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Selecting effective catalysts for the hydrogen evolution reaction (HER) among MXenes remains a complex
challenge. While machine learning (ML) paired with density functional theory (DFT) can streamline this
search, issues with training data quality, model accuracy, and descriptor selection limit its effectiveness.
These hurdles often arise from an incomplete understanding of the catalytic mechanisms. Here, we
introduce a mechanism-guided descriptor (5) for the HER, designed to enhance catalyst screening
among ordered transition metal carbide MXenes. This descriptor integrates structural and energetic
characteristics, derived from an in-depth analysis of orbital interactions and the relationship between
Gibbs free energy of hydrogen adsorption (AGy) and structural features. The proposed model (AGy =
—0.496 — 2.18) not only clarifies structure—activity links but also supports efficient, resource-effective
identification of promising catalysts. Our approach offers a new framework for developing descriptors

rsc.li/chemical-science and advancing catalyst screening.

1. Introduction

Hydrogen generated through clean and sustainable methods is
vital for transitioning away from carbon-based fuels to renew-
able energy.' Although noble metals such as platinum (Pt) are
effective catalysts for the hydrogen evolution reaction (HER),
their scarcity and high cost limit large-scale applications.*?
Thus, developing cost-effective electrocatalysts with high effi-
ciency and low overpotential is essential, highlighting the need
for non-precious alternatives.®®

This study focuses on 2D ordered double transition-metal
carbide (DTM) MXenes, derived from 312 and 413 MAX pha-
ses, respectively, which show strong potential for electro-
catalytic water splitting due to their tunable structures and
properties.'™ By incorporating distinct transition metals and
various surface functional groups, these MXenes offer a broad
range of candidates for HER catalysis, necessitating efficient
screening methods to identify optimal combinations.*?

To date, most researchers have relied on high-throughput
density functional theory (DFT) calculations to evaluate the
HER performance of these MXenes."**” Although DFT provides
accurate results, its computational expense limits its scalability
for large datasets. This dilemma has evoked increasing interest
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in developing simpler descriptors that correlate with HER
performance, allowing for more efficient predictions.” Several
structural and electronic descriptors have been proposed,
including metal-oxygen bond strength in the outer layer of
MXenes," which is closely related to HER activity, and the d-
band center has also been shown to provide some insight into
HER performance." Other descriptors, such as oxygen vacancy
formation energy (Ef), have also been suggested, although they
are supported by data from only a limited number of DTM
MXenes."

Machine learning (ML)-based approaches have also been
explored.”*®* For example, B. Abraham et al. applied the
Gradient Boosting Regressor (GBR) algorithm to predict Gy of
MM XT,-type MXenes with a low mean absolute error (MAE) and
high coefficient of determination (R*) of 0.358 eV and 0.826,
respectively.”” Besides, interpretable ML models are built based
on the GBR with recursive feature elimination (RFE), hyper-
parameter optimization (HO) and the leave-one-out (LOO)
approach to identify the number of valence electrons (Vy),
electron affinity (E,y) of the terminating groups and d-band
center variance with respect to the average (dbc,”) as the
strong key predictors of the Gibbs free energy. Anand et al
proposed the descriptor d,, X xw for DTM MXenes, which
combines the average distance of the seven nearest neighbors
(day) to the active site and the electronegativity of the outer-layer
metal (xw)."* Although ML methods such as the Symbolic
Regression-Sure Independence Screening and Sparsifying
Operator (SISSO) can generate reliable descriptors and exact
relationships between descriptors and catalytic activity, they

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A reliable and efficient flow diagram for screening ideal HER
catalysts among ordered double transition-metal carbide MXenes.
‘Config’ denotes configuration, and ‘Mater’ denotes material.

primarily identify mathematical patterns rather than providing
a deep mechanistic understanding of catalytic activity. This
focus on statistical relationships limits their ability to predict
HER activity from the necessary physical and chemical insights.
Besides, ML relies on large, high-quality datasets and careful
descriptor selection as well as a proper optimization algorithm.
Considering these challenges, it is crucial to accurately predict
HER activity and gain a more comprehensive understanding
from the physical/chemical insights of the structure-activity
relation simultaneously.

In this study, we propose a reliable strategy to explore
ordered DTM MXenes as promising non-precious HER cata-
lysts, as illustrated in Fig. 1. We first evaluate the synthesiz-
ability, stability, and conductivity of MXenes. Then, the
promising candidates for the HER are identified by using DFT.
Subsequently, their structure-catalytic activity relationships are
analyzed based on both microscopic and macroscopic
perspectives, and a correlative descriptor (6) is developed based
on it for deeper insights. Finally, the descriptor is validated as
a reliable and efficient tool for screening additional potential
MXene catalysts. Consequently, we proposed a mechanism-
guided universal screening descriptor for the HER based on
ordered DTM MXenes.

