an essential step in
computational studies. While previous works on
MXenes primarily focused on the stable —O termination
(¢f. Figure 1d) [41], this may not be the most stable
under electrochemical conditions. More recently, Meng
et al. [26*] and Lopez et al. [27*] considered Pourbaix
diagrams for MXenes involving several terminations
(¢f. Figure le). Ashton et al. [49] used them to predict
favorable MXene synthesis conditions.

Kinetic aspects of HER by MXenes

Studying the transition states ('T'Ss) for the VH and VT’
mechanisms in HER is complex due to coupled proton-
electron transfers. Some studies treated them as non-
electrochemical steps. Only one study by Lépez et al.
[50*] investigated the kinetics of HER on V,C MXene
(¢f. Figure 1f—g) and simulated the Tafel slope, which
indicates the reaction rate based on current density and
overpotential [31,51,52]. The Tafel also is provided
about the rate from the current density (/) and as in Eq.

(7) [53],

logio/ (M) = logojo + M/b, (7)

where 1/4 is the Tafel slop, 7 and jy are the current density
and exchange current density, respectively [54]. The
relationship between the free energy landscape and the
Tafel plot is complex. Accurate measurements require
quasi-equilibrium [55,56] or steady-state [57] conditions.
Tafel slopes are condition-specific and influenced by
several factors [58—61]. Furthermore, the role of the fre-
quency factor (A) in MXenes HER activity also should be
explored, as it is known that HER activity of noble metals
involves high A values [62].

Descriptors of the Hydrogen evolution
reaction by MXene electrocatalysts

Various descriptors have been proposed to evaluate the
HER performance of MXenes, including the HER
overpotential (1) [28], the exchange current 7o [63], as
in Eq. (7), and AG [64], being used to represent
MXenes catalytic activity and identify important prop-
erties through volcano plots (¢ Fig. 2a and b). Among

Table 1

Overview of potential linear relations for HER on MXenes pro-
posed in recent years. These involve various properties such as
Bond Length (BL), the Bader charge variation (N.), Gibbs free
energy of hydrogen adsorption (AGy), binding and formation
energy of modified MXenes (E, and E;), Fermi level energy
(Erermi), the lowest unoccupied state (e ys), the highest peak
position (Ep), p-band centre (¢,) of density of state (DOS), over-
potential (n), exchange current (jo), the number of valence elec-
trons, atom radius, and electronegativity of doped atoms of
MXenes. The corresponding references are also indicated.

Relevance BL Ne AGH Ep Ei Efermi Ref.
BL J J v [82,33,36%]
Ne N v VY [33,36%,37]
AGy v v J Y [32,36*,37%]
Ep v Y v [29,377]

Eq v 4V [29,37*]
EFermi \/ [37*]

£LUS N [377]

Eje, J [32,47]

n [28]

Jo [63]
H-coverage d 4 [30,65,71]
Atom Radius J J [721]
Valence Electron Num. J [727]
Electronegativity J [72%]

them, especially the #Z-band (e4) and p-band (e},) cen-
ters, are often used as descriptors for HER activity
[65—67] (¢f Figure 2¢ and d). Anand et al. [67] sug-
gested that a closer &4 to the Fermi level improves
charge transfer kinetics. Jin et al. [32] found a correla-
tion between &, and AGy, indicating the impact of the
outer metal layer on HER activity and H adsorption.
Further details can be found in Fig. 2e and summarized
in Table 1. Exploring the linear relationship between
descriptors is crucial for evaluating HER activity. It can
reduce the cost of high throughput screening and
facilitate the synthesis of MXenes with enhanced HER
activity based on theoretical principles.

Summary and outlook

MXenes are promising candidates as efficient electro-
catalysts for hydrogen production. Screening MXenes
through experiments or modeling using grounded de-
scriptors simplifies evaluation and design. However, a
comprehensive overview of recent developments and
expanded descriptors is missing. Further research is
needed to explore the role of mixed surface termina-
tions under realistic conditions, as most studies have
focused on specific terminations. Also, advanced ap-
proaches, like explicit inclusion of solvation effects [68]
and making used grand-canonical DFT [69], reshape
the understanding of electron transfer reactions and
catalytic activity on MXene materials. HER kinetics and
appropriate modeling with descriptors have received
limited attention. Further exploration is needed in this

Current Opinion in Electrochemistry 2023, 40:101332
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area. Additionally, machine learning [70*] is widely used
to accelerate the discovery and design of catalytic ma-
terials, but its development is ongoing.
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