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The scalable production of hydrogen through electrochemical water splitting demands earth-abundant
catalysts with both high activity and dynamic tunability, yet achieving these attributes simultaneously
remains a major challenge. Two-dimensional (2D) ferroelectric materials offer a unique opportunity, as
though their potential in
electrocatalysis has scarcely been explored. Here, we employ first-principles calculations to investigate

their reversible polarization can modulate surface electronic states,

the electronic structure and hydrogen evolution reaction (HER) activity of recently synthesized
Cun(CrSez)ns1 (n = 1-3) monolayers with tunable thickness and robust multiferroic behavior at room
temperature. We identify surface Se top sites as the optimal catalytic centers, with the down-polarized
state exhibiting HER activity comparable to that of benchmark Pt(111). A strong inverse correlation
between hydrogen adsorption free energy and the p-band center of surface Se atoms is further
established, providing a predictive descriptor for catalyst design. Crucially, reversible polarization
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Accepted 25th February 2026 transitions between H adsorption and H, desorption and thereby maximizing HER efficiency. These
insights position Cu,(CrSe,),1 as a promising polarization-switchable platform for high-performance
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1 Introduction

The global energy crisis and environmental pollution pose
significant challenges to sustainable development.'® Hydrogen,
as a clean and renewable energy carrier, has garnered tremen-
dous interest due to its abundance, high gravimetric energy
density, and zero carbon emissions.*® Electrochemical water
splitting has emerged as a promising and scalable technology
for sustainable hydrogen production, owing to its inherent
safety, modularity, and environmental compatibility.”®
However, the efficiency of this process is fundamentally limited
by the sluggish kinetics of the hydrogen evolution reaction
(HER), which necessitates the use of highly active and durable
electrocatalysts.'®'* Platinum (Pt) remains the state-of-the-art
catalyst for the HER, thanks to its near-optimal hydrogen
adsorption energy, which provides crucial support for its
exceptional catalytic activity."”™* Yet, the scarcity and exorbitant
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cost of Pt severely restrict its widespread application,'>® rep-
resenting a critical bottleneck for the large-scale deployment of
water electrolysis in a future hydrogen economy.'”**

Addressing this challenge requires a paradigm shift from
simply replacing Pt with cheaper alternatives to fundamentally
rethinking catalyst design. Emerging strategies, including
electronic structure modulation,**~** interfacial engineering,*>*
and defect manipulation,”>” have shown great promise in
tuning adsorption energetics, accelerating charge transfer, and
enhancing catalytic stability under operational conditions. In
particular, the exploration of unconventional active sites,*® such
as low-coordination metal centers,” heteroatom-doped frame-
works,*® and atomically dispersed catalysts,* has expanded the
design landscape, breaking traditional activity—stability trade-
offs. Despite these advances, realizing practical, scalable
electrocatalysts that combine intrinsic activity, robustness, and
manufacturability remains a formidable challenge, under-
scoring the need for predictive, theory-guided frameworks that
seamlessly integrate atomic-scale design with experimental
validation.

Two-dimensional (2D) materials have attracted considerable
attention as versatile electrocatalytic platforms due to their high
surface-to-volume ratio, abundant active sites, and tunable
electronic properties.®** Among them, 2D ferroelectric

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials offer unique mechanistic advantages for catalysis
because their switchable polarization can dynamically modu-
late the local electronic environment at surface sites.***” This
polarization-induced charge redistribution directly affects the
binding strength of reaction intermediates, enabling the
breaking of conventional linear scaling relationships and
precise control over reaction energetics.>’** Experimental and
theoretical studies have demonstrated that polarization reversal
can systematically tune intermediate binding energies, break
linear scaling relationships, and enhance HER activity in
diverse systems such as BaTiOs;,** CulnP,S¢,** L-Bi,0,Se,*
CuCrS, (ref. 42) and TMNj;/In,Se; heterostructures.”* These
observations establish ferroelectric polarization as a mecha-
nistic lever for achieving controllable and tunable catalytic
performance beyond the limitations of conventional
electrocatalysts.

