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ABSTRACT: Environmental factors at electrochemical
interfaces, such as the local electric field, are widely
recognized as critical determinants of catalytic performance,
which could strongly influence reaction pathways and kinetics.
However, strategies that leverage these effects to precisely
control catalytic activity are limited. In this study, using grand
canonical potential density functional theory, we demonstrate
that combining single-atom catalysts (SACs) with ferroelectric
substrates is a powerful solution. The modified local electric
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field significantly weakens the adsorption of the *OH intermediate in the oxygen reduction reaction (ORR) on the FeN,—C
catalyst. By establishing a physical model, we reveal that the local electric field is primarily modified by surface charges
induced by the applied potential and the intrinsic dipole moment of the substrate. Our findings highlight the significant role
of local electric fields in tailoring catalytic mechanism, and pave the way for a promising substate engineering approach in

the rational design of high-performance electrocatalytic devices.
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1 Introduction

The oxygen reduction reaction (ORR) is the key cathodic process in
most fuel cells, enabling the conversion of chemical energy from
sustainable fuels, such as hydrogen and alcohols, into electricity
under mild electrochemical conditions [1]. However, the sluggish
kinetics and thermodynamics of the ORR largely hinder the overall
efficiency of fuel cell systems, particularly in proton exchange
membrane fuel cells (PEMFCs) [2], where the reaction rate is much
slower than that of the anodic hydrogen oxidation reaction (HOR)
[3]. Currently, platinum-based catalysts, such as the commercially
available Pt/C, remain the benchmark for ORR electrocatalysis
[4, 5]. Nevertheless, the high cost and limited availability of Pt
severely impede its widespread use. Therefore, developing high-
performance, earth-abundant ORR catalysts is essential for
advancing fuel cell technologies and expanding their role in
sustainable energy conversion [6—9].
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Recently, single-atom catalysts (SACs) have emerged as a
promising alternative to conventional noble-metal catalysts. Due to
the maximized utilization of active sites, SACs featuring atomically
dispersed metal centers achieve significantly enhanced mass activity
[10-13]. Among the diverse SAC systems, metal-nitrogen co-
doped carbon materials (M-N-C) are especially attractive because
their catalytic performance can be flexibly tuned through the well-
defined planar coordination environment of active centers [14].
This tunability benefits from the unique properties of carbon-based
systems, including graphene and phthalocyanine- or phosphide-
derived molecular structures. Building on these advantages, iron-
based FeN,-C catalysts have been demonstrated to have
outstanding ORR activity, approaching that of commercial Pt/C
catalysts [15-17]. However, according to Sabatier’s principle,
optimal activity requires an intermediate binding strength that is
not too weak or too strong [18]. Similar to Pt, the adsorption
strength of *OH on FeN; sites also deviates from the optimal,
demanding further fine-tuning of the activity [19].

Traditionally, efforts to fine-tune catalytic activity have primarily
focused on engineering the catalyst itself, through approaches, such
as heteroatom doping, defect engineering, curvature modulation,
and axial coordination [4, 18-23]. However, in practice,
environmental factors, including electrolyte composition, applied
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potential, and substrate properties, can also significantly influence
catalytic mechanisms and performance [24-27]. For instance, the
adsorption strengths of polar intermediates, such as *CO,, have
been shown to strongly correlate with the direction and magnitude
of local electric fields [28]. Nevertheless, directly applying an
external electric field (E,,) within the electric double layer remains
challenging. To overcome this limitation, researchers have
developed catalysts with needle-like morphologies to exploit the tip
effect, which enhances local charge density and strengthens the
electric field between the catalyst surface and counterions [29, 30].
Since most nanocatalysts require substrates for practical fabrication
and operation, substrate engineering is another effective strategy for
improving catalytic performance. A proper substrate can reorganize
the local microenvironment, regulate the spillover of reactants and
intermediates, and even directly modify the electronic structure of
active sites [31-34]. In the context of electric field effects,
ferroelectric materials, which are characterized by spontaneous
polarization, can induce intrinsic electric fields that may alter the
local electronic environment in a manner similar to an applied bias
[35]. Moreover, polarization switching reverses surface band
alignment, resulting in different interfacial contact and charge-
transfer characteristics. This dynamic modulation creates variable
and practical electric fields at the catalyst-substrate interface,
thereby opening new opportunities for tuning catalytic reactions in
situ [36-38].

