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ABSTRACT: Doping regulation holds promise to modulate
electrocatalytic performance, yet it remains largely unexplored for
ferroelectric (FE) BaTiO3 (BTO). By jointly employing first-
principles calculations and machine learning (ML) analysis, we
examine the effect of a broad range of transition metal (TM)
doping in FE BTO on the electrocatalytic hydrogen evolution
reaction (HER) activity and screen out the optimal TM dopants.
We unveil that some early-to-middle group TM (V, Cr, Mo, Ta,
Ru)-doped BTO surfaces feature higher synthesizability, which also
exhibit noticeable HER activity with |ΔGH*| < 0.2 eV owing to
intermediate hydrogen adsorption strength. Among all doped
surfaces, the Mo-doped one shows optimal HER activity under both out-of-plane and in-plane polarization states. We reveal an
intense interplay between the hydrogen adsorption configuration and the corresponding hydrogen bonding interaction, which relies
more on the TM group than the polarization state. Most importantly, we propose a physically informed descriptor of the surface
oxygen p band, which better describes HER activity trends of TM-doped surfaces than conventional band descriptors.This indicates
the significance of the fractional filling and bandwidth of occupied oxygen p-band states. Moreover, we establish a robust ML model
that can well predict HER activity with surface-independent input parameters alone with R2 value above 0.93. From these
parameters, we identify the inherent outer electron number of the TM dopant as the dominant feature, while the second ionization
energy of the TM dopant and the initial polarization state show non-negligible feature importance. These findings could enlighten
understanding, rational design, and accelerated discovery of element doping of FE materials for catalysis and other implications.
KEYWORDS: DFT, machine learning, computational screening, transition metal doping, ferroelectric BaTiO3,
electrocatalytic hydrogen evolution

■ INTRODUCTION
Electrocatalytic hydrogen evolution reaction (HER) from
water splitting represents a promising way out for the efficient
conversion and storage of intermittent renewable energy and a
sustainable source of green energy carrier, which is pivotal for
future energy safety and eco-balance. The pursuit of
inexpensive and efficient HER catalysts, besides the commer-
cial noble platinum-based catalysts, has not ceased in the past
decades.1−3 Ferroelectric (FE) material-based catalysts,
represented by BTO-based perovskites, have been in the
spotlight of catalytic research in recent years due to their
internal electric field and tunable polarization.4−11 However,
bare FE BTO showcases unsatisfactory electrocatalytic HER
performance because of its inherently low surface reactivity
and electronic conductivity despite its low cost and eco-
benignity. Hence modifications like elemental doping are often
necessary.12,13

With advantages in compositional controllability, cost-
effectiveness, experimental feasibility, and large-scale imple-
mentation prospects, elemental doping has been extensively
exploited to improve electronic and/or ionic conductivity,

regulate phase structure, modify active sites, and promote
charge transfer to enhance catalytic performance.14−17 The
way the catalyst is doped can be diverse, depending on the
dopant type (metal or nonmetal), the occupying sites (A or B
site of perovskite), the type of ion (cation, anion, or codoping
of both),18 the doped region (bulk or surface),16 the majority
carrier type (n- or p-type doping), the doping condition (high
or low temperature, wet or dry, and so on), etc.17 All of these
indicate the huge complexity yet vast possibilities of doping
strategies. In recent years, much effort has been devoted to
improving the catalytic performance of BTO by elemental
doping at the A and/or B site and/or oxygen site, such as H,19

Na and/or Fe,20 Ce,21 Eu,22 Li and La,23 Co and La,24 Mo and
Bi,25,26 and so on. For example, Maeda demonstrated that Rh
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doping in BTO gave rise to new visible light absorption bands
and showed enhanced photocatalytic hydrogen evolution
activity.27 Xie et al. studied the effect of Mo doping on the
photocatalytic HER performance of BTO.26 Compared with
bare BTO, a 2 at% Mo-doped BTO sample exhibited
approximately a 200% increase in the hydrogen evolution
rate to 63 mmol g−1 h−1.26 Harn et al. found that La- and Co-
doped BTO nanoparticles showed notably enhanced oxygen
evolution reaction activities compared to pristine BTO.24