Motivated by these insights, it is essential to identify
intrinsically stable 2D ferroelectrics capable of delivering
polarization-tunable HER performance. Recently, 2D ferroelec-
tric CuCrSe, monolayers have been synthesized through
chemical exfoliation under redox control as well as through
chemical vapor deposition.**™*® To avoid confusion, we refer to
the exfoliated layered materials as Cu,(CrSe,),.1 (n = 1-3),
where n denotes the number of layers. Experimental and theo-
retical studies have reported high phase-transition tempera-
tures and multiferroic behavior in these systems.*****” Their
adjustable thickness and inherent ferroelectricity make them
attractive candidates for electrocatalytic hydrogen evolution.
Here, we employ density functional theory to systematically
explore the dynamical stability, electronic structure, and HER
activity of Cu,(CrSe,),+1 (n = 1-3). We identify the top Se site as
the optimal active center and find that all structures in the
down-polarized state show superior HER activity. A strong
inverse correlation between hydrogen adsorption free energy
and the Se p-band center is revealed, establishing it as a reliable
descriptor. Crucially, polarization reversal dynamically adjusts
hydrogen adsorption energetics through charge redistribution,
enabling hydrogen adsorption and desorption to proceed via
distinct electronic states and thereby markedly accelerating the
entire HER process. These results position Cu,(CrSe,), (7 = 1-
3) as a promising platform for polarization-tunable HER
electrocatalysis.

2 Calculation methods

All spin-polarized first-principles calculations are performed
based on the density functional theory (DFT) using the Vienna
ab initio Simulation Package (VASP).**** The exchange-corre-
lation interactions are treated using the Perdew-Burke-Ern-
zerhof (PBE) functional within the framework of the
Generalized Gradient Approximation (GGA),*** and DFT-D3
dispersion correction is applied to account for van der Waals
interactions. The DFT + U method (Uc, = 3 eV)* is employed to
account for the strong correlation of the 3d electrons of Cr.*
The plane wave cutoff energy is set to 520 eV. A vacuum layer of
15 A is added in the z-direction to prevent interactions between
adjacent layers, and dipole corrections are included to

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

eliminate artifacts from periodic boundary conditions. A 2 x 2
x 1 supercell is used to investigate the hydrogen evolution
catalytic performance of Cu,(CrSe,),+; (n = 1-3). The Brillouin
zone is sampled using 27 x 0.03 A™*. All models undergo
structural relaxation until the force convergence and energy
convergence are within 0.03 eV A™" and 107 eV, respectively.
The PBE functional is employed to analyze the band structure
and density of states. The lattice dynamical stability and
phonon dispersion curves are computed using the supercell
method implemented in the Phonopy code.** The thermal
stability is achieved through ab initio molecular dynamics
simulations (AIMD) using the Nosé-Hoover heat bath method
under an NVT ensemble at 400 K for 5 ps.>® The hydrogen
evolution reaction barrier is calculated using the climbing
image nudged elastic band (CI-NEB) method implemented in
the VASP.

The formulas for calculating the in-plane Young's modulus
and Poisson's ratio at any angle are as follows:*

Y (6)
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Herein, Cy1, Cia, Cy, Ces, and 6 represent the independent
elastic constants and the angle, respectively.