In this work, employing a constant-potential electrocatalytic
simulation framework, we investigated the influence of local electric
fields on ORR performance at a model system of FeN,-C
supported on In,Se;, We demonstrate that introducing a
ferroelectric substrate provides an effective strategy for modulating
both the local electric field and the adsorption strength of reaction
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intermediates, with *OH adsorption notably weakened on
FeN,-C@In,Se;. After evaluating the contributions of individual
charged components, we developed a physical model to elucidate
the underlying mechanism, and determined that the local electric
field around intermediates is primarily governed by the combined
effects of surface charging induced by the applied potential and the
intrinsic dipole (#) of ferroelectric substrate. These findings
highlight the potential of substrate engineering as a powerful
approach to utilize environmental factors in designing high-
performance electrocatalysts.

2 Results and discussion

The interaction between a catalyst and its supporting substrate can
significantly affect the electronic structure of the catalyst, as
illustrated schematically by the band alignment diagrams in
Fig. 1(a). When the Fermi level of a SAC lies below the valence
band maximum (VBM) of the substrate, charge transfers from the
substrate to the SAC. This process negatively charges the catalyst
and induces an interfacial dipole pointing from the catalyst to the
substrate, accompanied by a local electric field. Conversely, if the
Fermi level of the SAC is above the conduction band minimum
(CBM) of the substrate, the direction of charge transfer is reversed,
resulting in an oppositely oriented dipole and electric field. When a
ferroelectric material is used as the substrate, its effect on the
interfacial electronic properties is more complicated and can be
divided into two aspects. First, the intrinsic spontaneous
polarization of the ferroelectric material couples with the dipole
generated by charge transfer, further modifying the local electric
field near the interface. Second, the switchable polarization
direction of ferroelectrics shifts the band alignment (Figs. 1(a)
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Figure1 (a) Schematic illustration of band alignment and charge transfer between the substrate and the supported catalyst. Orange and blue bars indicate different band
structures of substrates, highlighting the positions of CBM and VBM, while grey dashed line indicates the Fermi level of the supported catalyst. (b) Schematic of switchable
dipole orientations in a ferroelectric system, exemplified by A,B,-type materials. (c) Effect of an applied electric field on the adsorption of *OH and *OOH intermediates
on FeN,-C. Insets depict the corresponding adsorption configurations, where red and white spheres represent O and H atoms. (d) Adsorption energy and net charge of

the *OH intermediates on FeN,-C as a function of electrode potential.
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and 1(b)), affecting charge transfer behavior simultaneously. These
two effects combine to modulate the adsorption strength of catalytic
intermediates, although the detailed mechanisms and design
principles underlying this modulation remain insufficiently
investigated.

As a proof of concept, we examined ORR on FeN,~C as a model
system. Similar to Pt (111), thermodynamic results show that
FeN,~C binds the *OH intermediate slightly too strongly, making
the desorption of *OH to form OH/H,O as the potential-limiting
step (Fig. SI in the Electronic Supplementary Material (ESM)).
Therefore, weakening the *OH adsorption is expected to enhance
ORR activity. To further explore the influence of the electric field
on the adsorption behavior of reaction intermediates, we applied a
series of external electric fields along the z-axis and investigated the
interaction between the field and the intermediates, with the results
shown in Fig. 1(c) and Fig. S2 in the ESM. Generally, a positive
electric field along the z-axis weakens the adsorption of *OH and
*OOH, while a negative field strengthens it. Notably, the two
intermediates exhibit distinct response characteristics to field
strength. The *OH adsorption energy varies almost linearly with the
electric field, while the *OOH adsorption energy varies
quadratically. These observations suggest that applying an external
electric field could effectively break the conventional scaling
relationship and modulate the adsorption energy difference (the
Gibbs free energy difference between OOH and OH, AG.oy —
AG.qp), to optimize the catalytic activity of SACs.

This phenomenon can be explained by dipole-field interaction,
as described by Eq. (1) [39, 40]

AGgq = —pEge — %aEelecz +... (1)
Here, AGyy, represents the interaction energy between a g and an
E,.. The term « denotes the polarizability of the intermediate and
quantifies its ability to redistribute charge in response to the applied
field. The first term of Eq. (1) accounts for the interaction between
the intrinsic dipole moment of the intermediate and the electric
field. Stabilization occurs when g is aligned parallel to E,,., while
antiparallel alignment leads to destabilization. The second term
represents the field-induced dipole effect, which always contributes
a stabilizing interaction.