Nonetheless, the doping regulation of FE BTO for electro-
catalytic HER has been less studied.
Density functional theory (DFT)-based computational

screening has been receiving increasing attention in recent
years, emerging as a powerful auxiliary method not only to
rationalize catalytic mechanisms but also to guide and
accelerate the discovery of highly efficient catalysts, thereby
sparing costly trial-and-error experiments.28−36 It has been
demonstrated to be particularly effective in exploring the vast
doping compositional configuration space.28,33,37 Li et al.
studied, via DFT-based computational screening, the effect of
transition metaldoping in CdS for photocatalytic hydrogen
production, identifying Pt, Rh, and Pd as the ideal dopants in
TM-doped CdS for photocatalytic HER.32 They further
investigated the synergistic effect of codoping and found
Co−Pt, Pd−Pt, and Co−Rh codoped CdS exhibiting
remarkable HER catalytic activity, with significantly reduced
|ΔGH*| values of less than 0.1 eV.32 Nørskov et al. presented a
DFT-based high-throughput screening scheme that success-
fully used these strategies to recognize a new electrocatalyst of
the BiPt binary alloy for HER among over 700 binary
candidates whose activity was predicted to be comparable with
or even outperform pure Pt, and experimental tests later
confirmed this.28 Wexler et al. investigated the effect of surface
nonmetal doping on the HER activity of Ni2P (0001)-
terminated Ni3P2. Through DFT calculations, they found that
both 2p nonmetals and heavier chalcogens provide optimal
hydrogen adsorption. Using an ML algorithm, they revealed
that the Ni−Ni bond length is dominant in describing HER
activity via a chemical pressure-like effect.37 By DFT
calculations, Zhou et al. screened a series of late 3d and 4d
TM single atom-doped C9N4 monolayers as efficient electro-
catalysts for water splitting and predicted that Co@C9N4
showed high electrocatalytic activity toward HER.38 However,
the computational screening and understanding of TM-doped
FE BTO for electrocatalytic HER remain lacking. The
screening process generally involves several steps, including
the initial setup of stability criteria for prescreening, the
subsequent evaluation based on activity or selectivity
descriptors, and the eventual identification of optimal catalysts
or activity trends. In general, the underlying mechanism is
unearthed to account for the doping effect and extract doping
regulation principles for future research. Meanwhile, ML has
been increasingly applied to probe activity origins or even to
accelerate the DFT screening process.37,39,40

In this work, we studied the B-site doping of the TiO2-
terminated FE BTO surface with a series of TM elements,
ranging from 3d to 5d metals, through DFT-based computa-
tional screening and ML. We focused on surface doping with a
single TM element. Moreover, the effects of out-of-plane and
in-plane polarization directions on HER activity were taken
into account during the screening process. The activity trends
of doped BTO surfaces and the underlying structural and
electronic origins were discussed.

■ METHODS
Computational Details. First-principles calculations were

performed using the Vienna Ab initio Simulation Package
(VASP.5.4.4.18).41 Unless otherwise specified, the generalized
gradient approximation (GGA) with the Perdew−Burke−
Ernzerhof (PBE) functional was employed to describe the
exchange-correlation effects, with ionic potentials treated using
the projector augmented wave (PAW) approximation.42−44A
cutoff energy of 520 eV was used in all calculations, together
with an electronic energy threshold of 10−5 eV and force
criteria of 0.015 eV/Å to achieve convergence. The dispersion
correction for van der Waals interactions between absorbates
and substrates was adopted by using the DFT-D3 method
from Grimme et al.45 Prior to surface calculations, bulk BTO
with a tetragonal structure was relaxed. Out-of-plane upward/
downward and in-plane polarized surfaces were modeled by
BTO (001)/(00−1) and (100) surfaces, respectively, using c(2
×2) slabs with three Pt layers as electron reservoirs, as
mentioned in our previous work.46 The feasibility of
implementing these polarization states has been demonstrated
in experiments.47,48The TiO2-terminated slabs contain 14
atomic layers, including three Pt layers, which were released
during structural optimization yet fixed during hydrogen
adsorption, and only the top two atomic layers were allowed
to relax for the BTO surface. A 4 × 4 × 1 Monkhorst−Pack k-
points mesh was used for integration in the Brillouin zone for
BTO slab supercells.49 A 15 Å thick vacuum layer was added
for all slabs to avoid spurious interactions. Dipole correction
was set for all slab calculations. The solvent effect was
considered for surfaces with optimal dopants using an implicit
solvation model.50,51To deal with the inability of the Berry
phase method for the noninsulating systems,52 we evaluated
the “effective polarization” values of doped BTO using the
equation below (eq 1):53

P e Z d
i

i ieff = *
(1)

where e is the electronic charge, Ω is the unit cell volume, Zi* is
the Born effective charge (BEC) of atom i, and di is the
displacement along the polarization direction relative to the
nonpolar phase. We considered only the displacement and
polarization along the direction normal to the surface. The
BEC values used for barium, titanium, and oxygen were +2.83,
+ 5.81, and −4.73, respectively.54 This resulted in a
polarization value of 34.0 μC/cm2 for undoped bulk BTO,
close to the value of 30.6 μC/cm2 computed by using the Berry
phase method. For transition metal-doped BTO, we set the
BEC of the Ti atom for the dopant atom. The polarization
calculated herein reflects the extent of FE structural distortion
occurring within the system instead of the true FE polarization
calculated by the Berry phase method. In this work, we use the
term “effective polarization” to denote this kind of polarization
regardless of its reversibility.

