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Polarization-Induced Reversible Electron-Hole Migration and
Redox Reaction Switching in Ferroelectric Single-Atom
Photocatalysts

Yuan Tang, 2 Cen-Feng Fu,*® Xingxing Li*¢ and Jinlong Yang®

Photocatalysts capable of switching between oxidation and reduction reactions at a single active site can efficiently harness
solar energy to selectively generate target products on demand, are thus eagerly pursued. However, realizing such
photocatalysts is quite challenging due to the difficulty in simultaneously accumulating both types of carriers at a single site
and meeting the stringent requirements for electron-hole separation. Here, we propose that the switchable out-of-plane
polarization of two-dimensional ferroelectric materials can reversibly steer either photogenerated electrons or holes to
single active sites, and further enable controllable switching of photocatalytic oxidation and reduction. The first-principles
calculations and nonadiabatic molecular dynamics simulations, performed on a photocatalyst comprising a Pd single-atom
anchored on a ferroelectric Sc;,CO, monolayer, validate this strategy. Reversing the ferroelectric polarization direction in
Sc,CO, modulates carrier migration: an upward polarization state induces ultrafast hole accumulation at the Pd site (t=0.05
ps), whereas a downward polarization state drives rapid electron transfer to the Pd site (t = 0.31 ps). Moreover, the Pd site
exhibits low hydrogen and oxygen evolution reaction overpotentials (0.08 V and 0.29 V), enabling efficient overall water
splitting. The proposed strategy establishes a novel avenue for precisely controlled photochemical synthesis at single active

sites.

Introduction

Photocatalytic chemical reactions offer a promising route for
converting solar energy into chemical energy.® In conventional
photocatalysts, active sites are generally limited to driving either
reduction or oxidation reactions. However, in certain cases, it is
highly desirable to simultaneously produce diverse products or
dynamically switch between specific products on demand.
Bifunctional catalysts partially address this need. For instance, a
bifunctional photocatalytic system used in value-added organic
transformation can eliminate sacrificial reagents, significantly
improving process economics.” Furthermore, such catalysts enhance
the efficiency of energy utilization, enable tailored chemical
synthesis, and reduce equipment modification costs.® Bifunctional
catalysts are also essential for energy storage and conversion
systems employing reversible oxygen electrodes, where both oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) must
occur efficiently at the same electrode.® However, achieving
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bifunctional photocatalysts where a single active site can dynamically
switch between driving reduction and oxidation reactions remains
largely unexplored. This capability requires meeting three
fundamental criteria: First, the photogenerated carriers (electrons
and holes) should readily migrate to the active site. Second, the
active site should catalytically drive the desired reactions using these
carriers. Last, the dominant type of carrier (electron or hole)
migrating to the active site should be reversibly controllable.
Currently explored photocatalytic materials, including transition
metal oxides/carbides/nitrides (MXenes),1%12 Janus materials'3, and
organic polymers,’* largely fail to satisfy all these conditions
simultaneously. In a conventional photocatalyst, a single active site
typically facilitates only one type of reaction: either oxidation or
reduction. This limitation arises from two primary factors. One factor
is that oxidation requires holes while reduction requires electrons;
attempting both reactions at the same site promotes rapid carrier
recombination. The other factor is that the inherent electronic and
chemical properties of an active site usually favor the accumulation
of only one type of carrier (electrons or holes), making controlled
modaulation of carrier migration exceptionally difficult.

Fortunately, two-dimensional (2D) ferroelectric (FE) materials
provide a promising strategy for modulating the migration of
photogenerated carriers. Their out-of-plane polarization creates a
built-in electric field that effectively separates and directs
photogenerated electrons and holes toward opposite surfaces.1>22
This inherent capability has been leveraged in various photo-
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electrocatalytic systems to switch the photocatalytic process to an
electrocatalytic process,?®> modify the capability to drive
photocatalytic water splitting,?* tune the selectivity for carbon
dioxide reduction reaction,”> and optimize the activity of
electrocatalytic water oxidation.?® Despite these advances, in two-
dimensional FE materials such as AgBiP,Ses,?* the catalytic sites
responsible for driving redox reactions are spatially partitioned onto
opposing surfaces. This geometric separation establishes distinct
domains for oxidation and reduction reactions, thereby preventing
the same active site from switching between oxidative and reductive
roles. Furthermore, previous investigations into ferroelectric
photocatalysts have largely centered on the reaction pathways and
thermodynamic characteristics of surface reactions, while often