In our system, electron transfer from the FeN,-C catalyst to the
*O, *OH, or *OOH intermediate generates a downward-oriented
negative dipole along the z-axis (—z, Fig. S3 in the ESM).
Consequently, an external electric field pointing along the -z
direction strengthens the adsorption of the *O, *OH, and *OOH
intermediates, whereas a field along the 4z direction weakens it.
These intermediates exhibit distinct response behaviors due to their
different polarizabilities. By applying quadratic fitting to Fig. 1(c)
and Fig. S2 in the ESM, the quadratic term in Eq. (1) can be
neglected for *O and *OH, as their polarizabilities are relatively
small (0.05 and 0.08 e-A2V~, respectively). In contrast, the *OOH
intermediate has a much larger polarizability of 0.52 e-A>V~', which
makes the quadratic term dominant in its field response.
Consequently, *OOH shows a pronounced nonlinear dependence
of adsorption energy on the electric field. This behavior is
consistent with increasing molecular complexity from *O to *OOH.
With more atoms and bonds, *OOH exhibits more substantial
interfacial charge redistribution and structural reorganization under
an applied field, leading to nonlinear modulation of adsorption
energetics. These results validate the fundamental principle of
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electric-field-mediated tuning of catalytic activity and suggest that,
for the FeN,~C catalyst, generating an electric field along the +z
direction is an effective strategy to weaken *OH adsorption and
improve ORR activity.

However, for a realistic system employing a ferroelectric
substrate, generating a local electric field along the desired
orientation is more complex. In electrochemical processes, both the
catalysts and the substrates are substantially charged by the external
applied potential, which can overlap with the adsorption- and band-
alignment-induced charge transfer. As a first-order approximation,
the quadratic term in Eq. (1) can be neglected for *OH due to its
small polarizability. Grand canonical calculations further
demonstrate that, under various applied potentials and surface
charge states, *OH consistently carries a net charge of
approximately —0.4e (Fig. 1(d)). This allows us to treat the
adsorbate-based dipole as consisting of separate positive and
negative centers. The *OH serves as a negative point charge (.., =
—0.4e, the position of g, is defined as the atomic position of the
oxygen atom in the adsorbed *OH), while the corresponding
positive charge on FeN,~C merges with the externally injected
charges induced by the applied potential (Fig. 2).

Thus, Eq. (1) can be simplified into a point-charge-field
interaction model as Eq. (2)

AGgq = qads¢ (2)

Here, ¢ denotes the electrostatic potential at the position of g,
arising from the effective electric field (E4) generated by surface
charges on FeN,-C, substrate polarization and so on. For simplicity,
the charged FeN,-C and the substrate can be considered as two
parallel layers with uniform charge densities (0, 0,). Likewise, the
spontaneous polarization of the ferroelectric substrate can be
represented by two oppositely charged layers (o3, 0, 0; = 0,). At a
position above all these layers, the total effective external electric
field can be expressed as Eq. (3)

Ex=Y "z (3)

where ¢, is the surface charge density of the k" layer and ¢, is the
vacuum permittivity. Ideally, the bound charges of the ferroelectric
substrate and the interfacial charges at the FeN,-C/substrate
interface would fully compensate each other. In practice, however,
deviations arise due to electrostatic screening, ferroelectric domain

Substrate P l
+

+ + +

Eegs = f(01,0,,03,04)

Figure2 Schematic illustration of the effective local electric field generated by
the ferroelectric substrate.
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effects, and other nonidealities. To account for these factors, an
effective screening coefficient (f,) is introduced for each charged
layer, leading to Eq. (4)

1 & -

E. = 3% ,(Z::‘ﬁkakz’ 0<p. <1 (4)
Here, E.' represents the effective electric field strength that
adsorbates experience, f, quantifies the degree of electrostatic
associated with each charged layer. It is reasonable to assume f3, > f3,
> B, > fB,, since the electric field from deeper layers is increasingly
screened by overlying materials before reaching the adsorbate. Since
Eq. (4) represents a uniform electric field, the electrostatic potential
at g, and the corresponding interaction energy can be expressed as
Eq. (5)

