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ABSTRACT

In this work, density functional theory (DFT)
calculations were carried out to investigate the effect of
surface terminations (—O and -F) on the hydrogen
evolution reaction (HER) performance of single-atom Pt
anchored TisC,Tx MXenes. The optimized structures
reveal that surface functionalization induces subtle
distortions of the lattice and modifies the electronic
properties of the substrate. Gibbs free energy
calculations show that bare TisC; binds hydrogen too
strongly (aeu*+ = —1.16888 eV), while Pt anchoring
significantly weakens the binding (-0.89759 eV). Surface
terminations further regulate the adsorption strength,
with saPt-TisC,0, (—0.82934 eV) and saPt-TisCyF,
(0.678677 eV) progressively approaching
thermoneutrality. Projected density of states (PDOS)
analysis demonstrates that O and F terminations
downshift the Pt d-band center and reduce the density
of states near the Fermi level, correlating with weaker
Pt—H interactions. Charge density difference (CDD) plots
further confirm that electron withdrawal by O and F
enhances Pt electron deficiency, tuning the interfacial
charge transfer and Pt—H bonding characteristics.
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NONMENCLATURE
DFT Density Functional Theory
VASP Vienna Ab initio Simulation Package
GGA Generalized Gradient Approximation
PBE Perdew—Burke—Ernzerhof
PAW Projector Augmented Wave
EDOS Electronic Density of States
PDOS Projected Density of States
DOS Density of States
CDD Charge Density Difference

HER Hydrogen Evolution Reaction
MXene Transition Metal Carbide/Nitride
saPt Single-Atom Pt
Gibbs Free Energy of Hydrogen
A Gu» .
Adsorption
A Eps Hydrogen Binding Energy
A Ezpe Zero-Point Energy Correction
Entropy Correction of Adsorbed
A SH
Hydrogen
EF Fermi Level

1. INTRODUCTION

Hydrogen has emerged as a promising clean energy
carrier for sustainable energy systems[1-4], and the
hydrogen evolution reaction (HER) is a critical step in
electrochemical water splitting. Platinum is regarded as
the most effective HER catalyst due to its near-zero
hydrogen adsorption free energy[5—8]; however, its high
cost and scarcity hinder large-scale applications. To
address this challenge, two-dimensional MXenes, such as
TisC, Ty, have attracted increasing attention as promising
catalyst supports owing to their high conductivity,
tunable surface chemistry, and strong metal-substrate
interactions[9-13]. In particular, single-atom Pt catalysts
anchored on TizC, provide maximized atomic utilization
and unique electronic properties. Meanwhile, surface
terminations (e.g., -0, —-F), which are inevitably
introduced during MXene synthesis, significantly
influence the interfacial electronic structure and catalytic
performance[14-16]. Nevertheless, the underlying
mechanism by which these terminations regulate the
activity of Pt single atoms for HER is still insufficiently
understood. Herein, DFT calculations are employed to
systematically investigate the role of O and F
terminations on Ti3C; in tuning the Pt d-band center,
hydrogen adsorption free energy, and charge transfer
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characteristics, aiming to provide atomic-level insights
into the termination-driven modulation of HER
activity[17-19].
2. COMPUTATIONAL METHODS

Performing DFT calculations using VASP. The
generalized gradient approximation of the Perdew-
Burke-Ernzerhof functional was employed to describe
the exchange-correlation  potential.[20-23] The
projector augmented wave method was used to treat
core-valence electron interactions, with a plane-wave
basis set energy cutoff of 500 eV. The electronic
structure calculations were spin-polarized to model the
magnetic properties of the system.[24-29] Initial
magnetic moments of 0.2 uB were applied to the
transition metal atoms (Pt) to facilitate convergence to
the correct magnetic ground state, while non-magnetic
atoms (C) were initialized with zero magnetic
moment.[23,30-32] The final converged magnetic
moments were determined self-consistently by the
calculation. The DFT-D3 semi-empirical correction
method was applied to account for dispersion
interactions. During geometry optimization, a l-centered
9 x 9 x 2 k-point mesh was used to sample the first
Brillouin zone, and the same 9 x 9 x 1 k-point mesh was
adopted for charge transfer and energy calculations. The
force and energy convergence criteria for geometry
optimization were set to 0.02 eV A" and 1 x 1075 eV,
respectively.[33—-37] For the electronic density of states
(EDOS) calculation, we employed a Gaussian smearing
(SIGMA = 0.05) scheme with a dense k-point mesh of 19
x 19 x 1 and a high number of DOS grid points (NEDOS =
600). A vacuum layer of approximately 15 A was added
along the z-direction of the MXene to avoid interactions
between periodic images.[24,38—-42]
3. STRUCTURAL MODELS