The hydrogen evolution reaction performance of Cu,(CrSey).4
(n = 1-3) is evaluated by calculating AGy«, which can be computed
using the following formula:

AGy+ = AEy + AEzpg — TASH 3)

In this context, AEy, AEpg and ASy represent the adsorption
energy of H atom, the zero-point energy difference between
adsorbed hydrogen and gaseous hydrogen, and the entropy
difference, respectively. T denotes room temperature, and the
value of AE;pr — TASy is 0.24 eV.***” The adsorption energy of
hydrogen can be calculated using the following equation:

1
AEy = Ecy,(ciser), 411 — Ecuycrser, = 5Em, (4)

Among them, Ecy (crse,),.,» Ecucrse,),,+u and Ey, are the
energies of Cu,(CrSe,),.; (n = 1-3) before and after H atom
adsorption and the total energy of the isolated H, gas molecule,
respectively. Additionally, the exchange current density can be
calculated using the following equation:***
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where k, is the rate constant equal to 1, and k;, is the Boltzmann
constant.

3 Results and discussion

3.1 Structural stability, electronic properties, and
ferroelectric behavior

The optimized atomic configurations of Cu,(CrSe,),+; (1 = 1-3,
space group P3m1) are illustrated in Fig. 1a, b and S1. They
consist of alternating layers of 1T-CrSe, and Cu, with a lattice
constant of 3.58 A, close to the experimental value* and
previous theoretical ones.”® The stability and polarization of
catalysts are crucial for electrocatalytic hydrogen evolution.
Building on the experimental synthesis of CuCrSe,-based
ferroelectrics, we further investigated the microscopic stability
and origin of ferroelectricity in Cu,(CrSe,),.;. Our phonon
dispersion calculations (Fig. S2) show no significant imaginary
frequencies, indicating dynamical stability. Furthermore, AIMD
simulations performed at 400 K, a temperature relevant to
practical water electrolysis, reveal only minor energy fluctua-
tions with preserved structural integrity throughout the 5 ps
trajectory (Fig. S3), confirming robust thermal stability under
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Fig. 1 (a and b) Top and side views of the Cu(CrSe,), structure, with
dashed lines outlining its unit cell. (c) Polar plots showing (c) the
Young's modulus and (d) the Poisson's ratio for the Cu(CrSe,), struc-
ture. (e) Electronic band structure of Cu(CrSe,),. (f) Projected density
of states (PDOS) of Cu(CrSe;)s.

8110 | Chem. Sci, 2026, 17, 8108-8116

View Article Online

Edge Article

operating conditions. To assess mechanical stability, we calcu-
lated elastic constants using the energy-strain method (Table
S1). All systems satisfy the Born-Huang criteria® (Cy; > 0, Cg6 >
0, and Cy; > |Cy,]), confirming their mechanical stability. The in-
plane Young's modulus and Poisson's ratio (Fig. 1c, d, and S4)
are isotropic and the values of both parameters increase with
layer number. The minimum Young's modulus of Cu(CrSe,),
(57.75 N m™ ") is comparable to that of a-In,Se; (53.98 N m™),*
while the maximum value for Cuj(CrSe,), (172.07 N m %)
approaches that of MoS, (180 N m ™). The Poisson’s ratios of
Cu(CrSe,),, Cu,(CrSe,)s, and Cus(CrSe,), are 0.23, 0.25, and
0.27, respectively, comparable to those of CrS, (0.24)** and CrSO
(0.28).** These results indicate that Cu,(CrSe,),+; (n = 1-3)
possesses tunable mechanical flexibility, controlled by the
number of layers.

For high-performance electrochemical catalysts, excellent
electrical conductivity is essential, and intrinsic metallicity is
particularly desirable. The electronic band structure and PDOS
of Cu,(CrSe,),+1 (n = 1-3) are shown in Fig. 1e, f, and S5. All
three structures exhibit multiple bands crossing the Fermi level,
confirming metallic behavior, which primarily arises from Se 4p
orbitals. Below the Fermi level, pronounced overlap between
Cu/Cr d orbitals and Se p orbitals indicates strong interactions
between Cu, Cr, and Se that are responsible for structural
stability. As shown in Fig. 1b, the asymmetric vertical distances
between Cu and the adjacent Se atoms above and below
generate an upward ferroelectric polarization (P1), denoted as
U-state. Under an applied external electric field, Cu atoms
undergo both longitudinal and lateral displacements, reversing
the polarization to a downward state (P|), denoted as D-state.
This polarization reversal substantially redistributes charge
density, offering a dynamic route to tune the electrocatalytic
activity of Cu,(CrSe,),+; for hydrogen evolution.