Journal Name

neglecting the carrier migration dynamics integral to phetocatalytic
processes. Hence, the fundamental influen&C6f.200FE/ potarizaion
on carrier dynamics, particularly the underlying mechanisms
governing electron-hole separation and migration, has not been well
understood yet. On the other hand, while several 2D FE materials
(e.g., TisCaTy,%” Sc2C05,%8 InySes,?® CulnP,Se,3° AgBiP,Seq??) have been
identified theoretically and experimentally, their pristine surfaces
typically lack well-defined, catalytically active sites. This limitation
highlights the potential of single-atom catalysts (SACs)?> anchored on
2D FE substrates.313° Integrating highly active, isolated metal atoms
with the switchable polarization field of 2D FE materials presents a
robust platform for achieving dynamically switchable and
bifunctional photocatalytic system at a single active site.
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ﬂ:arrier Separation
and Migration

h* Transfer to
Pd Atom

Polarization
Switching

e~ Transfer to
Pd Atom

[ Carriers Drive
Redox Reactions

Oxidation Reaction

(b) v

hv

Figure 1. (a) Schematic diagram of polarization-induced reversible electron-hole migration and redox reaction switching. The polarization
directions for the out-of-plane ferroelectricity of Sc2CO2 are represented by the black arrows. (b) and (c) Schematic diagram of electronic
structures for photogenerated holes and electrons, respectively, migrating from Sc2CO2 to Pd single-atom. (d) and (e) Side view (left) and
top view (right) of Pd atom anchored on the upper surface of Sc2C02 with upward and downward polarization directions, respectively.

Building upon the synergistic potential of SACs and 2D FE
materials, we conceptually propose a promising route to achieve
controllable switching between driving oxidation and reduction
reactions at a single active site of photocatalysts by incorporating a
single-atom site onto 2D materials with out-of-plane ferroelectricity
(Figure 1). Leveraging the reversible out-of-plane polarization of the
FE substrate, photogenerated electrons or holes migrating to the
anchored single-atom site can be dynamically controlled. In detail,
single-atom anchoring creates distinct intermediate states within the
band gap of the substrate: one polarization leads to an occupied
single-atom state near the valence band maximum, facilitating
ultrafast hole capture, while the other polarization results in an

2| J. Name., 2012, 00, 1-3

empty single-atom state near the conduction band minimum,
enabling rapid electron capture. Consequently, the single-atom site
can alternately drive oxidation and reduction reactions depending on
the polarization state of the FE substrate, with the help of
corresponding photogenerated carriers. Through first-principles
calculations and nonadiabatic molecular dynamics (NAMD)
simulations, this strategy is validated on a photocatalyst comprising
a Pd single-atom anchored on the surface of a Sc;CO, monolayer, a
representative 2D MXene3%40 with out-of-plane ferroelectricity.?®
The results demonstrate that polarization switching governs the
selectively dynamic transfer of either photogenerated electrons or
holes to the single active site. Furthermore, the designed

This journal is © The Royal Society of Chemistry 20xx
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photocatalyst is confirmed to be a high-activity single-atom
photocatalyst for overall water splitting.

Results

To screen out switchable 2D FE single-atom photocatalysts, a
series of candidate systems were evaluated based on two
criteria: (1) The substrate material must exhibit robust out-of-
plane FE polarization to modulate the intermediate states of the
adsorbed single atom, along with an appropriate band gap to
drive the desired redox reactions. (2) Upon single-atom
adsorption, switching the direction of FE polarization should
enable modulation of the intermediate state potentials,
thereby allowing the single atom to selectively accept either
photo-generated electrons or holes, respectively. Among the FE
materials, Sc;CO; (a MXene derivative) was selected as a
representative model system due to its robust out-of-plane FE
polarization and suitable band edge alignment. Then, a range of
transition metal atoms spanning the 3d, 4d, and 5d series were
screened for anchoring onto the Sc,CO, surface. The results
revealed that only the Pd@Sc,CO; system satisfied both core
requirements. Eventually, the FE photocatalyst composed of Pd
single-atom supported on the surface of Sc,CO, (denoted as
Pd@Sc,CO,) is taken as a typical model to validate the proposed
strategy. As a 2D monolayer with out-of-plane ferroelectricity,
Sc,CO; exhibits reversible polarization switching between
upward and downward directions,?® thereby dynamically
regulating the migration of photogenerated electrons and holes
to the two different surfaces (Figure 1a). When the polarization
direction of Sc,CO; is (denoted as Sc,CO21M),
photogenerated holes are concentrated on the upper surface,