We applied periodic boundary conditions along the x
and y directions and constructed a 2x2x1 Ti3C, supercell
to model an infinite TisC, monolayer. Figure 1 shows the
TisC, sheet and its hexagonal lattice. The functionalized
TisC, monolayer adopts a honeycomb-like hexagonal
framework in which the central C atoms are surrounded
by Ti atoms, as illustrated in Fig. 1.

Fig. 1 Optimized structures of TisC,-based models: (a) top
view of pristine TisC, monolayer; (b) side view of TisC,
showing Ti and C atomic arrangement; (c) top view of
single-atom Pt anchored Ti3C; (saPt-TisC;); (d) side view
of saPt-TisC, with Pt atoms located on the surface sites.

During MXene synthesis, different preparation
routes commonly yield surface terminations such as O
and F on the pristine TisC, layer. Here, we modify the
TisC, monolayer by decorating its surfaces with oxygen
groups (O) and terminal halogen groups (F) to form
TisC,0, and TisCoF,. O- and F-terminated TisC, with
surface functionalization.

Fig. 2 Optimized structures of functionalized TisC,
monolayers with single-atom Pt anchoring: (a) top view
of O-terminated TisC, (TisC;0,) with Pt atoms; (b) side
view of saPt-TizsC,0,; (c) top view of F-terminated TisC,
(TisC;F2) with Pt atoms; (d) side view of saPt-TisC,F,.

Table 1 lists the optimized lattice parameters for
bare TisC, and for the three single-atom Pt—anchored
structures (sa = single atom): saPt-TisC,, saPt-TisC,0,,
and saPt-TisC,F,. The in-plane lattice constants remain
essentially unchanged (a, b =~ 6.1-6.2 A), and v =~
120° preserves the nearly hexagonal MXene feature; a
slight in-plane anisotropy appears for the F-terminated
surface (6.2 vs 6.1 A; v =119.7° ). The angle a is
close to 90°, while B shifts from 89.2° to 86.0 -
88.6°, indicating minor out-of-plane distortions induced



by the single-atom Pt and the terminations, with saPt-
TisC, showing the most pronounced change (B = 86.0°).
The c parameter is mostly 19.5-19.6 A, whereas O
termination increases c to 21.1 A, pointing to stronger
surface reconstruction and/or enhanced interlayer
repulsion.

Table 1 Optimized cell parameters of TisC,-based
structures

aA) b(A) cA) o) B ) )
TisC, 6.2 6.2 195 90.2 89.2 120.0
saPt- 6.1 6.1 196 90.1 86.0 120.0
TisCs
saPt- 6.1 6.1 211 917 886 120.0
TisC;0;
saPt- 6.2 6.1 196 888 871 119.7
Ti3C2F2

4. RESULTS AND DISCUSSION
4.1 Gibbs free energy

The hydrogen adsorption free energy (AGu:) was
calculated using Eq. (1), where AEze is the zero-point
energy correction obtained from vibrational frequency
analysis of the adsorbed H*, and ASy is the entropy
correction (taken from thermochemical databases)
evaluated at T = 298.15 K. The hydrogen binding energy
(AEw+) was obtained from Eq. (2), in which Ewt and Esyp
denote the total energies of the H*-covered system and
the clean substrate, respectively, and E[H,] is the gas-
phase H, energy. HER activity correlates with |AGu«],
with values approaching zero being optimal; AGy+ < 0
indicates excessively strong binding that hinders H»
release/desorption, whereas AG Gu+ > 0 reflects too-
weak adsorption, yielding insufficient H* coverage and
suppressed kinetics.