2. Computational details

2.1. DFT calculations

The Vienna Ab initio Simulation Package (VASP) code* was
utilized based on spin-polarized DFT. The Perdew-Burke-Ern-
zerhof (PBE) functional within the generalized gradient
approximation (GGA) was applied to model exchange-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlation interactions, and the projector augmented wave
(PAW)** method was used for core and valence electron inter-
actions. For valence electrons, configurations included Ti
[3d°4s'], V[3p®3d*4s'], Cr[3d°4s'], Zi[4s'ap'55’4d'], Nb
[4p'5s'4d'], Mo[4p'5s'4d’], Hf[5p'6s'5d"], Ta[5p'6s'5d'], W
[5p'6s'5d"], O[2s*2p”], C[25°2p®], and H[1s']. A kinetic energy
cut-off of 500 eV was used, with convergence criteria of 1 x
107" eV for energy and 0.01 eV A™* for force. The Monkhorst-
Pack scheme was employed to sample the Brillouin zone with k-
point meshes of 11 x 11 x 1 for unit cellsand 5 x 5 x 1 for 2 x
2 x 1 supercells. Detailed information of the coverage test of the
k-point mesh and energy cutoff for accuracy is provided in
Fig. S1.t A 20 A vacuum along the z-direction minimized layer
interactions, and Grimme's DFT + D3 was employed for van der
Waals corrections.”®”” Dipole corrections and standard condi-
tions (U = 0, pH = 0, p = 1 bar, and T = 298 K) were applied.
Implicit solvation using the GLSSA13 solvent model*® was
implemented via the VASPsol extension.”*** The pCOHP anal-
ysis was performed using the LOBSTER 4.1.0 package.’"**

2.2. Gibbs free energy of hydrogen adsorption

The overall HER pathway consists of two reaction steps, which
can be summarized as follows:

H*(aq) + e~ + * — H* — 1/2Hx(g) AG° =0 eV (1)

The Volmer reaction begins with an adsorbed state involving
a proton (H") in aqueous solution, an electron (e~), and pristine
MXene at an active site. The adsorbed hydrogen forms an
intermediate (H*). The subsequent desorption of hydrogen
yields hydrogen gas (H,). The Gibbs free energy (AG) of the
intermediate hydrogen adsorption is critical for evaluating the
catalyst's hydrogen evolution reaction (HER) activity. According
to the Sabatier principle, optimal HER catalysts have AG close to
zero, as shown in the computational hydrogen electrode model
(CHEM) by Ngrskov et al.,>*** under standard conditions (U = 0,
pH =0, p =1 bar, and T = 298.15 K), which can be expressed as:

where AEy is the adsorption energy of the intermediate species
in the hydrogen evolution reaction, which is obtained from

1
where Ey+, E*, and Ey, are the total energy of the MXene with
one adsorbed H atom, the energy of the pristine MXene without
an adsorbed H atom, and the total energy of H, in the gas phase,
respectively. These energies are obtained from first-principles
calculations. AEzpg in eqn (2) is the zero-point energy between
atomic hydrogen adsorption and hydrogen in the gas phase,
which can be calculated using
* * 1 H

AEzpg = E;PE + AEzpg — EEZI%E (4)
where AU, — T and AS are the difference in internal energy from
0 K to T K and the entropy change, respectively. These
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thermodynamic energy correction values are obtained from
calculations with the aid of VASPKIT, which is the VASP post-
processing code.*

3. Results and discussion

3.1. Constructing ordered double transition metal carbide
O-terminated MXenes

This study examines synthesizable ordered DTM MXenes,
specifically M'2M”C2T2 and M’2M",C;T,, derived from the 312
and 413 MAX phases, respectively.’ The 312 MAX phase has
a metal-to-carbon composition ratio of M':M”:M:C as 2:1:
1:2, while the 413 MAX phase follows a 2:2:1:3 ratio. We
evaluate the synthesis, stability, and conductivity of these
MXenes.

Synthesis potential is assessed by identifying stable
precursor MAX phases, with formation energies below 20 eV per
atom at 0 K considered stable (details in Table S11).** Among 55
chemically ordered 312 MAX phases, nine are stable, while ten
stable structures are found among 23 413 phases. These results
align with findings by Martin Dahlqvist et al., who noted similar
stability trends under typical synthesis conditions (AH,, < 0 or
0 = AH,, = 50 at 1773 K).*” To enhance synthesis feasibility and
cost-effectiveness, we excluded phases containing rare or
expensive elements, such as Sc. Ultimately, 19 stable MAX
phases are identified as viable precursors for M'2M”C,T, and
M',M",C3T, MXenes, which will be explored for their potential
in HER applications.