upward

while photogenerated electrons accumulate on the lower
surface. Conversely, when the polarization direction is
downward (denoted as Sc,CO,4 ), photogenerated holes and
electrons are enriched on the lower and upper surfaces,
respectively, effectively reversing their distribution compared
to ScyCO,1. Therefore, flipping the polarization direction
dynamically controls either holes or electrons concentrated on
the upper surface of Sc,CO,. Figure 1d and le present the
optimized geometric structures of Pd single-atom anchored on
the upper surface of Sc.CO, and Sc,CO2, respectively. As
shown in Figure 1d, a Pd single-atom anchored on the upper
surface of Sc,CO,™ (denoted as Pd@Sc,CO,1T) locates in the
hollow site, facing the C atom below. The calculated binding
energy is -1.94 eV. Since the upper surface of Sc,CO,1M is
enriched with photogenerated holes, this facilitates the
migration of photogenerated holes to the Pd atom supported
on this surface. To enable the Pd atom to truly capture
photogenerated holes, the electronic structure of the system
requires that the intermediate state introduced by Pd in the
bandgap is an occupied state close to the VBM (Figure 1b).
When the polarization direction of Sc,CO; is reversed (Figure
le), the Pd atom is preferentially anchored at the bridge site on
the upper surface of Sc,CO, (denoted as Pd@Sc,CO24 ), with

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

a binding energy of -1.24 eV. The upper surface of $c.COal is
enriched with photogenerated electrons) féadingtHe P atorm
of Pd@Sc,COz\ to tend to accept photogenerated electrons.
Accordingly, to facilitate the true capture of photogenerated
electrons by the Pd atom, the intermediate state introduced by
Pd in the bandgap should be an empty state close to the CBM
(Figure 1c). We qualitatively demonstrated the possibility of
capturing photogenerated electrons or holes by a Pd single-
atom anchored on the same surface of Sc,CO, with different
polarization directions, as well as the electronic structure
properties needed to truly realize the capture.

To ensure the stability of the Pd atom anchored on the surface
of Sc,CO, with different polarization directions, the AIMD
simulations at 500 K for 9 ps are conducted. As shown in Figures 2a
and 2b, the energy fluctuations for both Pd@Sc,CO,1T and
Pd@Sc,COx4, range. The final
configurations resulting from the AIMD simulations are also

remain within a reasonable
presented in Figure 2a and 2b. It is suggested that, regardless of the
polarization direction of Sc,CO,, the Pd atom remains the
corresponding adsorption structure after being subjected to a
temperature of 500 K for 9 ps. The Pd atom remains coordinated at
the hollow site or bridge site without evident diffusion or
detachment (Figure S1), implying the stability of Pd atom anchoring.
Photostability is a critical consideration in the evaluation of
photocatalysts. Previous studies have shown that fragile, localized
lone-pair contributions from anions at the VBM render anionic
components susceptible to oxidation. In contrast, strong metal-anion
hybridization at the VBM substantially the
thermodynamic driving force and lower the likelihood of direct

can reduce
oxidation of lattice atoms by photogenerated holes.** Thus, the
projected density of states (PDOS) of Sc,CO; (Figure S2) was
calculated. The PDOS of Sc,CO; reveals that the VBM originates
from strong hybridization among Sc-3d, C-2p, and O-2p orbitals,
indicating that the C and O atoms are resistant to oxidation by
photogenerated holes. Moreover, prior investigations on
structurally analogous MXene materials, such as Ti2CO,,%?> have
demonstrated good photostability. On this basis, it is inferred
that the Sc,CO; also exhibits favorable photostability.

To demonstrate that a Pd atom can indeed capture
photogenerated holes or electrons, the electronic properties of
Pd@Sc,CO>1M and Pd@Sc,CO,| are analyzed. Both
Pd@Sc2CO> and PAd@Sc,CO, exhibit direct band gaps, with
the VBM and CBM located at the I point (Figures 2c and 2d). The
band structure associated with the band edge arrangement of
the Sc2CO; monolayer is shown in Figure S3, which is consistent
with previous research.*® Compared to the band structure of
the Sc,CO, monolayer, an intermediate band is introduced
within the original band gap of Sc,CO; in both Pd@Sc,CO, T and
Pd@Sc,COz . The intermediate band of Pd@Sc,CO,1 is a fully
occupied band lying above the VBM of the original Sc2CO,, while
the intermediate band of Pd@Sc,CO2\ is an empty band lying
below the CBM of the original Sc;CO,. Due to the presence of
these intermediate bands, the band gaps of Pd@Sc,CO, and
Pd@Sc,CO,\ are reduced from 3.02 eV to 2.64 eV and 1.96 eV,
respectively, which is beneficial for enhancing light absorption.