■ RESULTS AND DISCUSSION
Modeling and Computational Screening Workflow.

Like our previous work,46 we chose the TiO2-terminated
surface for study due to its aqueous stability in acidic
conditions. The c(2×2) slab surface model was chosen based
on a balance between computational demands and effective
physical-chemistry insights. By a similar dopant coverage as
reported,55,56 in our model, half of the Ti atoms on the surface
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are substituted by the transition metal dopant, as shown in
Figure 1a−c. For the sake of eco-benignity, we excluded those
dopant candidates with high toxicity or radioactive hazards,
such as Cd, Hg, and Tc. The workflow of computational
screening is shown in Figure 1d, which consists of three parts.
The first is the evaluation of the thermodynamic and
electrochemical stability of doped BTO surfaces. The second
goal is to screen for the most thermodynamically stable
adsorption configuration. The last is to identify the HER
activity trend with polarization states considered and conduct a
mechanism study.
Evaluation of the Synthesizability and Electrochem-

ical Stability of TM-Doped BTO. To begin with, we
examined the formation energy of doped BTO with reference
to the undoped one to evaluate the relative stability of doping,
which usually reflects the synthesis ability of doped materials.
The relative formation energy of substituting Ti with a dopant
is defined by the following equation (eq 2):57

E E Eform BTO
TM

BTO
B

TM Ti= [ + ] (2)

where Eform denotes the substitutional formation energy per
dopant, EBTO

TM and EBTO
B refer to the total energies of the doped

and undoped BTO slabs, respectively, while TM and Ti
denote the chemical potentials of TM and Ti in their bulk
states, respectively. To avoid the precipitation of undesired
secondary transition metal solids, oxides, or gas evolution, the
chemical potentials of the constituent species in the atomic
reservoir need to satisfy some boundary conditions, as
described by the equations below (eqs 3−9):

H(Ti) (Ba) 3 (O) (BTO)+ + = (3)

(TM) 0 (4)

(Ti) 0 (5)

(Ba) 0 (6)

(O) 0 (7)

H(Ti) 2 (O) (TiO )2+ (8)

H(Ba) (O) (BaO)+ (9)

where i( ) is the chemical potential of constituent species i (i
= Ba, Ti, TM, O), relative to its elemental standard state, i.e.,

i i i( ) ( ) ( )0= . i( )0 is approximated by the total
energy of constituent species, E i( ), with E(O) 1/2 (O )0

2= .
H j( ) refers to the formation enthalpy of the solid oxide

compound j (j = BaO, TiO2, BTO). Chemical potentials are
constrained based on the thermodynamic laws of equilibrium.
The formation enthalpy in solid-state physics is defined as the
energy difference between the compound product and the
energy sum of the constituent elements. For simplicity, we
assume TM is rich in the atomic reservoir so that (TM)
equals zero. As a result, Ti will change with the evolution of
the oxygen chemical potential (O). The Eform characterizes
the relative thermodynamic proneness of substitutional doping
of TM on the BTO surface. When Eform is negative, it means
that TM is thermodynamically feasible to substitute Ti on the
TiO2-terminated BTO surface. In other words, the synthesis of
doped BTO is favorable. Instead, when it is positive, the Ti on
the surface TiO2 layer is less thermodynamically favorable to
be substituted by the TM, and its synthesis can be difficult.
First, we calculated the formation enthalpies of oxides, which

are comparable to experimental values and other calculated
results, as shown in Table 1. The evolution of the stable region
for the formation of BTO with varied oxygen chemical
potential is shown in Figure S1. We can see that the feasible
chemical potential of Ti is dependent on the oxygen potential.

Figure 1. Atomic structures of (a) undoped BTO viewed from the [001] direction, (b) doped BTO viewed from the [001] direction, and (c) 3D
view. (d) Schematic illustration of screening workflow.

Table 1. A Comparison of Experimentally Measured and
Calculated Formation Enthalpies

Oxide
Experimental58/

eV
Present work/

eV
Previously calculated59−61/

eV

BTO −17.2 −16.0 −16.3
TiO2 −9.79 −9.39 −8.44
BaO −5.74 −5.19 −5.19
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The chemical potential of Ti for the stable formation of BTO
increases as the oxygen chemical potential decreases to −5.5
eV, with Ba and Ti being likely to precipitate. Accordingly, the
chemical potential of Ti and O can only be tunable in an
appropriate range (for O: −5.5 ∼ 0 eV and corresponding Ti:0
∼ −10 eV).
The formation energy tends to be more negative under