Specifically, under practical HER conditions, characterizing
electrocatalyst surface structures is essential for screening high-
performance candidates.***" The surfaces of bare MXenes fully
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terminated by O* or OH* functional groups under the relevant
Usue and pH values are investigated by calculating their Pourbaix
diagrams, as shown in Fig. 2. The results indicate that fully O*-
terminated surfaces are the most thermodynamically stable for
Cr,TiC,. In contrast, for other MXenes, mixed OH*/O* termina-
tions are more stable under acidic conditions, whereas full O*-
termination becomes increasingly favorable as the pH increases.
These trends are consistent with prior theoretical and experi-
mental reports.*>** Based on these insights, we focus our subse-
quent HER analysis on the O*-terminated MXene surfaces. The
corresponding optimized surface structures are shown in Fig. 3a.
Single-point energy calculations (Table S2t) were performed at
high-symmetry adsorption sites for oxygen, including hexagonal
close-packed (hcp) and face-centered cubic (fcc) configurations,
yielding four distinct O-terminated structures: hep-fee, fee-hep,
fec-fee, and hep-hep, as shown in Fig. 3b and c. The results
demonstrate that hep-hep sites are generally energetically favor-
able in MXenes, except for Cr,Ti,C;0,, Cr,V,C30, and Cr,Ta,
C;0,, where fce—fee configurations are preferred. Band structure
calculations demonstrate excellent electrical conductivity for
these 19 configurations (Fig. S2t), enhancing charge transfer
performance and improving HER efficiency.

3.2. Simulating Gibbs free energy of hydrogen adsorption

|AGy| serves as a key descriptor for evaluating catalytic activity
in HER catalysts. For these calculations, we utilized a2 x 2 x 1
supercell configuration, examining 19 O-terminated MXenes
with 25% hydrogen coverage. The choice of 1/4 hydrogen
coverage is based on the calculation results that, in most cases,
DTM MXenes exhibit stable hydrogen adsorption at this level

1.00 1ML OH
0.75
0.50 1/4ML OH + 3/4ML O
__ 025
=3
w 0.00 3/4ML OH + 1/4ML O
=
-0.25
-0.50 1/2ML OH + 1/2ML O
-0.75
I I | 1ML O
1'000 2 4 6 8 10 12 14
pH
=S
£
=)

1.00 1ML OH

075

0.50 1/4ML OH + 3/4ML O

0.25

0.00 3/4ML OH + 1/4ML O
-0.25
-0.50 1/2ML OH + 1/2ML O
-0.75
0TS 4 6 8 10 12 1 MLO

pH

Fig. 2 Surface Pourbaix diagrams of (a) Cr,TiC,, (b) Mo, TiCy, (c) TizTa,Cs and (d) W,Hf3C,. The most thermodynamically stable states of the
surface under relevant Usye conditions and pH values are labeled by the terminations.
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Fig.3 Crystalstructures. (a) List of 9 M';M"C,0; and 10 M';M",C50,, demonstrated to be synthesizable, stable and conductive, are investigated
in this work for the HER. (b and c) Atomic structures of M',M"C,0, in hcp—fcc and fcc—hcp types and M',M”,C30, in fcc—fcc and hep—hep types
viewed from the top and side, respectively. (d) Top view of three distinct adsorption structures for 1/4 hydrogen coverage on MXenes.

within a potential window of —1 V to —1 V, as supported by
Pourbaix diagram analyses (as shown in Fig. 4). Hydrogen
atoms are positioned at the top of surface functional groups (0),
hep, and fec sites, respectively, as illustrated in the left panel of
Fig. 3d. Our results indicate that hydrogen is more stable when

adsorbed onto the top O site, aligning with previous studies.
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The Gibbs free energies for the adsorption of atomic
hydrogen, AGy, on the 9 M',M"C,0, and 10 M',M",C;0,
structures have been calculated, as shown in Fig. 5a and 2b. Our
results indicate that 4 M',M"C,0, and 4 M’,M",C;0, structures
exhibit theoretical |AGy| values below 0.2 eV, indicating their
potential as HER electrocatalysts.® The most promising
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Fig. 4 The surface Pourbaix diagrams as a function of pH and potential under different hydrogen coverage. Surface Pourbaix diagrams of (a)
CrzTiCZOz, (b) MOzTiCZOz, (c) Wsz2C3OZ and (d) W22r2C302.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 9424-9435 | 9427