J. Name., 2013, 00, 1-3 | 3
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To further identify the contribution of different atoms to the
intermediate bands of Pd@Sc,CO,™ and Pd@Sc,CO,4,, the
PDOS of the Pd atom is calculated (Figures 2c and 2d). The
results indicate that the intermediate bands of both
Pd@5c2COM and PAd@Sc,CO2 are primarily contributed by
the Pd atom. The conclusion is also supported by the
distribution of charge density for the intermediate bands in real

(a) 73| PE@Se,00, T (500 K) %

D 374}

V)

-375

Energy

-376 1

Journal Name

space (insets in Figures 2c and 2d). The electronicstrugturesof
Pd@Sc,CO,1 and Pd@Sc2COzl,  are Rédnkisteiv Dwitho4the
expectation illustrated in Figures 1b and 1d. Moreover, the
PDOS for varying concentrations of Pd single-atom evidences
that the concentration of Pd single-atom does not alter the
characteristics of the intermediate states contributed by Pd
within the band gap (Figure S4).

(b)

i Pd@Sc,CO,! (500 K)
%
Q..373
>
@ -374jh *
c
L

-375

0 2 4 6 8
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Figure 2. Energy fluctuations for the AIMD simulations at a temperature of 500 K for (a) Pd@Sc2C0O, 1, (b) PA@Sc2CO2 4\ . The insets
present geometric structures of Pd@Sc,CO; after AIMD simulations. Band structure (left) and PDOS (right) of (c) Pd@Sc,CO, 1, (d)
Pd@Sc,CO2 . The black line shows the total DOS varies with energy, and the magenta line represents the projected DOS on the
Pd atom. The red dotted circle outlines the Pd-contributed intermediate state, and the corresponding distribution of charge density
in real space is shown in insets. The orange and blue dashed lines denote the potential of H+/H, and O2/H,0 for the Pd anchored

surfaces. The gray dashed lines denote the Fermi levels.

In this study, the typical photocatalytic reduction and
oxidation reactions of HER and OER are selected as model
reactions to evaluate the feasibility of Pd@Sc,CO, for driving
both reduction and oxidation reactions. Therefore, the
potentials of H*/H, and O,/H,0 are plotted within the PDOS of
the Pd atom (Figures 2c and 2d) to explore the energy level
arrangement between the Pd-contributed intermediate bands
and the potentials of H*/H, and O;/H,O. Due to the FE
polarization of Sc,CO,, the electrostatic potential (Figure S5)
reveals a difference of 1.80 eV and -2.05 eV between the upper
and lower surfaces for Pd@Sc,CO,1 and Pd@Sc,COz4,
respectively. After supporting the Pd atom, the change in the
dipole moment of Sc,CO; is modest, remaining within 10%
(Table S1). These differences result in a distinct energy level
arrangement between the Pd-contributed intermediate states
and potentials of H*/H, and O,/H,0. For Pd@Sc,CO, T, the
potential of O2/H>0 lies above the Pd-contributed intermediate

4| J. Name., 2012, 00, 1-3

band, indicating that photogenerated holes at the Pd site can
drive the OER. For Pd@Sc,COz,, the potential of H*/H, lies
below the Pd-contributed intermediate band, evidencing that
photogenerated electrons at the Pd site can drive the HER. The
external potentials for photogenerated holes (Un) and electrons
(Ue) to drive the OER and HER, respectively, are calculated by
the formulas: Uy = E(H*/H;) — E(VBM) and U. = E(CBM) —
E(H*/H,), where E(H*/H3), E(VBM), and E(CBM) are the potential
of H*/H,, VBM, and CBM. For Pd@5c,CO,, the potentials of
H*/H, and VBM are determined to be 1.38 and —-0.09 eV,
respectively, providing an external potential of Uy = 1.47 V for
photogenerated holes to drive the OER at the Pd site. For
Pd@5c,CO, 4, the potentials of H*/H, and VBM are located at —
0.33 and 1.88 eV, respectively, offering an external potential of
Ue=2.21V for photogenerated electrons to drive the HER at the
Pd site.