higher oxygen chemical potential, i.e., the TM dopants are
more likely to be doped on BTO. For example, in an oxygen-
rich atmosphere with ΔμO = 0 eV, almost all the formation
energies are negative, as shown in Figure 2a, implying the
possibility of substitutive doping for most of the TM dopants.
Given the same chemical potential, the formation energy
shows an apparent increasing trend with the dopant atomic
number for each group of 3d, 4d, and 5d TM elements. As the
oxygen chemical potential is lowered to, say, Δμ = −2 eV, the
formation energy of the mid -to-late TM dopants turns
positive, as shown in Figure S2. This indicates that early group
TM elements are thermodynamically more favorable for the
surface doping of BTO and hence exhibit higher synthesiz-
ability compared with the mid-to-late ones. An oxygen-rich
atmosphere is conducive to the TM doping of BTO. In a very
oxygen-poor atmosphere, the formation energy is positive for
all TM-doped BTO, as shown in Figure S2. This implies that
the oxygen chemical potential should be carefully controlled
for the successful synthesis of doped BTO. For the correlation
of oxygen chemical potential with temperature and partial
pressure in experiments, one may refer to this work.62 The
synthesizability of TM-doped BTO systems is supported by
the grand potential phase diagrams of ternary oxides at finite
temperature using Pymatgen,63,64 as shown in Figure S3 and
the literature survey of doping experiments,26,65−70 regardless
of polarization states and dopant stoichiometry.
In analogy to the estimation of the dissolution of elements

from alloys, we also examined the dissolution potential of TM
dopants in doped BTO, which was reported to reflect the
electrochemical stability, according to the equation below (eq
10):71,72

U U E E BTO TM E BTO vac

ne

(TM) ( ( ) ( ))

/
diss 0= + _ + _

(10)

where U0 refers to the dissolution potential of the TM dopant
at standard state, E refers to the total energy of TM in its bulk,
E(BTO_TM) refers to the total energy of the TM-doped

BTO, E(BTO_vac) refers to the total energy of BTO with a Ti
vacancy, and n is the number of electrons transferred during
dissolution. Materials with Udiss > 0 V vs SHE are regarded as
electrochemically stable. As presented in Figure 2b, we can see
that all of these doped materials show positive dissolution
potential values except for Nb-doped BTO in an upward
polarization state, indicating that most TM-doped BTOs are
stable in standard electrochemical environments, irrespective
of polarization states.
Effect of TM Doping on the Structural and Electronic

Properties of FE BTO. To understand the effect of doping on
structural and electronic properties, we compared the effective
polarization ΔPeff and the density of states (DOS) of the TM-
doped BTO surface. The effective polarization is calculated
based on the Born effective charge (BEC) and the ionic shift
relative to the nonpolar reference phase.53,54,73 It is shown in
Figure S4a that all of the ΔPeff values oscillate in a similar
pattern with the TM dopant for out-of-plane and in-plane
polarization states. The absolute ΔPeff value for each TM
dopant follows the order: P↓ > P↑ > P→, implying the overall
out-of-plane FE distortion trend. The average ΔPeff value for
upward, in-plane, and downward polarization states is 31.1,
−4.1, and −39.2 μC/cm2, respectively. It turns out that the
polarization state has a varied and profound impact on
structural reconstruction, but TM doping will not change the
overall trend of effective polarization with the polarization
state. As presented in Figure S4b−d, in most cases, valence or
conduction bands spread across the Fermi level, implying that
electronic (acceptor or donor) doping occurs upon TM
doping. Accordingly, the midgroup TM shows a higher density
of states at the Fermi level. The enhanced occupation of
electronic states at the Fermi level upon TM doping is believed
to be conducive to improving the electronic conductivity of
electrocatalysts and hence catalytic performance. The above
results show that TM doping has a significant influence on the
structural and electronic properties of the BTO surface, which
may affect its electrocatalytic activity.
Evaluation of TM Doping on Hydrogen Adsorption

and HER Activity. Doping may increase the number of
surface adsorption sites for hydrogen due to the introduction
of heteroatom dopants and the reduced surface symmetry. On
the other hand, the lowered surface symmetry complicates and
greatly expands the surface adsorption configurational space, as
exemplified in Figure S5, making it challenging for DFT
screening owing to largely increased computational demands.

Figure 2. Evaluation of the thermodynamic and electrochemical stability of TM-doped BTO. (a) The formation energy and (b) dissolution
potentials of TM-doped BTO under various polarization states.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c02406
ACS Appl. Mater. Interfaces 2025, 17, 35396−35408

35399

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c02406/suppl_file/am5c02406_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02406?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02406?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02406?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c02406?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c02406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Considering both the out-of-plane and in-plane polarization
states, the magnitude of the entire configuration space for TM-
doped BTO surfaces reaches above 1,000, which requires
considerable effort and time in DFT-level computational
screening. Although hydrogen can possibly be adsorbed on all
of these sites, the whole hydrogen evolution process is subject
to the overall limiting potential barrier during hydrogen
adsorption/desorption, which requires the adsorption energy
to be negative for the initial hydrogen adsorption to occur.
During computational screening, it is necessary to search
globally for the most thermodynamically stable site for each
doped BTO surface, on which the rate-limiting step occurs,
ensuring the subsequent hydrogen desorption process during
the HER.
The most stable surface configuration depends more on the