3.2 Ferroelectric hydrogen evolution activity

According to previous studies, the Gibbs free energy of
hydrogen adsorption (AGy+) is a widely accepted descriptor for
evaluating catalytic performance.®>* Following the Sabatier
principle, the closer AGy+ is to 0 eV, the more favorable the
electrocatalytic activity.***”* This means that an ideal HER
electrocatalyst should bind hydrogen neither too strongly nor
too weakly, ensuring efficient adsorption and desorption.
Specifically, |AGy+| = 0.20 eV is generally regarded as a criterion
for high-performance HER catalysts.®® To identify the active
sites, we employed a 2 x 2 x 1 supercell for Cu(CrSe,),, Cuy(-
CrSe,);, and Cus(CrSe,),, considering high-symmetry adsorp-
tion sites based on geometric symmetry (Fig. 1a). These sites
include the top sites of Se atoms and Cr atoms (Ts, and T¢;) and
the hollow sites of the wrinkled hexagonal rings formed by Se
and Cr atoms (Hgec;). Using eqn (3), we calculated AGy+ at these
sites under different polarization states (Table S2) and con-
structed HER free-energy diagrams (Fig. 2a-c).

The results demonstrate that in the D-state, the top-layer Se
site (Ts.) consistently provides the most favorable hydrogen
adsorption in all Cu,(CrSe,),1 (n = 1-3) systems. The AGy+-
values at Ts.(D) are —0.07 eV, —0.10 eV, and —0.14 eV for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a—c) Gibbs free energy profile of the hydrogen evolution reaction for Cu,(CrSe;),,1 (n = 1-3). The hydrogen evolution reaction

mechanism on the top surface of Cu(CrSe;), in the downward polarization (D) state: (d) Volmer process, (e) Heyrovsky process, and (f) Tafel

process, along with schematic diagrams of the corresponding reaction

Cu(CrSe,),, Cu,(CrSe,);, and Cuz(CrSe,), respectively, meeting
the high-performance criterion. Tc(D) sites in Cu(CrSe,), and
Cuj;(CrSe,), also exhibit reasonable activity (|AGy«| = 0.10 eV
and 0.11 eV), while Cu,(CrSe,); shows weaker performance
(AGy+ = 0.21 eV). Hollow sites support H adsorption only in
Cu,(CrSe,); in the D-state, but with a large AGy« of 0.91 eV,
indicating HER inertness. In contrast, all sites in the U-state
display poor HER performance. Interestingly, electronic-
structure analysis confirms that Cu,(CrSey),+; (n = 1-3)
preserve metallicity after hydrogen adsorption (Fig. S6a), with
Cr and Cu d states contributing to the metallic character and
ensuring efficient electron transfer during the HER process.

Building on dispersion and dipole corrections, we incorpo-
rated implicit solvent effects using VASPsol (¢ = 78.4)" to
recalculate AGy+ at the Ts(D) site of Cu(CrSe,),. As shown in
Fig. S7, solvation has a minimal effect on the energetics and
structure: AGy+ shifts by only 0.09 eV (from —0.07 to 0.02 eV),
while the Se-H bond length changes negligibly from 1.484 to
1.485 A. These results indicate that solvation effects are minor,
justifying their omission in subsequent calculations and
discussions to reduce computational cost.