AGgy = qads(,b = Z:s Z/—))ko'kdk (5)

0 k=1

where d, denotes the distance between each charged layer and the
adsorbate. From Eq. (5), one can see that AGy,, is determined by
the summation term Y, 3,0,d,. Taking a free-standing FeN,-C as
an example (0, = 0; = 0, = 0), the surface becomes positively
charged under working potentials (g, > 0). For an adsorbed *OH
species with g, = —0.4e, decreasing the surface positive charge o,
increase AGyy,, thereby destabilizing *OH adsorption. However, the
contributions of the substrate layers (o, ~ o,) require density
functional theory (DFT) calculations for further insight.

In an initial attempt to identify suitable ferroelectric candidates,
we evaluated the band alignment between FeN,-C and nine
ferroelectric materials from the A,B, (A = Al, Ga, and In; B = S, Se,
and Te) family under two opposite polarization orientations. As
shown in Fig. 3(a), in most cases, the Fermi level of FeN,~C lies
above the CBM of the ferroelectric materials. As a proof of concept,
we used FeN,~C on an In,Se; substrate as a model system. At the
potential of zero charge (PZC), two opposite polarization
orientations of In,Se; are considered and denoted as In,Se;T (In,Se,
with upward polarization) and In,Se;, with downward polarization
(In,Se;|), respectively (Figs. 3(b) and 3(c)). Various stacking
configurations were examined to construct the FeN,-C/In,Se,
heterostructure, and the most stable heterostructure occurs when
the Fe atom of FeN,~C is located directly above a Se atom in the
substrate for both polarization states (Fig. S4 in the ESM). As
shown in Fig. 3(a), the Fermi level of FeN,~C (-3.94 eV) lies above
the CBM of In,Se, for both polarization orientations, with the Eqg\y
(Ecpy denotes the CBM energy level) at —4.44 and —5.62 eV for
In,Se;t and In,Se;|, respectively. This facilitates electron transfer
from FeN,~C to the substrate in the same direction but with
different magnitudes. Bader charge analysis confirms that FeN,~C
loses 0.017e when interfaced with In,Se;T and 0.290 e with In,Se,|
(Figs. 3(b) and 3(c)), corresponding to surface charge densities (o,)
of 0.00013 and —0.0022 e-A? respectively. Electronic structures
shown in Fig. 3(d) indicate that the VBM of In,Se; shifts downward
in the FeN,~C@In,Se,| system, consistently indicating increased
electron injection into the conduction band of In,Se;. The interfacial
charge distribution and spin-polarization coupling caused by
ferroelectric polarization also lead to magnetic changes. The
calculated magnetic moment of the Fe center decreases from 1.915
Bohr magneton (y;) in free-standing FeN,~C to 1.863 p; in the
FeN,-C@In,Se;! system and drops further to 0.682 y; in the
FeN,-C@In,Se;| system. Different polarization directions modify
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the local electronic environment surrounding the Fe site, thereby
tuning its spin state and the corresponding magnetic moment. Our
grand-canonical DFT framework naturally accounts for these
magnetic variations, which act synergistically with electric-field and
charge-transfer effects to regulate ORR activity.

However, this electron transfer charges the FeN,-C more
positively. According to Eq. (5), an increased value of $,0,d, + 5,0,d,
appears unfavorable for weakening *OH adsorption. However, it is
noted that the contribution from the intrinsic polarization of the
substrate, i.e., 0, and o, has not yet been included. DFT calculations
indicate that the intrinsic dipole moment of In,Se, is about
+0.09 e-A per unit cell (Fig. S5 in the ESM), along with a charge-
center separation of d; — d, = 0.17 A (the distance between the
average z-positions of two In layers and three Se layers). Therefore,
the corresponding o, and o, are estimated to be +0.036 e-A2 which
is one order of magnitude greater than the band-alignment induced
charge transfer of —0.0022 e-A. Although opposite charges, o, and
0, partially cancel each other out, their net influence cannot be
neglected. Further grand canonical simulations are necessary to
incorporate all these effects simultaneously.