TM group than on the polarization state. There are three
major stable hydrogen adsorption configurations, as presented

in Figure 3a−c. The first one is the surface oxygen that is
adjacent to the TM dopant for all 3d TM-doped BTO under
downward polarization states, as shown in Figure 3a. The
second is the hollow site over Ba, as shown in Figure 3b. As
presented in Figure 3c, the third one is near the top site of TM
for most early-to-mid group 5d dopants. The distribution of
the most stable adsorption configuration with polarization state
and TM group is shown in Figure 3d.
The most thermodynamically stable adsorption energy for

each dopant under varied polarization states is shown in Figure
3e. It is clearly observed that there is a decreasing energy trend
(increased adsorption strength) with the TM atomic number
in each d-metal group in the periodic table for all polarization
states, except for the first several elements. For some mid-
group 3d and 4d TM dopants, ΔGH* values are similar under
downward and in-plane polarization states, compared with the
upward polarization state. This suggests that the TM-doped

Figure 3. Stable hydrogen adsorption configurations and Gibbs free energy of hydrogen adsorption, ΔGH*, on the TM-doped BTO surface. (a)
Hydrogen adsorbing on the surface oxygen site adjacent to TM, (b) hydrogen adsorbing on the hollow site over Ba in the vicinity of surface oxygen,
and (c) hydrogen adsorbing near the on-top site of TM dopant. Ba, Ti, O, H atoms are in green, blue, red, and white, respectively. The yellow circle
indicates the hydrogen adsorption region. (d) Distribution of stable hydrogen adsorption configuration for various TM dopants under different
polarization states, in which the red rectangle corresponds to Figure 3a, the green one corresponds to Figure 3b, and the light blue one corresponds
to Figure 3c. (e) The adsorption energy, ΔEH*, and (f) Gibbs free energy change of hydrogen adsorption, ΔGH*, on the most stable site of TM-
doped BTO surfaces.
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surface tends to show varied responses toward different
polarization states. All of these manifest that the polarization

effect is non-negligible upon TM doping and varies with the
TM group.

Figure 4. Calculated orbital-resolved projected crystal orbital Hamilton population (COHP) for the H−O/Ba/TM bond on the (a) V-doped, (b,c)
Zr-doped, and (d) Mo-doped BTO surface with the downward polarization state (P↓). The zero energy is set at the Fermi level. (e) Charge density
difference plots and charge transfer from oxygen or TM to hydrogen on typical TM-doped BTO surfaces (TM = V, Zr, Nb, Mo) with isosurface
level of 0.008 e/Bohr.3 Yellow regions indicate charge gain, while blue regions indicate charge depletion. (f) An example of projected COHP
(pCOHP) of O−H bond on V-doped BTO and its antibonding energy center, with cyan area indicating the antibonding states. (g) Gibbs free
energy change of hydrogen adsorption, ΔGH*, vs antibonding energy center, abd , for 3d TM-doped BTO surface. The linear regression does not
include Ti.
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Then, the Gibbs free energy change of hydrogen adsorption,
ΔGH*, at pH 0 under standard conditions was also compared
for each dopant, as shown in Figure 3f. We chose the free
energy range between −0.20 and 0.20 eV as the screening
criterion for HER activity,74 given that a slight increase in pH
may lead to a slight negative shift of ΔGH*. We also perceived a
similar trend with the TM element order in the periodic table
for ΔGH*; namely, ΔGH* decreases as the atomic number
increases in each d-metal group. Consequently, there exists a
diagonal relationship for ΔEH* and ΔGH* among the 3d, 4d,
and 5d groups.75 For example, the ΔGH* values of V-doped
BTO are approximately equal to those of Mo-, Fe-, and Rh-
doped ones. This trend intensively implies that the strength of
hydrogen adsorption and the corresponding free energy
change can be closely linked to certain intrinsic atomic-
number-dependent but periodically changed properties of TM
dopants. As a result, for upward polarization, 5 dopants fall
within the criteria: Cr (−0.06 eV), Mo (−0.05 eV), Ru (−0.01
eV), and Ta (−0.19 eV) (Nb (0.12 eV) is excluded due to
electrochemical instability). For downward polarization, there
are 2 qualified dopants: V (0.11 eV) and Mo (0.13 eV). For in-
plane polarization, there are 3 qualified dopants: V (0.04 eV),
Mo (0.04 eV), and Ta (0.03 eV). Noteworthily, the Mo
dopant shows an optimal ΔGH* value under all these
polarization states. We also surveyed the solvent effect for
surfaces with these optimal dopants (V, Cr, Nb, Mo, Ru, and
Ta) by imposing the implicit solvation model. We found that
the difference in ΔGH* for most surfaces with and without the
solvation model is within 0.10 eV (see Table S1), suggesting a
minor solvent effect on the hydrogen binding of these doped
surfaces. Thus, for the majority of these surfaces, the HER
activity remains within the optimal region. Importantly, Mo
remains the optimal dopant under both out-of-plane and in-
plane polarization states. The dissolution potential trends for
optimal dopants on doped surfaces can be combined with the
Pourbaix diagrams of TM-doped TiO2 at applied potential and
pH (as shown in Figure S6) for more practical electrochemical
implications. For p(2×2) surface (see Figure S7) with reduced
surface coverage of TM dopants, i.e., one-quarter of surface Ti
atoms are substituted by Mo, the values of ΔGH* under out-of-
plane and in-plane polarization states are still within or near
the optimal region for HER, as shown in Table S2.
Mechanism Understanding of Electronic and Struc-