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08725a

Open Access Article. Published on 24 Mmese 2025. Downloaded on 2026-02-14 16:28:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a b
0.8
Hi 0.4 H*
L Mo,HfC;0. ey
i s Mo,Ti,C5O. Mo;ﬂfzfla(?)z .- M0Zr,C0,
WTiC,0, Pallntn NbHICO, ™,
_02f ———
s 04 M0,ZrC,0, 3 Mo, T2,C:0,
3
= It 12 H,
go2r JE Mo,TiC,0, g o Mo,ND,C50,
> Mo,TaC,0, o
o
B H* + e 12H,| @
g o | Hrer Mo,V/C,0, 1 2 l.ﬁ o2l
. Mo,NbC,0, 8
Co2f C
o @ - Ml \o -
0 Cr,Ti,C50,
D4 Cr,TiC,0, i Cr,Ta,C50,
0.6 Cr,VC0; CrV:C:0;
Reaction Coordinate d Reaction Coordinate
C
0.8 0.8
R2=0.08 Mo2rC20, a Mo,HfC,0, R2=0.71
0.6 = 0.6 =
RMSE=0.34 Mo,VC,0, wreo, | RMSE=0.2
" Mo,Hf,C,0, 4 & i = 0,2C,0,
& 04} WSTIC0z b titic,0, - - Mo,ZrC0, 3 04 "a Mo,HE,C,0,
C L] ; Mo, Ta,C,0, < I L Mo,Zr,C,0.
& 02} TiszCZOZ----'--IMOZ.ECQOZ_..-"" R 9 0.2} NbHC0, 0 27% 7% Mo,Ta,C,0,
S Mo, TaC,0,” ™ - ooﬁf\ébgzgz N Mo,TiC,0, Mo, TaC,0,
5 oof  MoZHIC0, g2 22 g ooor Mo,Ti,CsQ>"\ Mo,Nb,C;0,
§ Mo, Ti,C30, Cr,VC,0, 5 Mo,NbC,0,
Woo2r § 0.2
§ g .
04r m -0.4 - n Lr,Ti,C40,
Cr,TiC,0, CrTiCo,
-0.6 06} Cr,VC,0, CraV;C<0;
= u u Cr,Ta,C;0, c .I! c.o
Cr,Ti,C;0, T218,050;
0.8 1 L i N N 0.8 L 1 1 1 1 1 Il 1 1 1
44 42 40 38 36 34 5.0 -4.8 -46 -4.4 -42 -40 3.8 -3.6 -3.4 3.2 -3.0

p-band center (eV)

Fig. 5

M-O bond energy (eV)

(@ and b) HER free energy diagrams of M’;M”"C,0,, and M';M",Cs0, under standard conditions, respectively. (c and d) Relationships

between AGy and descriptors including (c) the p-band center of the oxygen functional group and (d) the bond energy between the first-layer

transition metal and oxygen of different MXene systems, respectively.

candidate is Mo,Nb,C5;0,, which shows the lowest theoretical
overpotential (—0.004 eV). Notably, all identified HER electro-
catalysts are Mo-based MXenes, including Mo,Nb,C;0,,
Mo,VC,0,, M0,NbC,0,, M0,Ti,C50,, M0,TaC,0,, M0,Ta,Cs-
0,, Mo,TiC,0, and Mo,Zr,C;0,. Our DFT calculations have
identified Mo-based ordered DTM MXene structures as prom-
ising HER electrocatalysts. With the increasing synthesis of Mo-
based MXenes in laboratory settings, our work is poised to
contribute to their expanding applications in catalysis.****

3.3. Proposing a descriptor for the HER activity

While AGy evaluates the activity of the HER, it fails to account
for intrinsic structural characteristics. Furthermore, DFT
calculations can be resource-intensive. To address this issue,
several descriptors were tested to correlate with the HER activity
of MXenes. Based on correlation coefficients and error metrics,
we found that none of the descriptors, including the p-band
center of oxygen (R> = 0.08) (as shown in Fig. 5¢) and the d-
band center of the first-layer transition metal (R* = 0.01) (as
shown in Fig. S371), could adequately describe the HER activity
of MXenes. Only the bond energy between the first-layer tran-
sition metal and oxygen exhibited a slightly higher correlation
(R* = 0.71), as detailed in Fig. 5d. The reason for this is that the
MXene involves interactions,

system multi-layer atomic

9428 | Chem. Sci,, 2025, 16, 9424-9435

including various early transition metals interacting with
carbon and oxygen atoms. Thus, a single descriptor cannot fully
capture its hydrogen evolution activity, and a more compre-
hensive descriptor is required to properly describe the struc-
ture-activity relationship of MXenes.