Accordingly, a series of applied potentials and the corresponding
surface charge states were modeled for three systems, FeN,-C,
FeN,-C@In,Se;1, and FeN,~C@In,Se,|. The ORR activity of each
system was evaluated across a broad pH range, from acidic (pH =
1) to alkaline (pH = 13), to capture the electrochemical conditions.
Figure 4 shows the free energy profiles of each elementary ORR
step. Compared to the free-standing FeN,~C, both the
FeN,-C@In,Se;t and FeN,-C@In,Se;| systems exhibit higher ORR
limiting potential under all considered pH conditions. Notably, the
FeN,~C@In,Se,| system shows the best performance in acid
conditions, with a low overpotential of 0.35 V. This enhancement
primarily arises from the modified energetics of the final reaction
step, *OH protonation to H,O. As shown in Figs. 4(a)—4(c), the
reaction free energy of this step decreases progressively, thereby
reducing the overall ORR overpotential. In Fig. 4(c), the *OH
protonation step becomes more favorable than the *O protonation
step, making it the new potential determining step. The same trend
is also preserved under alkaline conditions.

These results confirmed our earlier assumption that the
unfavorable band alignment alone cannot fully determine the
overall influence of the substrate on *OH adsorption strength. The
underlying mechanism can then be analyzed within the framework
of Eq. (5). Taking an applied potential of 0.56 V vs. reversible
hydrogen electrode (Vi) as an example, Tables 1 and 2
summarize the charge distributions (0, and g,) and relative
distance features (d) of *OH-adsorbed systems in acidic conditions.

Substituting the data from Tables 1 and 2 into Eq. (5)

Guss
28 Zﬂk“kdk =

0 k=1

AG; (€V) =

—0.818,,FeN, — C
—0.413,+0.143, — 11813, +12.07f3,,FeN, — C@In,Se, 1
—0.598, — 0.298, 4 11.648, — 11828, FeN, — C@1In,Se, |
(6)
Note that a dimensional conversion to express energy in eV was
performed. It is noted that 1 > f3, > 3, > 3, > 3, > 0. The first and

second terms (3, f,-related) represent the contribution of surface
charges, denoted as AG,,., which is mainly induced by the external
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Figure3 (a) Band alignment between FeN,~C and A,B,-type ferroelectrics (A = Al, Ga, and In; B = S, Se, and Te). The green line represents the position of the Fermi
level of FeN,-C. Charge density difference at the FeN,~C/In,Se, interface for (b) In,Se;t and (c) In,Se,|. Grey, purple, and green spheres represent C, In, and Se atoms.
Yellow and light-blue isosurfaces indicate charge accumulation and depletion, with an isovalue of 0.0005 e-Bohr”. (d) Partial density of states (PDOS) for FeN,~C
supported on In,Se,t and In,Se, | substrates.
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Figure4 Free energy profiles of each elementary step in ORR under acidic conditions (pH = 1) for (a) FeN,~C, (b) FeN,-C@In,Se,t, and (c) FeN,~C@In,Se,| as a
function of electrode potential. Corresponding free energy profiles under alkaline conditions (pH = 13) are shown for (d) FeN,-C, (e) FeN,~C@In,Se,t, and (f)

FeN,-C@In,Se,).
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Table 1 Charge distribution of *OH adsorbed FeN,~C, FeN,~C@In,Se;t, and FeN,~C@In,Se;| systems

System Total net charge (e-A?) o, (e-A2) 0, (e-A2) o, (e-A2) g, (e-A?): Gaas (€)
FeN,-C 1.16 1.20 x 10~ — — — -0.41
FeN,-C@In,Se;1 0.30 6.02 x 10 -6.86 x 10 3.63 x 107 -3.63x 107 -0.41
FeN,~C@In,Se;| 0.96 8.76 x 10°* 1.45x 10~ -3.63x 107 3.63x 10 -0.38
“Definition of g, (k = 1-4) are illustrated in Fig. 2.
Table2 Distance-related structural parameters of *OH adsorbed FeN,—C, FeN,—C@In,Se;?, and FeN,~C@In,Se;| systems
System d, (Ay d, (Ay dy (A) d, (Ay
FeN,-C 1.82 — — —
FeN,-C@In,Se;! 1.82 5.48 8.78 8.97
FeN,-C@In,Se;| 1.82 5.41 8.65 8.79

‘Definition of d, (k = 1-4) are illustrated in Fig. 2.

applied potential and interfacial charge transfer induced by band
alignment. The third and fourth terms (;, ,-related) represent the
role of the intrinsic dipole of the In,Se, substrate, ie., the bound
charges, denoted as AG,,,.. Although the absolute value of each
bound charge term is much higher than the surface charge term,
the final contributions could be comparable after the cancellation of
opposite bound charges, as will be shown below.