tural Surface Factors for HER Activity of TM-Doped FE
BTO. To gain insights into the underlying mechanism of
hydrogen adsorption strength and HER activity upon doping,
the electronic structure and bonding of the TM-doped BTO
surface were analyzed. First, the crystal orbital Hamilton
population (COHP) method was used to evaluate the bond
strength for typical hydrogen adsorption configurations with
the downward polarization state. The COHP method can
resolve the band structure energy into antibonding, non-
bonding, and bonding contributions with localized atomic
basis sets.76 The energy integration of the COHP curve for a
pair of atoms up to the Fermi level (ICOHP) was reported to
reflect the bond length and bond covalency.77−79 We unveil
that the bonding and antibonding interaction largely relies on
the different hydrogen adsorption configurations. For instance,
in the case of V doping, the hydrogen adsorbs on the oxygen
site adjacent to the V dopant, as shown in Figure 3a, and as
shown in Figure 4a, a strong bonding peak below the Fermi
level at approximately 9 eV is ascribed to H1s-O2pz coupling.
The ICOHP value for the O−H bond, with a bond length of

0.974 Å and near-vertical hydrogen adsorption configuration, is
−7.74 eV, signaling noticeable covalency. For the hydrogen
adsorption over the hollow site adjacent to surface oxygen,
such as that shown in Figure 3b, the O−H bond exhibits a
longer bond length of 1.2 Å. The bonding states are mainly
contributed by the H1s-O2px orbital interactions instead of the
O2pz orbital interactions due to the hydrogen bond tilting in
plane and aligning with the O2px orbital. As a result, its
ICOHP value is −3.70 eV in Figure 4b, suggesting a largely
reduced covalency strength. For the Ba−H bond in Figure 4c,
the major bonding contribution is from the Ba6s-H1s orbitals.
The Ba−H displays a large bond length of 2.85 Å, and the
corresponding ICOHP is −0.05 eV, implying rather weak
covalency, possibly being dispersion or mainly ionic
interaction, which can be negligible. For the Mo-doped
BTO, the single Mo−H bond of 1.72 Å has an ICOHP of
Mo−H of −1.56 eV, as shown in Figure 4d, implying mild
covalency. The antibonding interaction mainly results from
H1s-Mo4dz2 orbitals, while the bonding interaction majorly
arises from H1s-Mo4dyz orbitals in addition to the dominant
H1s-Mo4dz2 orbitals. Likewise, this can also be explained by its
on-top hydrogen adsorption geometry, which favors the TM
dz2 orbital interaction with hydrogen. Due to these varied
antibonding and bonding interactions, the charge transfer from
surface oxygen or dopant to hydrogen also varies. According to
the Bader charge analysis, we disclose that the charge gain of
hydrogen upon adsorption increases from the Nb-doped
surface (0.34 e), V-doped surface (0.50 e per H), Zr-doped
surface (0.68 e per H), to the Mo-doped surface (0.76 e per
H), as presented in Figure 4e. The charge transfer to hydrogen
is higher on doped surfaces with optimal HER activity, similar
to the reported trend.80 We studied the trend of ΔGH* with
ICOHP for the 3d TM-doped BTO surface under the
downward polarization state, as shown in Figure S8. We
observe a noticeable linear correlation between ICOHP and
ΔGH*, but the correlation is not significant for some late-group
TM dopants.
To reveal the origin behind the varied adsorption strength

for TM-doped BTO at the very adsorbing state, we
characterize the evolution of ΔGH* with the energy center of
antibonding states of COHP, which has been demonstrated to
be intimately related to the hydrogen adsorption strength.81

The antibonding energy center is defined by the below
equation (eq 11) in analogy to the method used for d-band
centers:

d

d

( )