To address this issue, we aim to propose a direct and cost-
effective structural descriptor specifically for ordered DTM
MXenes.

3.3.1. The orbital hybridization during chemisorption. We
started with the exploration of the hydrogen adsorption mech-
anism on MXenes and tried to dig out the determining factors
for adsorption energy. Therefore, we systematically investigate
its orbital hybridization during chemisorption. For the H-
MXene system, the p, orbital of oxygen interacts with the s
orbital of hydrogen, facilitating H-O bond formation, as shown
by the projected crystal orbital Hamilton population (pCOHP)
analysis in Fig. S5 and S6.1 Additionally, the p, and p, orbitals of
oxygen bond with the d orbitals of the outer metal layer (M),
contributing to M'-O bonding.

Taking Mo,TiC,0, as a representative example, the orbital
interactions of M'-O bonding are analyzed by the projected
density of states (pDOS) and the pCOHP (Fig. 6a), and it is
illustrated in Fig. 6b, with two bonding and antibonding
orbitals, respectively. This analysis involved a detailed exami-
nation of the overlap peaks in the pDOS for both Mo and O,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The projected density of states (pDOS) analysis (red curve: M'(Mo) and purple curve: O) as well as pPCOHP analysis of the M'(Mo)-O

bond. (b) Spin-down and spin-up interactions of the Mo orbital with the O orbital, with (c) post-interaction corresponding wave functions. (d)
PCOHP of the Mo(p)-0O(d) bond and its O (p,)—Mo (d,2_,2) component (red curve: Mo(p)-O(d) and blue curve: p,-d,=_,2). (e) pDOS plots of the

d,>_,2 orbital for eight distinct MXenes materials, respectively.

combined with the bonding and anti-bonding characteristics of
the Mo-O bond as well as the wave function image shown in
Fig. 6c, ranging from —7 eV to 3 eV. Furthermore, our results
show that the O(p,)-Mo(d,_,2) component mainly contributes
to the Mo-O bond formation (supported by COHP in Fig. 6d).
Additionally, the pCOHP analysis for other MXenes further
supports the above conclusion, as shown in Fig. S6.7

To investigate the role of d,2_,» orbitals in outer transition
metals, we examined it across eight types of Mo- and Cr-based
MXenes to ensure a diverse range of systems (Fig. 6e). The
results reveal that Cr-based MXenes exhibit significantly local-
ized d,._,» orbitals at the Fermi level, indicating stronger
interactions with O (p,) orbitals forming a o bond. Meanwhile,
this o (O, -M'd,>_ ) state would strongly interact with the o
(Hs-Oy,) state, leading to stronger H adsorption with reduced
HER activity. These findings suggest that the d,._,» orbital of
outer transition metals plays a critical role in the M'-O bond
formation and HER performance across various MXenes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3.2. Linking Gibbs free energy with O-H bond dissocia-
tion enthalpy. From a microscopic perspective, the d,_,
orbitals of outer transition metals are critical determinants for
HER performance. However, can this be validated from
a macroscopic standpoint? In this study, we aim to expand
upon AGy and correlate it with structural and electronic
features. The effective criterion AGy can also be expressed as
follows:

AGy = AHy — TAS (5)
Here, AHy represents the change in bond dissociation
enthalpies (BDE) during the chemical reaction. Specifically, in
this study, it refers to the enthalpy change associated with
hydrogen adsorption during the Volmer reaction: H'(aq) + e~ +
* — H* Therefore, AHy can be further defined in eqn (6),
where AH(MXene) and AH(H) denote the BDE of the reactants,
which are zero since they are stable, while AH(MXene-H)
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represents the BDE of the product. Here, the BDE of the MXene-
H bond is approximately equal to that of the O-H bond, as
hydrogen atoms preferentially bind to surface O sites upon
adsorption on MXenes. This bonding configuration is evi-
denced by pDOS and pCOHP (Fig. S57).

AHy = BDE(MXene) + BDE(H) — BDE(MXene-H)

= —BDE(MXene-H) = —BDE(‘O’-H) (6)

3.3.3. Expanding O-H bond dissociation enthalpy via
Pauling electronegativity. As shown in Fig. 7a, when hydrogen
adsorbs onto MXenes, electron transfer occurs between the
hydrogen and oxygen atoms, as well as among other atoms in
the MXene system. To analyze this charge transfer process,
Bader charge analysis was performed, focusing on the electron
transfer within the O-H bond, as depicted in Fig. 7b. The results
indicate that, despite variations among MXenes, the charge
transfer from hydrogen to MXene aligns closely with the Pauling
electronegativity ratio between hydrogen and oxygen (xu/xo =
0.6395), suggesting that electronegativity differences primarily
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drive charge transfer, with material's other structural properties
playing a secondary role.