This journal is © The Royal Society of Chemistry 20xx
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The effective capture of photogenerated holes by the Pd
atom in Pd@5Sc,CO,™ and photogenerated electrons by the Pd
atom in Pd@Sc,CO,4, is qualitatively demonstrated by the
analysis of electronic structures. NAMD simulations are
conducted to determine whether photogenerated holes or
electrons indeed migrate to the Pd atom in Pd@Sc,CO>1 or
Pd@Sc,COz\. To obtain trajectories for NAMD simulations,
AIMD simulations at 300 K for 9 ps with NVT and NVE ensembles
are performed (Figure S6). Figure 3a and 3d illustrate the
schematic diagram of migration in the energy-space and real-
space for photogenerated holes and electrons, respectively.
The time-dependent energy fluctuations of the bands in
Pd@5c2CO2 and Pd@Sc,CO2 during a 2 ps MD simulation at
300 K are shown in Figures 3b and 3e, respectively. Two
intermediate states between the valence band (VB) and the
Fermi level, primarily contributed by the Pd atom (denoted as

30 60
Pd@Sc,CO,t

ol ies

ARTICLE

Pd-1 and Pd-2), are identified for trapping.,, heles.iin
Pd@Sc,CO,1. These Pd states are closé® theO¥BLaRaOPEPAS
level in energy but do not cross the VB or Fermi level. In
contrast, one Pd-contributed intermediate state between the
conduction band (CB) and the Fermi level is demonstrated to
trap electrons in Pd@Sc,CO2\ .. The energy of this Pd state is
stable and does not cross the CB or Fermi level. Figure 3c and 3f
illustrate the time-dependent population of photogenerated
holes and electrons in Pd@Sc,CO,1 and Pd@Sc,COz,
respectively. The time constant t is obtained by fitting the time
population of photogenerated holes or electrons with the
exponential function f(t) = exp(-t/t). The ultrafast t of 0.05 ps is
obtained for photogenerated holes migrating from Sc,CO; to Pd
in Pd@Sc2CO21T, while the rapid t of 0.31 ps is fitted for
photogenerated electrons transfer from Sc,CO; to Pd in
Pd@SCZCOZ\l/.

90
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Figure 3. Schematic diagram of migration in the energy-space and
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real-space for photogenerated (a) holes and (d) electrons. Energy

fluctuations of the bands for (b) Pd@Sc,CO> and (e) Pd@Sc,CO2 . (c) Populations of holes migrating from VB of Sc,CO, to the
Pd-contributed intermediate band in Pd@Sc,CO,1. (f) Populations of electrons migrating from the CB of ScaCO24, to the Pd-

contributed intermediate band in Pd@Sc,COz+ . (g) Nonadiabat
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(left), as well as CB and Pd in Pd@Sc,CO.+ (right). Fourier transforms for energy fluctuations of bands for (h) Pd@$¢2CQ2 T and

(i) Pd@Sc,CO2 .

The effective capture of photogenerated holes by the Pd
atom in Pd@Sc,CO and photogenerated electrons by the Pd
atom in Pd@Sc,CO,4, is qualitatively demonstrated by the
analysis of electronic structures. NAMD simulations are
conducted to determine whether photogenerated holes or
electrons indeed migrate to the Pd atom in Pd@Sc,CO>1 or
Pd@Sc,COz\ . To obtain trajectories for NAMD simulations,
AIMD simulations at 300 K for 9 ps with NVT and NVE ensembles
are performed (Figure S6). Figure 3a and 3d illustrate the
schematic diagram of migration in the energy-space and real-
space for photogenerated holes and electrons, respectively.
The time-dependent energy fluctuations of the bands in
Pd@Sc2CO2 and Pd@Sc2CO,+ during a 2 ps MD simulation at
300 K are shown in Figures 3b and 3e, respectively. Two
intermediate states between the valence band (VB) and the
Fermi level, primarily contributed by the Pd atom (denoted as
Pd-1 and Pd-2), are identified for trapping holes in
Pd@Sc,CO, 1. These Pd states are close to the VB and Fermi
level in energy but do not cross the VB or Fermi level. In
contrast, one Pd-contributed intermediate state between the
conduction band (CB) and the Fermi level is demonstrated to
trap electrons in Pd@Sc,COz4 .. The energy of this Pd state is
stable and does not cross the CB or Fermi level. Figure 3c and 3f
illustrate the time-dependent population of photogenerated
holes and electrons in Pd@Sc,CO, P and Pd@Sc,COz,
respectively. The time constant t is obtained by fitting the time
population of photogenerated holes or electrons with the
exponential function f(t) = exp(-t/t). The ultrafast t of 0.05 ps is
obtained for photogenerated holes migrating from Sc,CO, to Pd
in Pd@Sc,CO,1M, while the rapid t of 0.31 ps is fitted for
photogenerated electrons transfer from Sc,CO; to Pd in
Pd@Sc,CO, .