A(;H*= AEH*+ AEZPE_ TASH Eq. (1)
AEH* = Etot - Esub - 1/2EH2 Eq. (2)

The hydrogen adsorption free energy
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Fig. 3 Gibbs free energy diagrams for hydrogen
adsorption on pristine TisC; and single-atom Pt anchored
TisC, with different terminations (saPt-TisC,;, saPt-
TisC,0,, and saPt-TisC;F;). The calculated acn+ values are
-1.16888 eV (TisC;), —0.89759 eV (saPt-TisC;), —0.82934
eV (saPt-TisC,0,), and 0.678677 eV (saPt-TisCF2),
revealing the distinct effects of O and F terminations on
modulating Pt—H binding strength and HER catalytic
activity

Fig. 3 shows the energy profiles of hydrogen
adsorption free energy as a function of the reaction
coordinate for four systems, with the valley positions
corresponding to the AGu+ values. The AGy+ of bare TisC,
is —-1.16888 eV, indicating the strongest hydrogen
binding and a  significant  deviation  from
thermoneutrality. After anchoring single-atom Pt, the
AGy+ of saPt-TisC, increases to —0.89759 eV, showing a
noticeable reduction in adsorption strength. The
introduction of terminal groups further shifts the free
energy closer to zero. Among them, the O-terminated
system saPt-TisC,0; has a AGy of —-0.82934 eV, while the
F-terminated system saPt-TisC,F, has a AGys of
-0.678677 eV, which is closest to thermoneutrality,
indicating a more balanced adsorption-desorption
process and favorable HER kinetics. Overall, the results
indicate that TisC, has the strongest adsorption, Pt
anchoring weakens the binding, and higher
electronegativity of the terminal groups brings AGgu-
closer to zero. This aligns with the mechanism of
interfacial electron withdrawal and the downshift of the
Pt d-band, which gradually weakens the Pt-H
interaction.

4.2 DOS
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Fig. 4. PDOS of Ti atoms in different TisC,-based systems:
(a) pristine TizC,, (b) saPt-TisC,, (c) saPt-TisC,0,, and (d)
saPt-TisC,F,. Blue, green, and red lines correspond to s, p,
and d orbitals, respectively. The Fermi level is set to 0 eV .

In Fig. 4, the projected density of states of the TisC,
substrate shows clear metallic character, with states
near the Fermi level dominated by Ti d orbitals. After
anchoring single-atom Pt, the Ti d contribution around
the Fermi level weakens markedly, and multiple
hybridization features with Pt d states emerge from -5
to 0 eV, indicating stronger interfacial coupling and
charge redistribution. Surface terminations further tune
this behavior. O termination shifts Ti d states to higher
energy and builds a stronger peak just above the Fermi
level, consistent with more pronounced electron transfer
from Tito O. F termination depresses and narrows the Ti
d manifold and yields the smallest DOS near the Fermi
level, which suppresses the substrate metallicity and
weakens Pt—substrate coupling. The two spin channels
are nearly mirror symmetric, indicating an overall
nonmagnetic ground state.
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Fig. 5 PDOS of C atoms in different TizsC;-based systems:
(a) pristine Ti3C,, (b) saPt-TisC,, (c) saPt-TisC,0,, and (d)
saPt-TisC,F,. Blue, green, and red lines correspond to s, p,
and d orbitals, respectively, with the Fermi level set to 0
ev.