Based on the relationship between BDE and electronegativity
in the Pauling electronegativity formula (eqn (S1)T),***® the BDE
of the O-H bond is expanded as follows:

BED (M’ - 0) +BED(H — H)
2
= (xo — XH)2 +X

AHy = — BDE(‘O’ — H) = —

)

In eqn (7), an approximation has been made by replacing the
BDE (0-0) with BDE (M'-0). This substitution is essential as it
takes the complex structural features of 2D MXene multilayers
into account. Given that M’ is chemically bonded to O, this
approximation provides a more accurate representation of the
system's behavior and is thus a necessary step in our analysis. It
has been well-established, both in our current work and prior
studies,"** that the outer-layer metals (M') in MXenes are
significantly involved in catalytic activity. X’ acts as a correction

0.8

R?=0.825
RMSE=0.157

0.6
0.4

0.2

1
-9.0

Ogtruct
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-10.5

R?=0.895
RMSE=0.123
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(a) The top panel s the charge density difference plots for H adsorbed on Mo, Ti,C30, and Mo, TiC,0O, with an isosurface value of 0.0004
, respectively, and blue and yellow represent charge loss and charge accumulation, respectively. Bottom panel is the sliced electron

localization function (ELF) of H adsorbed on Mo,Ti,C3z0, and Mo,TiC,0O, monolayers along the (001) plane, respectively. (b) The transfer of
charges from hydrogen to the oxygen functional group on MXene varies depending on the material, as evaluated by Bader charge analysis. (c)
Relationships between AGy and descriptor dgc¢ Of different MXenes. (d) Relationships between AGy and descriptor ¢ of different MXene

systems.
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factor in the AHy calculations to account for other structural
influences of MXenes. Using this expanded formula,
a descriptor (4,) is developed for HER catalytic activity, incor-
porating an additional correction factor (X), as shown in eqn (8):

BED (M’ - O) +BED(H — H)

O =
! 2

—(Xo — XH)2 +X (8)

As a result, the outer-layer metals determine the BDE(M'-O)
values, therefore, influencing ¢, values and HER activities, and
the values of BDE(M'-O) are listed in Table S3.1 The finding is
consistent with the previous conclusion that the outer metal
layer (ds_,» orbital) plays an important role in the HER.
Therefore, the crucial role of outer-layer metals in modulating
HER performance explains why all identified HER electro-
catalysts in this study are Mo-based MXenes, both from
microscopic and macroscopic perspectives.

3.3.4. Optimizing descriptors through structural charac-
teristics. While the outer-layer transition metal is crucial, other
structural features, such as the inner-layer transition metal and
the number of transition metal layers, are also vital for devel-
oping effective descriptors for HER activity. Variations in the
inner-layer transition metals, as seen in Mo,TiC,0, and
Mo,VC,0, or Cr,Ti,C;0, and Cr,Ta,C3;0,, lead to notable
differences in the d,._,» orbital characteristics of the outer
transition metal. Furthermore, for the same combination of
inner and outer transition metals, increasing the number of
layers enhances the localization of d,>_,» orbital electrons at the
Fermi level, as evidenced by comparisons of Mo,TiC,0, and
Mo,Ti,C;0,, as well as Cr,TiC,0, and Cr,Ti,C;0,. Given that
the d,>_,» orbital significantly influences HER performance, the
roles of both the inner-layer transition metal and the number of
transition metal layers are critical.

Our calculations confirm that AGyy varies with different inner
transition metal layers for the same outer transition metal layer
MXenes. Specifically, AGy decreases with the increasing elec-
tronegativity of the inner transition metal and varies with the
number of inner transition metal layers, as illustrated in
Fig. S7.7 This indicates that both the electronegativity of the
inner transition metal and the number of inner transition metal
layers should be incorporated into the descriptor. Therefore, we
propose the correction factor (xyr — xc)° % (2.05 — 2n) as
dcorrect- The term (xm» — xc)* characterizes the bonding influ-
ence of the inner transition metal M” on the carbon atoms,
employing an expression analogous to that in eqn (8). Besides,
(2.05 — 2n) serves as the layer influence factor corresponding to
its structural characteristics, where 2.05 is derived from the
approximate axial ratio coefficient (¢/2a), and n represents the
number of layers of the inner transition metal. The lattice
constants of the considered MXenes are illustrated in Table S4.}
Thus, the descriptor Ogryct is expressed as 0; + Ocorrect; Which is
defined as,

BED (M’ - 0) +BED(H - H)

5slruct = - P - (XO - XH)2

— (= Xc)” % (2.05 — 2n) ©)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The scaling relationship between AGy and the structural
descriptor dgqyee is shown in Fig. 7¢, characterized by a coeffi-
cient of determination (R> = 0.82), which underscores the
effectiveness of the descriptor in representing HER activity in
oxygen-functionalized MXenes.