First, we consider the contribution of the surface charge, AG, .-
Since the surface charge on FeN,-C (o) interacts directly with
*OH, 0, dominates the surface charge part. Both substrate-mediated
systems carry less net positive surface charge (Table 1), resulting in
higher AG,,. values and thus destabilized *OH adsorption. This
explains why *OH binds less strongly in the substrate-mediated
systems. However, the AG,. term alone cannot explain the
relative adsorption strengths between FeN,~C@In,Se;t and
FeN,-C@In,Se;|. DFT results show that *OH binds more weakly to
FeN,~C@In,Se,|, yet charge distribution analysis reveals a larger
positive charge in this system. This discrepancy can be resolved by
considering the intrinsic dipole contribution from In,Se; ie.,
AGyppe- FeN,~C@In,Se;t and FeN,~C@In,Se,| systems in Eq. (6)
show that the sign of AG,,q is opposite in these two systems:
negative in FeN,—~C@In,Se,T system in Eq. (6) and positive in
FeN,-C@In,Se;| system in Eq. (6). This increases the total AG value
for the FeN,~C@In,Se;! system, further weakening *OH
adsorption, while strengthening its adsorption on FeN,-C@In,Se;|.
This additional contribution ultimately reverses their relative
magnitudes.

In addition, since *OH adsorption energies can be obtained
directly from DFT calculations, we can quantitively analyze the
relative contributions of these two parts further. Note that the
adsorption energy cannot be directly considered equal to AG;y in
Eq. (5), because Eq. (5) only represents the electrostatic
contribution, which depends on the definition of absolute zero
point. However, the relative energy differences properly reflect
variations in AGgy in various systems. Extracting the *OH
adsorption energies in three systems at 0.56 Vy; from Fig. 4 yields
Egs. (7) and (8)

AGyy (FeN,C@1In,Se, 1) — AG (FeN,C) = 0.209eV  (7)

AG,.s (FeN,C@In,Se, |) — AG(FeN,C) =0.344eV  (8)

Since the surface charge on FeN,-C (0,) interacts directly with
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*OH, we can reasonably assume that 3, = 1. Substituting Eq. (6)
into Egs. (7) and (8) and using ; as a common parameter yields
the following results

B =1 ©)
B, = 0.498, +0.41 (10)
B, =0.97B, —0.02 (11)

where 8, mainly originates from the screening effect of FeN,~C,
while 3, and f3, further involve the screening effect of In,Se;. Further
determining the absolute value of each coefficient is difficult.
Therefore, in the following, we will take 8, = 0.5 as an example.
Considering the metallic feature of the graphene layer, 0.5 is a
relatively conservative estimate. Then, f,, f,, f; and 8, can be
obtained as approximately 1, 0.5, 0.18, and 0.15, respectively, and
thus Eq. (6) becomes

—0.81,FeN,-C
—0.34—0.32 = —0.66,FeN,-C@In,Se; 1

—0.74+0.32 = —0.41, FeN,-C@In,Se; |
(12)

AGy (eV) =

Here, —0.81, —0.34 and —0.74 represent the contribution of AG¢
while —0.32 and 0.32 represent that of AG, In general, the
introduction of an In,Se; substrate significantly reduces the
stabilizing effect of the net surface positive charges on *OH
adsorption, regardless of its polarization orientation. This weakens
*OH adsorption on both substrate-mediated systems. However,
when comparing these two systems, the AG,,,q term dominates.
After canceling out the opposite bound charges, the magnitude of
AGioyg 15 still comparable to that of AG,,g.. The opposite sign of
AGiouq With various polarization orientations of In,Se, ultimately
reverses the relative magnitude of total AG.