( )
abd

0

0

max

max
=

(11)

where ε corresponds to the energy of the COHP state and
ξ(ε) refers to the crystal orbital Hamiltonian population
(COHP) of orbital pair contributions at a given energy ε . εa̅bd
denotes the averaged energy of the unoccupied antibonding
energy curve, as depicted in Figure 4f. εmax refers to the upper
energy limit of the COHP of interest, which we set to be 15 eV
here.
As shown in Figure 4g, we can see a strong negative linear

correlation between εa̅bd and ΔGH* with a high correlation
coefficient of above 0.99. According to the correlation, the
higher the εa̅bd, the more negative the ΔGH* value. The εa̅bd
could reflect the amount of energy required for antibonding
electron transfer; that is, it measures the average potential
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energy required for originally occupied antibonding electrons
of the surface and the hydrogen, before hydrogen adsorption,
to be transferred to the Fermi level during surface-hydrogen
orbital coupling. As shown in Figure S9, under each
polarization state, the ΔGH* value of TM-doped BTO inversely
changes with εa̅bd for each TM group and the ΔGH* gradually
declines as εa̅bd rises. Notable linear correlation still exists,
especially for in-plane and downward polarization states. It
turns out that the average antibonding center of the COHP is a
relevant direct fingerprint of surface bonds and orbitals to
describe the hydrogen adsorption strength for TM-doped
surfaces despite varied hydrogen adsorption configurations.
So far, we have discussed the underlying roots of the

adsorption trend of hydrogen at the atomic orbital level for the
TM-doped BTO surface upon hydrogen adsorption. For
computational screening, it is quite important to find the
fingerprints from the TM-doped BTO surface before hydrogen
adsorption to explain the surface reactivity and capture the
adsorption strength trend, which can help accelerate the
identification of effective catalysts for future development. We
have tried the oxygen 2p band as has been used in our previous
work.46 We began with the evaluation of the surface energy
bands. The TM dz2 contributes mainly to the conduction band
of surface states, while the O2p contributes mainly to the
valence band of surface states. Therefore, we choose the lower
parts of PDOS for the study of the evolution of O2p band
properties such as the band center and band edge. The band
edge proposed by Vojvodic et al. is given by the following eq
(eqs 12 and 13):82
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where εu refers to the upper band edge, εp̅ refers to the oxygen
p-band center, as described in our previous work,46 which
characterizes the band position,W refers to the bandwidth that
characterizes the band shape, εmax and εmin refers to the upper
and lower limit of the band under study, which we set to be 2
eV and −10 eV, respectively. ρ (ε) refers to the density of
states at energy ε. As a result, we find that ΔGH* exhibits
similar trends with the change of the upper band edge and
band center of O2pz, that is, ΔGH* decreases with the change
of εu and εp̅, as shown in Figure S10. It shows that surface
oxygen with too high-lying band center and edge tends to
absorb hydrogen strongly, while one with too low-lying band
center and edge loosely absorbs or fails to absorb hydrogen. It
can be observed that the negative linear correlation between
ΔGH* and band edge (Figure S10d−f) is stronger than that
with band center (Figure S10a−c), with R2 (the coefficient of
determination) improved by 8%, 6%, 6% for upward, in-plane,
and downward polarization states, respectively. This suggests
that the HER activity depends more on the band edge. This
indicates that the difference made by the bandwidth is not
insignificant. The strong band peak displays narrow bandwidth
while the weak band peak displays wide bandwidth. This may
lead to the formation of strong or weak σ bond, respectively,
via coupling between the adsorbent surface oxygen 2p orbital
and the 1s orbital of hydrogen adsorbate upon hydrogen
adsorption. This may account for the better description of the

activity trend by the band edge relative to the band center in
the present study. To search for other possible descriptors that
may enhance the description, we made a series of attempts
through combinatorial enumeration from different surface
electronic factors such as work function, vacuum level, Fermi
energy, band center, band filling, bandwidth, and so on.
Eventually we find a novel descriptor, which is constructed
based on the band edge modification by considering the
oxygen p-band fractional filling below the Fermi level, and it is
defined as below equations (eqs 14 and 15):

W fmu u F= + × (14)

f
( )d

( )d
min

F

max

min

=
(15)

where εmu refers to the modified upper band edge and εF refers
to the Fermi energy. f refers to the fractional filling of p-band
states up to the Fermi level. The third term in eq 14 can be
physically interpreted as the normalized amount of the
occupied p- band states or electrons. Figure 5a illustrates

different band descriptors. The evolution of ΔGH* with the
change of the modified band edge is shown in Figure 5b−d.
We observe a significantly enhanced linear negative correlation
under each polarization state relative to the case of band edge,
as indicated from R2 heightened by 11% and 4% for upward
and downward polarization states, respectively. In contrast to
the case of the band center, the R2 has largely increased by
19%, 6%, and 10% for upward, in-plane, and downward
polarization states, respectively. From the negative correlations
of linear regression between ΔGH* and εmu, a positive shift in