The migration of carriers between energy bands is
influenced by the nonadiabatic coupling (NAC), which is
calculated by the formula:

5} i . .
dj = <¢j (Pk> = Z_(‘P: ALY
i

at £ — & R

where H is the Kohn-Sham Hamiltonian, ¢, ¢j, €;, and ¢ are the
wave functions and eigenvalues of electronic states j and k,
respectively, and R,- is the nuclear velocity. Therefore, NAC
depends mainly on the energy difference &« — gj, the electron-
phonon coupling term ((p]- | Vg H | (pk> and the nuclear velocity
R;. A larger NAC indicates a higher probability for migration of
carriers between two energy bands. The average of the
absolute value of NAC between different bands of Pd@Sc,CO;
is shown in Figure 3g. The NAC between the VB and Pd-1 bands
in Pd@Sc2CO2 T exceeds 80 peV, while the NAC between the CB
and Pd bands in Pd@Sc,CO;, exceeds 40 peV. This shows that
both photogenerated holes and electrons have the probability
of migrating to the Pd atom, but holes migrate more rapidly
than electrons. Fourier transform of the energy fluctuations of
each energy band in Pd@Sc,CO: is also calculated to identify the
characteristic phonon modes (Figure 3h and 3i). The frequency

6 | J. Name., 2012, 00, 1-3
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corresponding to each peak in the curve represents a phonon
mode, which corresponds to the vibration frequency of the Pd-
O or Pd-Sc bond in real space. To research this correspondence,
the vibration frequencies of the Pd-O and Pd-Sc bonds in the
Pd@Sc,CO; system are calculated (Table S2). The overlap of
characteristic peaks of different energy bands indicates
potential channels for carrier migration between energy bands.
For Pd@Sc,CO,M (Figure 3g), the characteristic peaks of Pd-1
and VB overlap around 209 cm™, corresponding to the rocking
vibration frequency of the Sc-Pd-O in. The overlapping peaks of
Pd-1, Pd-2, and VB near 419 cm™ are likely associated with the
stretching vibration of the Pd—O bond. This suggests that
photogenerated holes migrate from Sc,CO> to Pd atom through
the vibration of the Pd-O bond. For Pd@Sc,CO,, (Figure 3h),
the characteristic peaks for Pd and CB overlap around 209 cm™%,
which can be interpreted as the stretching vibration of the Pd-
Sc bond. This indicates that photogenerated electrons migrate
from Sc,CO; to the Pd atom via the vibration of the Pd-Sc bond.
On the one hand, photogenerated hole transfer to the Pd atom
is faster than electron transfer due to the larger NAC and the
smaller energy gap. On the other hand, the results of NAMD
confirm that both carriers migrate to the Pd atom within tens to
hundreds of femtoseconds, significantly faster than the reverse
migration of carriers from the Pd atom to Sc,CO; (Figure S7),
validating the proposed strategy of modulating migration
dynamics for carriers by switching out-of-plane polarization.
Therefore, it is actionable to selectively accumulate either
electrons or holes on the Pd atom.

@a  Ho e d 4r—0,=0.00 Pd@Sc,CO,T
'zaiO;é Z’P“ o° U=t —
e . B cjfcf 2r .
O,+H*+e- % 2
-~ 0 ﬁ//_’
e o :

¢ —_—

@ ¥ H+e HO © 2L S

&l L on

.

(b) A 2=, =000 Pd@Sc,CO,t
3);3}) — U, =2.21
W [
o —— -~
HZ — \

S N

j IH+e 2 AN

b © 2l —

[+] '
I0CV0 R
eV
Y ;i or -4

2 * *H 1/2H,

Figure 4. Proposed photocatalytic pathway (left) and corres-
ponding free-energy change (right) of (a) OER at the Pd atom
site in Pd@Sc,CO, and (b) HER at the Pd atom site in
Pd@Sc,COz\ under the condition of pH = 7.

To switch the photocatalytic reactions between oxidation
and reduction, the photogenerated holes or electrons in Sc,CO;
not only migrate separately to the Pd atom, but also participate
in the oxidation or reduction reaction at the Pd active site. The

This journal is © The Royal Society of Chemistry 20xx
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exploration of the band edges arrangement has qualitatively
demonstrated the feasibility of Pd@Sc,CO,1 for driving OER
and Pd@Sc,CO,M for driving HER. In the following, we will
discuss the mechanism of OER and HER. The reaction pathways
of four-electron OER are complex, involving three
intermediates: *OH, *O, and *OOH. The reaction pathway and
free energy profile of OER proceeding at the Pd site of
Pd@5Sc2CO2 under neutral conditions (pH = 7) are illustrated
in Figure 4a, while the results under acidic (pH = 0) and alkaline
(pH = 14) conditions are presented in Figure S5. The results
reveal that OER at the Pd site of Pd@Sc,CO, proceeds with an
overpotential n of 0.29 V. The potential-determining step is
identified as *OH — *O + H* + e. After taking the external
potential provided by photogenerated holes (Un = 1.47 V), all
elementary reactions of OER proceed spontaneously. In
contrast, the reaction pathway and free energy profile of HER
proceeding at the Pd site of Pd@Sc,CO; | at pH =7 is shown in
Figure 4b, with a predicted overpotential n of 0.08 V. Since the
high external potential provided by photogenerated electrons