Focusing on Cu(CrSe,),, the HER proceeds via two funda-
mental steps: hydrogen adsorption (Volmer step), followed by
hydrogen desorption through either the Heyrovsky or the Tafel
pathway. In acidic aqueous electrolytes, protons exist predom-
inantly in the form of hydronium ions (H;0"), which diffuse to
the electrode surface and participate in interfacial charge-
transfer processes.” The Volmer reaction (H;O" + e~ — H* +
H,0) involves the reduction of hydronium and the formation of
adsorbed hydrogen species (H*) on the catalyst surface.
Subsequent hydrogen desorption can occur via the Heyrovsky
reaction (H* + e~ + H;0' — H, + H,0), where an adsorbed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrogen atom reacts with a solvated proton-electron pair, or
via the Tafel reaction (H* + H* — H,), where two adjacent H*
species recombine directly to form molecular hydrogen. Among
these elementary steps, the one associated with the highest
energy barrier governs the overall reaction kinetics. To more
realistically describe proton transfer in an aqueous electro-
chemical environment, we constructed an explicit hydrated
proton model based on the Eigen cation (HyO,4'), consisting of
a central H;0" core coordinately stabilized by three surrounding
H,0 molecules.”””® Bader charge analysis indicates that the
Hy0," cluster carries a net positive charge of +0.62,” implying
partial electron transfer from the hydrated proton complex to
the catalyst surface during the Volmer process. As shown in the
calculated reaction profile for Cu(CrSe,), (Fig. 2d), hydrogen
adsorption via the Volmer step is thermodynamically favorable,
exhibiting a mildly exothermic adsorption energy of —0.09 eV
and an ultra-low activation barrier of ~0.09 eV. This value is
comparable to reported Volmer barriers for representative
transition-metal dichalcogenide catalysts, such as the Volmer
step on 1T-MoS, modeled with an explicit solvent model,” and
is significantly lower than the 0.67 eV barrier on the Zn surface
under similar theoretical treatments.”® In comparison, the
subsequent hydrogen evolution steps are associated with
appreciable kinetic barriers (Fig. 2e and f). The activation
energy of the Heyrovsky step is calculated to be 0.71 eV, slightly
higher than the reported value of 0.57 eV for Pt,”” while the Tafel
step exhibits a substantially larger barrier of 1.29 eV. The
prohibitively high barrier of the Tafel reaction renders this
pathway kinetically unfavorable, suggesting that the HER on
Cu(CrSe,), predominantly proceeds through a Volmer-Heyr-
ovsky mechanism.

Chem. Sci., 2026, 17, 8108-8116 | 8111
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Fig. 3 Projected density of states (PDOS) of Se and H on the upper surface of Cu,(CrSe,),41 (n = 1-3) in both (D) and (U) spin-polarized states (a—c),
together with the average p-band center (&,) of the corresponding surface Se atoms (d-f). For clarity, &, is indicated by a solid line, and the Fermi

energy level by a dashed line.

The reversal of ferroelectric polarization markedly alters the
charge distribution within the structure, thereby modulating
hydrogen adsorption. Fig. 3a-c present the PDOS for the Se-4p
and H-1s orbitals in three representative compounds under
opposite polarization states. For Cu,(CrSe,); in the U-state, the
overlap between Se-4p and H-1s orbitals below the Fermi level is
relatively small, indicating weak Se-H interactions. Upon
reversing the D-state, this orbital overlap increases markedly,
reflecting stronger Se-H coupling. Consistently, the electro-
static potential of the surface Se atom is higher in the D-state
than in the U-state (Fig. S6b), favoring electron transfer from
H and thus strengthening hydrogen adsorption. Bader charge
analysis further supports this trend, showing a larger charge
transfer from H to Se in the D state (0.009 e) compared with the
U state (0.008 e). Thus, AEy+ = —0.31 €V in the D state is more
favorable for hydrogen adsorption than 0.12 eV in the U state.
Similar polarization-dependent behavior is observed in Cu,(-
CrSe,); and Cus(CrSe,),, demonstrating that switching ferro-
electric polarization enables reversible and tunable control of
catalytic hydrogen adsorption.