3.3.5. Incorporating charge transfer-induced energy
changes into descriptors. Complementary to structural char-
acteristics, incorporating electronic properties into descriptors
is crucial for accurately assessing hydrogen adsorption energy
on MXenes. We introduced a two-stage model to elucidate the
electron transfer mechanism during O-H bond formation. In
the initial stage, an electron is ionized from the hydrogen atom,
incurring an energy cost equivalent to its ionization energy (Eig).
This electron is then transferred to an oxygen functional group
on the MXene surface. Given MXenes' metallic nature (with no
band gap, as shown in Fig. S27), the work function (@) serves as
an essential parameter for quantifying charge transfer. The
charge transfer energy descriptor (6an) is defined as xu/xo (Eie
— @), where the hydrogen-to-oxygen electronegativity ratio (xu/
Xo) approximates the electron transfer quantity (n), indicating
net electron transfer from hydrogen to the catalyst, as verified
by Bader charge analysis. This results in a comprehensive
descriptor, 6 = Oggruct T0tran, for evaluating AGy in the HER on
ordered DTM MXenes:

BED (M’ - 0) +BED(H — H)
2
- B - (Xo — xu)

— (X = xc)” % (2.05 = 2n) + x/x0 (Eie — @)

5=

(10)

This descriptor captures the sequential steps in electron
transfer, offering insight into energy dynamics. The linear
correlation between 6 and AGy (Fig. 7d), expressed as AGy =
—0.486 — 2.12, shows improved accuracy with an R* increase
from 0.825 to 0.895 and RMSE reduction from 0.157 to 0.123.

3.3.6. Evaluating the efficacy of descriptors. DFT calcula-
tions on 12 additional ordered double transition metal mate-
rials in the database,*” including W-, Ti-, Hf-, Nb-, and V-based
MXenes, are conducted to assess the generalizability of the
proposed descriptor (4). As shown in Fig. 8, the results reveal
a consistent linear relationship between ¢ and AGy, expressed
as AGy = —0.496 - 2.18, with minimal coefficient variation
(from —0.48 to —0.49 and —2.12 to —2.18) compared to the
model (AGyg = —0.486 - 2.12). This demonstrated the descrip-
tor's universality in predicting HER activity for ordered DTM
MXenes. The model achieved a high coefficient of determina-
tion (R* = 0.900) and a root mean square error (RMSE) of 0.122,
confirming its robustness. Although outlier points were not
excluded in the present analysis, future studies may benefit
from systematic outlier detection and removal strategies to
enhance the robustness of the scaling relationship, as sug-
gested in recent studies.*®** Additionally, new HER candidates
such as Ti,Nb,C;0, (—0.08 eV), Ti,TaC,0, (—0.189 eV), and
Nb,Ta,C30,(—0.152 eV) were identified by these DFT
calculations.

To evaluate the generalizability of the proposed descriptor,
we conducted an extension study in the application of the
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Fig. 8 Relationships between AGy and descriptor é in the 31 different MXene systems.

descriptor, especially in the M',M"N,0, system, where C elec-
tronegativity is substituted with N electronegativity and the
lattice coefficient is adjusted to 2.5, while keeping all other
variables constant. This modification makes the descriptor
more accurate for predicting AGy in the M/, M"N,0, system. We
randomly selected and tested nearly 20 materials in the M/,-
M’"N,0,, which were later validated using DFT. The results
revealed a relatively strong linear correlation between the
descriptor and AGy, with an R* of 0.81, as shown in Fig. S8.1
This finding not only validates the effectiveness of the
descriptor but also demonstrates its applicability across
different systems, highlighting its potential for broader use in
similar MXene structures.