(@) 4Ororor Pd@5c,CO,T

(b) 40 Frar Pd@Sc,CO,v

ARTICLE

(Ue = 2.21 V), the HER can spontaneously proceed..Since
oxidation reaction involves the step JPJosHE3pretory“@hd
electrons, while reduction reaction involves gaining, a higher pH
value favors oxidation reaction but hinders reduction reaction.
OER and HER can spontaneously proceed under both acidic (pH
= 0) and alkaline (pH = 14) conditions at the Pd site of
Pd@5Sc,CO2 and Pd@Sc,CO2, respectively, with the external
potential provided by photogenerated carriers (Figure S8).
Moreover, the sensitivity of the reaction free energy changes to
solvation effects* and the loading concentration of single-atom
is assessed to confirm the robustness of the reaction
thermodynamics for water splitting (Figure S9). The resulting
profiles exhibit qualitatively similar trends to those obtained
from gas-phase calculations employing a 3 x 3 supercell.
Consequently, it is demonstrated that the Pd atom anchored on
the upper surface of Sc,CO, drives photocatalytic oxidation
reaction, while the Pd atom anchored on the same surface of
Sc,CO, ) drives photocatalytic reduction reaction.

total total
——Pd ——Pd
20 20
g g
a O a 0
a o
-20 -20
-40 - : L “ : : -40 . , :
4 3 -2 1 0 1 2 3 - -3 -2 - o 1 2 3
Energy (eV) Energy (eV)
(C) 40 *OH Of Pd@SC2CO2J’ R tota| (d) 40 *H Of Pd@SCZCOZT total
—Pd —Pd

20

4 3 2 1.0 1 2 3
Energy (eV)

PDOS
N N
) o S

4 3 -2 1 0 1 2 3
Energy (eV)

Figure 5. The PDOS for adsorbed species: (a) *OH of Pd@Sc,CO>1, (b) *H of Pd@Sc,CO2+, (c) *OH of Pd@Sc,CO2,, and (d) *H
of Pd@Sc,CO,. The red dotted circle outlines the Pd-contributed intermediate state and the corresponding distribution of charge

density in real space is shown in insets.

The above results confirm the viability of the proposed
strategy. Nevertheless, it should be pointed out that the models
of surface-anchored Pd single atoms presented here are
constructed under idealized assumptions. Under realistic
catalytic conditions, the retention of the ability of Pd single
atoms to selectively capture photogenerated holes and

This journal is © The Royal Society of Chemistry 20xx

electrons across different FE polarization orientations of Sc,CO»,
even after the adsorption of reaction intermediates, serves as a
key metric for evaluating the operational durability of
Pd@5Sc,COs. In particular, the removal of residual intermediates
from Pd sites following FE polarization switching is critical to
preventing the deactivation of the Pd single atoms. Reaction
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pathway analyses reveal that *H and *OH are the most
persistent intermediates during the HER and OER, respectively.
Accordingly, we examined the electronic structure
characteristics of *H and *OH adsorbates under varying FE
polarization directions. Figures 5a and 5b present the PDOS of
Pd with adsorbed *OH and *H under reaction conditions. In the
case of *OH-adsorbed Pd@Sc,CO,1, the Pd-contributed
intermediate states remain occupied above the VB. By contrast,
for *H-adsorbed Pd@Sc,CO,\,, the Pd-derived intermediate
states appear as unoccupied states within the band gap. This
electronic behavior aligns with that observed for Pd in the
absence of adsorbates, demonstrating that the presence of
adsorbates does not compromise the capacity of Pd to
selectively capture photogenerated electrons and holes.
Following FE polarization reversal in Sc,CO,, residual *OH or *H
species may persist on Pd atoms, thereby influencing their
catalytic performance in subsequent redox reactions. For
example, Pd sites originally facilitating HER may retain *H,
which can suppress their OER activity; conversely, those
involved in OER may retain *OH, impairing their HER
performance. To investigate the regeneration mechanism, we
computed the PDOS of Pd with residual *OH or *H adsorbates
after polarization switching (Figures 5c and 5d). For *OH-
residual Pd@Sc,CO,,, the Pd-induced states are unoccupied
within the band gap, indicating that Pd can capture
photogenerated electrons to reduce residual *OH to H,0 or
desorb it as OH-, thereby recovering catalytic activity. In the
case of *H-residual Pd@Sc,CO, M, the Pd-derived states remain
occupied above the VB, suggesting that photogenerated holes
can be captured to oxidize residual *H to H,O or release it as H*,
thus restoring catalytic function.