The electronic structure of catalyst surfaces plays a pivotal
role in regulating catalytic activity.” The d-band center theory
has been widely used to correlate the binding strength of
adsorbates with the electronic states of metal sites.””® By
analogy, the p-band center theory provides a descriptor for the
catalytic activity of nonmetal atoms.**** Based on this frame-
work, we computed the average p-band center (£,) of surface Se
atoms in Cu(CrSe,),, Cu,(CrSe,);, and Cus(CrSe,), under
different polarization states. As shown in Fig. 3d-f, the &, values
in the D state are —0.72 eV, —0.77 eV, and —0.82 eV, respectively,
whereas in the U state they shift to —1.04 eV, —1.11 eV, and

8112 | Chem. Sci, 2026, 17, 8108-8116

—1.17 eV, respectively. These shifts highlight the strong
dependence of &, on polarization reversal. According to the p-
band center theory, Se atoms with ¢, closer to the Fermi level
exhibit stronger HER activity, consistent with our calculated
|AGy+| values. To quantify this correlation, we fitted |AGy+|
against ¢, for Cu,(CrSe,),.; (n = 1-3), as shown in Fig. 4a. A
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Fig. 4 Relationship between the hydrogen evolution reaction |AG«|
and &, in downward (D) and upward (U) polarization states for Cuj(-
CrSes)n41 (n = 1-3) (a), along with the corresponding volcano plot of
the ig (b). lllustration of the potential mechanism by which alternating
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clear linear relationship (R* = 0.97) was obtained, revealing
a negative correlation: as ¢, approaches the Fermi level, |AGyy+|
tends toward zero. This establishes &, of surface Se atoms as
a reliable descriptor for the HER activity of these compounds.
Finally, the exchange current density (i,) was calculated (eqn (5))
and plotted in a volcano diagram (Fig. 4b). Remarkably, the Ts,
sites of Cu(CrSe,),, Cu,(CrSe,)s, and Cus(CrSe,), in the D-state
all lie at the apex of the volcano plot, comparable to the
benchmark Pt(111), while in the U-state, they all deviate from
the top of the volcano diagram. These findings underscore that
ferroelectric polarization switching affords effective and
reversible regulation of HER performance in Cu,(CrSey),+1
catalysts.

3.3 Polarization-driven mechanism for the HER

To elucidate the intrinsic mechanism of the polarization-
tunable electrocatalytic HER in the Cu,(CrSe,),+; (n = 1-3)
series, Cu(CrSe,), is selected as a representative model for
detailed analysis. Ferroelectric polarization serves as an effec-
tive switch that regulates surface catalytic activity by modu-
lating the surface charge distribution, thereby directly
governing the hydrogen adsorption-desorption process. As
illustrated Fig. 4c, in the D-state, electronic charge mainly
accumulates in the p orbitals of the surface Se active sites. This
localized charge enrichment favors hydrogen adsorption,
yielding an adsorption energy of —0.31 eV and a corresponding
AGy+ of —0.07 eV. Upon polarization switching to the U-state,
a directional interlayer charge redistribution occurs, with elec-
trons transferring from the top CrSe, layer to the bottom CrSe,
layer and becoming concentrated in the p orbitals of the bottom
Se atoms. Consequently, the surface Se sites experience
a pronounced depletion of charge density, which weakens
hydrogen binding, resulting in a positive adsorption energy of
0.12 eV and thereby facilitating hydrogen desorption. By
reversing the polarization direction through an external electric
field, the adsorption and desorption steps can be selectively
optimized. In contrast to conventional HER catalysts that
operate with a fixed surface electronic structure, this
polarization-tuning strategy dynamically decouples the optimal
electronic states for hydrogen adsorption and desorption,
effectively lowering the H, desorption barrier and accelerating
the overall reaction kinetics. Such polarization-driven control
provides an efficient route to enhance HER performance.