The C p states reside mainly between -6 and 0 eV.
Compared with the bare substrate, introducing Pt drives
a slight shift of the C p—Ti d hybrid features toward lower
energy, suggesting that the carbon framework donates
some electrons and participates in interfacial coupling. In
Fig. 5, O termination pulls the C p states further away
from the Fermi level and strongly reduces the p-state
DOS near it, consistent with a more polar surface and a
higher work function induced by a highly electronegative
termination. Under F termination, the C p contribution
around the Fermi level is nearly extinguished and the
spectrum becomes sharper, reflecting the highly ionic Ti—
F bond and stronger electron trapping that diminish
electron donation from the substrate to Pt.
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Fig. 6 PDOS of Pt atoms in single-atom Pt anchored TizC;,
systems with different surface terminations: (a) saPt-
TisC,, (b) saPt-TisC,0,, and (c) saPt-TisC,F,. Blue, green,
and red curves correspond to s, p, and d orbitals,
respectively. The Fermi level is set to 0 eV .

The d band of the active Pt center is concentrated
from -4 to 0 eV, and its d-band center shifts progressively
downward relative to the Fermi level in the order saPt-
TisC; higher than saPt-TisC,0, higher than saPt-TisC,F,, as
shown in Fig. 6. As the electronegativity of the
termination increases, the interface withdraws more
electrons from Pt, which lowers and slightly narrows the
Pt d band. According to d-band theory and its connection
to the hydrogen adsorption free energy, a higher d-band
center usually corresponds to stronger H binding. The
Pt—-H interaction is therefore strongest on the
nonterminated surface, weaker on the O-terminated
surface, and weakest on the F-terminated surface, which
is closer to thermoneutral adsorption. This more
balanced adsorption—desorption behavior favors faster
HER kinetics.

4.3 Charge Density Difference

Fig. 7 shows the CDD isosurfaces for H adsorption on
different TisC,-based substrates (Fig. 7); the same
isovalue is used for all panels, with yellow denoting
electron accumulation and cyan electron depletion. On
pristine TisC,, electrons accumulate around H while
neighboring Ti/C atoms are depleted, indicating a
polarized covalent bond. On saPt-TisC,, a pronounced
bridge-like accumulation appears between Pt and H,
accompanied by paired depletion/accumulation lobes
around the Pt shell and substrate Ti sites, evidencing
charge transfer from the substrate to the Pt—H bond and
electron gain of Pt that strengthens the bond. On saPt-
TisC;0,, in addition to the Pt—H accumulation, obvious
accumulation arises around the terminal O and the
depletion around Pt becomes stronger, indicating the
inductive electron-withdrawing effect of O that renders
Pt more electron-deficient and shifts the Pt d-band to
lower energy. On saPt-TisC;F,, the depletion around Pt

and the accumulation around F are the strongest, and
the redistribution extends into the Ti—C framework,
implying that highly electronegative F induces the
strongest electron withdrawal/back-donation and the
largest electron loss on Pt. Overall, from the bare surface
to O-terminated to F-terminated substrates, the Pt
electronic states shift progressively to lower energies
and the DOS near E_F decreases; accordingly, the Pt—H
bond evolves from slightly too strong to nearly
thermoneutral, consistent with the DOS analysis,
demonstrating that surface terminations (ligand effect)
tune Pt, substrate charge transfer and Pt—H bonding by
modifying the substrate work function and
electronegativity, which governs the differences in
catalytic activity.

saPt-Ti,;C,0,| saPt-Ti;C,F,

Fig. 7 CDD isosurfaces for H adsorption on Ti;C,-based
substrates: (a) pristine TisC;, (b) saPt-TizC,, (c) O-
terminated saPt-TisC,0,, and (d) F-terminated saPt-
TisCoF,. Yellow and cyan regions represent electron
accumulation and depletion, respectively, with the same
isosurface value (0.02) applied for all models.

5. CONCLUSIONS

In this paper, the results indicate that surface
terminations act as electronic regulators that effectively
tune the Pt d-band position and hydrogen adsorption
energetics through a ligand effect. The HER activity of Pt—
TizC, systems follows the order TisC, < saPt-TisC, < saPt-
TizC,0; < saPt-TisC,F,, with the F-terminated structure
providing the most favorable balance between H
adsorption and desorption, closest to thermoneutral



conditions. This study provides atomic-scale insights into
how surface chemistry modulates the catalytic
properties of MXene-supported single-atom catalysts,
offering useful guidelines for designing high-
performance HER electrocatalysts via termination
engineering.
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