In this study, the 2D FE material Sc,CO;, characterized by
its out-of-plane polarization, was employed as a substrate for
anchoring SACs to assess the feasibility of our proposed
strategy. Central to this approach is the modulation of the
energetic positions of the single-atom intermediate states
within the band gap via FE polarization switching, which enables
the distinct capture of photogenerated electrons and holes
under different polarization orientations. Beyond Sc,CO,, a
variety of experimentally synthesized 2D materials exhibiting
out-of-plane ferroelectricity, including In,Ses,?® CulnP,Se,%* and
AgBiP,Ses,* have also been documented. Moreover, in certain
bilayer systems such as WTe»,*® BN,*” and InSe,*® switching of
the out-of-plane polarization can be induced by interlayer
sliding.#® The integration of such FE substrates with
appropriately selected single atoms offers a promising pathway
for designing a wide range of single-atom photocatalysts
exhibiting similar reaction-switching properties. Moreover, the
proposed strategy can be extended to other photocatalytic
transformations. As an illustrative example, in the widely
investigated homocoupling of methane to ethane,’% 5! the
reduction half-reaction is the HER, while the oxidation half-
reaction is the ethane evolution reaction. The switching of the
FE polarization direction leads to the accumulation of either
photogenerated electrons or holes on the Pd atom, thereby
enabling the Pd active site to drive either the HER or the ethane
evolution reaction. The reaction pathway for HER on the Pd site
of Pd@Sc,COz is the same as that in water splitting (Figure
4b). The overpotential for the ethane evolution reaction on the

8| J. Name., 2012, 00, 1-3

Pd site of Pd@Sc,CO is as low as 0.45 V, and the Pd astive
sites easily drive this reaction by leveragif@thé &n&rgy Supisiied
by photogenerated holes (Figure S10). As the same with water
splitting, the free energy changes show similar trends compared
to the 3x3 supercell model in the gas-phase and overall
spontaneity after the consideration of solvation effects and
loading concentration of single-atom (Figure S10). Moreover,
the potential competition from overoxidation is also evaluated.
It is found that the competition from overoxidation exhibits
weak competitiveness compared to the desired methane
coupling (Figure S11). The results highlight the potential of our
approach across a spectrum of redox processes.

Conclusions

In summary, our theoretical study proposes the FE
photocatalyst Pd@Sc,CO;, for redox reaction switching at a
single active site through polarization-induced reversible
electron-hole migration. By leveraging the reversible out-of-
plane polarization of the FE Sc,CO; substrate, we demonstrate
dynamically controlled migration of photogenerated electrons
or holes to the Pd single-atom site anchored on the upper
surface of Sc;CO,, enabling the switch between photocatalytic
reduction and oxidation reactions. Crucially, Pd anchoring
creates distinct intermediate states within the band gap of
Sc,CO;,: upward polarization yields an occupied Pd state near
VBM, facilitating ultrafast hole capture (r = 0.05 ps), while
downward polarization generates an empty Pd state near CBM,
enabling rapid electron capture (t = 0.31 ps). Free energy
profiles confirm the spontaneous thermodynamics for both HER
and OER at the Pd site when driven by the corresponding
photogenerated carriers. Notably, our study demonstrates from
both thermodynamic and kinetic perspectives that flipping the
polarization direction of Sc;CO, dynamically controls electrons
or holes migrating to the Pd active site, thereby switching its
photocatalytic function between reduction and oxidation
reactions. This strategy provides a novel design principle for SAC
capable of driving and switching between distinct
photocatalytic reactions.
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Computation method, Mechanism of the OER and HER,
band structures of the Sc,CO, monolayer, geometric structure
and band structure of Sc,CO,, PDOS of Pd@Sc,CO,1 and
Pd@Sc,COz\, with 2x2x1 and 4x4x1 supercell of monolayer
Sc,CO,, electrostatic potential along perpendicular direction of
Pd@Sc,CO and PA@Sc,CO»4, results of AIMD with NVT and
NVE condition at 300 K, recombination time of the
photogenerated carriers, free energy change at acidic and
alkaline condition for OER on Pd@Sc,CO,1 and HER on
Pd@Sc,COz,, free-energy change for ethane evolution
reaction, The dipole moment of Sc,CO,, Pd@Sc,CO,1T and
Pd@Sc,CO;, frequency for vibration of the Pd-O, Pd-Sc bond
and characteristic peak.
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