We further assess the ferroelectric integrity and structural
stability of Cu(CrSe,), under polarization-driven catalytic
conditions. Intrinsic ferroelectric polarization in Cu(CrSe,), has
been experimentally established, with reported coercive fields
in the range of 0.25-0.32 V A™'.** Consistent with these exper-
imental observations, our calculations yield an intrinsic polar-
ization switching barrier of 0.43 eV, comparable to the
previously reported value of 0.33 eV.*” Upon hydrogen adsorp-
tion, the switching barrier is moderately reduced to 0.32 eV,
indicating that ferroelectric polarization reversal remains
energetically accessible under catalytic conditions (Fig. S8). To
further examine field-driven switching, external electric fields
ranging from —0.5 to +0.5 V A™*, exceeding the experimentally

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measured coercive field, are applied in our simulations.
Notably, both the lattice parameters and key bonding distances
exhibit only negligible variations, irrespective of hydrogen
adsorption (Tables S3 and S4), demonstrating robust structural
stability under polarization switching. Moreover, when the
adsorbed hydrogen atoms are removed and ab initio molecular
dynamics simulations are repeated (Fig. S9), the slightly di-
storted Cu(CrSe,), structure rapidly relaxes back to its initial
configuration. Collectively, these results suggest that Cu(CrSe,),
could retain ferroelectric polarization switching while
preserving structural integrity under polarization-driven HER
conditions, highlighting its potential as a ferroelectrically
tunable electrocatalyst.

From a broader perspective, dynamic modulation strategies,
such as cyclic polarization switching,*****>%¢ have been explored
to temporally decouple adsorption and desorption processes in
the HER, thereby tuning the surface intermediate ener-
getics.***”%® In this framework, ferroelectric polarization
provides a physically transparent handle to reversibly reshape
the surface electronic structure and intermediate binding
energetics. For Cu(CrSe;,),, switching from the D-state to the U-
state leads to a pronounced reduction in hydrogen desorption
barriers (Fig. S10): the Heyrovsky barrier decreases from 0.71 eV
to 0.36 eV, while the Tafel barrier decreases from 1.29 eV to
0.72 eV. The corresponding barrier reductions (0.35 eV for
Heyrovsky and 0.57 eV for Tafel) both exceed the calculated
ferroelectric switching barrier of Cu(CrSe,), (0.32 eV). At the
elementary-step level, these barrier reductions indicate that the
kinetic gain from polarization switching could offset the ener-
getic cost, and its benefit is expected to dominate under
moderate switching frequencies.

4 Conclusion

In conclusion, our density functional theory study reveals that
two-dimensional ferroelectric Cu,(CrSey),+1 (# = 1-3) mono-
layers combine excellent structural stability with outstanding
HER activity. Surface Se atoms are identified as optimal active
sites, with all structures in the down-polarized state exhibiting
hydrogen adsorption energetics comparable to those of
benchmark Pt(111). A robust inverse correlation between the
hydrogen adsorption free energy and the p-band center of
surface Se atoms is established, providing a reliable and phys-
ically transparent descriptor for catalytic performance. Impor-
tantly, these materials possess reversible ferroelectric
polarization, enabling polarization-defined redistribution of
surface charge density and access to distinct electronic states
that separately favor hydrogen adsorption or desorption. Such
state-selective tunability distinguishes ferroelectric catalysts
from conventional static electrocatalysts and offers a new
perspective on regulating reaction energetics at the atomic
scale. The combination of high intrinsic activity, metallic
conductivity, and field-addressable polarization responsiveness
highlights Cu,(CrSe,),.; as a promising platform for
polarization-tunable electrocatalysis. While the present study
focuses on this specific system, the results suggest that ferro-
electric polarization may generally provide a means to modulate
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surface electronic states and influence adsorption-desorption
energetics in other catalytic materials, offering guidance for the
exploration of polarization-responsive electrocatalysts in future
studies.
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