3.3.7. Predicting Gibbs free energy by using descriptors. To
further demonstrate the efficiency of the descriptor ¢ in accel-
erating the search for potential HER materials, it is applied to
rapidly screen the promising HER catalyst satisfying |AGy| < 0.2
eV among the remaining 16 types of theoretical ordered DTM
materials.”” In order to obtain the descriptor ¢ as shown in eqn
(10), DFT calculations are only performed to obtain the ¢ value
of the MXene. Using the model AGy = —0.496 - 2.18, Ti,-
MnC,0, (0.08 eV) and Ti,Ta,C30, (—0.12 eV) are predicted as
promising HER catalysts. Subsequent DFT calculations vali-
dated these predictions with acceptable deviations. For Ti,-
MnC,0,, the DFT-calculated AGy is 0.1 eV, showing a minor
error of 0.02 eV compared to the predicted value. Similarly, for
Ti,Ta,C;0,, the DFT-calculated AGy is —0.06 €V, with an error
of 0.06 eV. These results demonstrate the model's reliability in
predicting catalyst performance within a reasonable margin of
error. Thus, the descriptor ¢ proves to be a reliable and efficient
tool for screening potential HER materials.

9432 | Chem. Sci, 2025, 16, 9424-9435

3.4. Optimizing catalysis with implicit solvation models

Surface electrocatalysis at solid-liquid interfaces is inherently
complex, necessitating consideration of liquid electrolyte species
within the finite volume between periodically repeating slabs.** To
address this issue, the implicit and explicit solvation models are
always considered in the calculation of AGy, and the explicit
solvation model is always more accurate for the representation of
solvation effects. However, in this study, we use an implicit
solvation model to correct the adsorption free energies based on
accuracy tests, with detailed information provided in Fig. S9 and
Table S5.1 The theoretical overpotentials for Mo,TiC,Tx in solu-
tions with pH values of 0, 0.3, 1, and 2 are approximately —0.39 V,
—0.41 V, —0.45 V, and —0.51 V, respectively. These values align
well with experimentally reported overpotentials of —0.39 V,
—0.40 V, —0.45 V, and —0.47 V, underscoring the necessity of
incorporating the implicit solvation model.*”

The results show that the solvent has a significant impact on
the adsorption free energies; detailed data are shown in Table
S6.1 The electrostatic screening of the solvent at the surface
leads to a reduction of about 0.5 eV in adsorption energy across
most ordered DTM MXene systems during hydrogen adsorp-
tion. In particular, Mo,HfC,0, exhibits a significant energy
reduction of 1.338 eV. This surface, in particular, has a higher
proportion of ionic bonds in the formation of polar covalent H-
O bonds, which leads to a notable energy reduction.” The
calculated value of AGy is implied by the equation AGy = AEy +
AEzpg + AUsr — TAS + kgTIn 10 X PH in our work, where kg is
the Boltzmann constant, and T is set to 298.15 K. The dielectric
constant &y in the implicit solvation model is 78.4, the
experimental value for liquid water at 298 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The solvent environment significantly impacts the calculated
AGy, thus requiring a rescreening for |AGy| < 0.2 eV via an
implicit solvation model. Given that AGy generally diminishes
by approximately 0.5 eV with the implicit solvation model, we
elected to recompute materials whose initial AGy values lay
within the range of 0.2 eV to 0.8 eV, as certain materials were
prone to fall outside the requisite value range. This resulted in
four promising candidates: Mo,Nb,C;0,, Mo,Hf,C;0,,
W,HIf,C30,, and W,Zr,C;0,,each exhibiting |AGy| values below
0.2 eV. Ab initio molecular dynamics (AIMD) simulations at 300
K, along with phonon band structure analysis, confirmed their
mechanical and thermal stability (Fig. S107). Additionally, the
synthesizability of these materials is evaluated by demon-
strating the stability of the precursor MAX phase as detailed in
Table S1.7 In a word, these four compounds are considered
promising candidates for experimental synthesis.

4. Conclusions

This study developed a screening strategy to identify promising
catalysts among ordered DTM MXenes, with four Mo- and W-
based systems emerging as strong HER candidates for experi-
mental validation. This approach considers key factors such as
synthesizability, stability, and conductivity of MXenes, which
are essential for practical applications. A universal screening
descriptor is introduced, and its linear relationship with AGy
(AGy = —0.496 - 2.18) demonstrates its broad applicability,
facilitating efficient screening of MXene catalysts for the HER.
The descriptor not only deepens the understanding of struc-
ture-activity relationships, particularly highlighting the critical
role of M'(d,=_,2)-O(p,) orbital interactions in governing cata-
lytic performance, but also bridges to accessible structural and
electronic features such as bond dissociation energy, electro-
negativity, lattice parameters, ionization energy, and work
function. It simultaneously enables efficient screening of
MXene-based catalysts and elucidates the underlying mecha-
nisms of their catalytic behavior. The framework and method-
ology behind this descriptor provide a strategic roadmap for the
descriptor development and efficient catalyst screening across
diverse material systems.
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