In addition, in many catalytic systems, the d-band center of
transition metal sites is strongly correlated with the adsorption
strength of intermediates and overall catalytic activity [41, 42].
However, substrate-induced interfacial effects can partially obscure
the predictive capability of the conventional d-band center theory.
A detailed electronic  structure analysis of FeN,-C,
FeN,~C@In,Se,1, and FeN,~C@In,Se;| were conducted, whose d-
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band centers were calculated to be —1.31, —1.11, and -0.55 eV,
respectively. Generally, an upward shift of the d-band center
indicates stronger interactions between Fe the 3d states and oxygen-
containing intermediates. However, despite this trend, DFT results
show that the adsorption of a key intermediate, such as *OH, is
significantly weaker on the ferroelectric substrate. This apparent
discrepancy can be explained by considering the combined effects
of interfacial charge redistribution and field-induced electrostatic
interactions. There effects collectively regulate the adsorption
behavior, which cannot be fully captured by a single d-band center
descriptor. These could also provide insight into future theoretical
catalytic analyses.

These results demonstrate the consistency between catalytic
performance and local electric field strength, and validates the
reliability of our proposed model. Furthermore, our findings
highlight the potential to utilize the local electric field to modulate
the kinetics of electrochemical reactions in practice. While directly
applying or modifying electric fields within the electric double layer
is challenging, ferroelectric materials provide a straightforward and
tunable platform for achieving this effect. Appropriately selected
ferroelectric substrates can significantly influence catalytic reactions.
However, simple screening based solely on band alignment is
insufficient because surface charging, induced by the applied
potential and the intrinsic dipole of ferroelectrics, can substantially
alter initial predictions. Therefore, additional simulations under
realistic working potentials using explicit catalyst-substrate
heterostructure models are essentia. We believe the model
proposed in this work provides valuable insights for designing next-
generation electrocatalytic devices.

3 Conclusions

In summary, we propose a strategy to enhance ORR activity of
SACs by coupling them with ferroelectric substrates to
synergistically modulate the strength and direction of local electric
fields. The externally applied potential induces substantial surface
charging, and the ferroelectric polarization of the substrate allows
for the fine-tuning of the interfacial electric field. As proof of
concept, we demonstrated this strategy using a FeN,-C catalyst
supported on In,Se, After involving the constant potential
condition and substrate effects, the adsorption strength of the *OH
intermediate is significantly weakened, and the potential-
determining step of the ORR can even be altered. These findings
establish a practical and effective framework for precisely adjusting
intermediate binding energies through environmental control at
electrochemical interfaces. The concept of substrate-engineered
electric field modulation provides new opportunities for designing
high-efficiency electrocatalytic devices.

4 Methods

41 Computational details

Spin-polarized DFT calculations were performed using the Vienna
ab initio simulation package (VASP) [43, 44], with the VASPsol++
extension applied to account for solvation effects in electrochemical
environments [45]. Ion—electron interactions were described using
the projector augmented wave method [46], and the exchange-
correlation energies were treated using the generalized gradient
approximation of Perdew—Burke-Ernzerhof functional [47]. The
energy cutoff for the plane wave basis expansion was set to 500 eV.
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Structural relaxations were carried out until the residual atomic
forces on each atom were less than 0.02 eV-A". A T-centered
3 X 3 x 1 k-point mesh was used for structural relaxation, and a
denser 5 x 5 x 1 mesh was used for electronic structure calculations.
A vacuum spacing of 20 A was introduced along the out-of-plane
direction to avoid spurious interactions between periodic images.
van der Waals interactions were included using the DFT-D3
method with Grimme’s dispersion correction [48]. Solvent effects
were modeled with a continuum dielectric of relative permittivity
78.4 to represent water [49]. For modeling the In,S,/FeN,~C system,
a 5 x 5 graphene supercell (the lattice constants a = b = 12.34 A)
was aligned with a 3 x 3 In,Se, supercell (a = b = 12.19 A), resulting
in a lattice mismatch of only 1.24%. More detailed computational
methods are described in the ESM.

Electronic Supplementary Material: Supplementary material
(detailed description of computational methods about grand
canonical simulation; thermodynamics of ORR on FeN,~C based
on constant charge method; effect of applied electric field on other
ORR intermediates; charge density difference for the *OH-
adsorbed FeN,~C system; evaluation of stable configuration of
FeN,-C@In,Se;; and the plane-averaged electrostatic potential of
In,Se; substrate) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908460.
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