Figure 5. (a) A comparison of the Opz band and its band center (εp̅),
band edge (εu), and modified band edge (εmu) for V-doped BTO
under downward polarization state. The correlation of Gibbs free
energy change of hydrogen adsorption, ΔGH*, with the modified
upper band edge of surface oxygen 2pz band, mu, under different
polarization states: (b) upward polarization (P↑), (c) in-plane
polarization (P→), and (d) downward polarization (P↓).
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εmu upon TM doping will give rise to stronger surface
adsorption.
All of this demonstrates the enhanced effectiveness of the

proposed descriptor in depicting the relationship between
HER activity and the surface and electronic properties. It also
manifests the importance of considering the influence of the
amount of occupied p states for the latter. The strong
correlations of the modified band edge also signal its
applicability for different polarization states and its advantage
over conventional band descriptors in illustrating the HER
activity pattern for FE-based catalysts. Moreover, we know
from previous surface adsorption analysis in Figure 3a−d that
oxygen and TM dopants, in some cases, are not the directly
relevant surface sites for the most stable hydrogen adsorption.
The linear trend implies that there should be a neighboring
electronic effect (possibly similar to the ligand effect) of TM
doping that affects not only the O2pz band but also the
TM3dz2 band via coordination and charge transfer across the
Fermi level upon doping, leading to varied surface reactivity of
the oxygen or TM site.
In addition, it should also be noted that the geometrical

effects, such as surface rumpling under each polarization state,
are different, which also makes a difference to the surface
electronic properties and activity trends. As previously
observed in Figure S4, the effective polarization also shows
periodic evolution with the atomic number in each TM group
under varied polarization states. We explored the relationship
between the effective polarization and the ΔGH* for TM-doped
BTO surfaces. As shown in Figure S11, for TM dopants, the
correlation between Peff and ΔGH* exists yet varies with
polarization states, and the R2 values for the linear correlations
follows the order: P↓ > P→ > P↑. Although the overall
correlation for all TM dopants may be weak under certain

polarization states, the correlation for each TM dopant group
mostly shows a non-negligible correlation with coefficients
above 0.50. This implies that the surface activity trends for
TM-doped BTO are also affected by the effective polarization
alone. The latter reflects the variation in surface and subsurface
FE distortion along with the change in the local coordination
environment in the [001] direction upon doping.
ML Analysis. To gain a further understanding of the

relationship between the surface catalytic activity, intrinsic
dopant properties, and polarization states for TM-doped FE
BTO, feature engineering techniques are used via ML to
unfold the importance of the inherent properties that are
independent of doped surface structures. In order to achieve
this goal, we conduct analysis for 78 structures, including the
undoped ones, with 26 structures for each polarization state.
Reasonable feature selection is important for effective ML
model training to grasp the hidden patterns underlying the
data. To probe the relation between the HER activity of TM-
doped FE BTO and surface-independent properties, we
initially select a total of seven input parameters for the ML
model, including one polarization parameter representing the
initial polarization state of the BTO to be doped (P0, for
simplicity, P0 = 1, 0, −1, where “1” represents upward
polarization, “0” represents in-plane polarization, “−1” refers to
downward polarization), as well as six commonly used atomic
parameters, including the radii of TM atoms (TM_d), the
electronegativity of TM atoms (TM_χ), the first and second
ionization energies of TM atoms TM_I1, and TM_I2), the
electron affinity of TM atoms (TM_A), and the number of
outer electrons of TM atoms (TM_Ne). Among these 7
parameters, TM_d is an intrinsic physicochemical character-
istic, while the rest (TM_χ, TM_I1, TM_I2, TM_A, and
TM_Ne) are electronic properties. The Gradient Boosting

Figure 6. DFT-calculated and ML-predicted ΔGH* values for train and test data and corresponding linear regressions for different ML models of
(a) GBR, (b) RFR, and (c) SVM. (d) Feature importance for various input parameters of the as-obtained SVM ML model.
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Regression (GBR), Random Forest Regression (RFR), and
Support Vector Machine (SVM) algorithms are adopted for
ML and compared due to their advantages in dealing with
limited data size.39,83,84 The input data for each parameter set
are randomly divided into a training group and a testing group
at a ratio of 7:3, followed by ML model training and testing.
Consequently, the ML method is found to fit well for the

ΔGH* (DFT) training and testing groups. As shown in Figure
6a−c, among them, the SVM ML model demonstrates a
remarkably high correlation of linear fitting for ΔGH* (ML) vs
ΔGH* (DFT) values for the training and testing groups, with
R2 values of 0.945 and 0.936, respectively. In other words, the
ML-predicted ΔGH* values are in decent agreement with the
DFT results. The SVM ML model outperforms the GBR and
RFR models for the test groups. This indicates that the as-
obtained SVM ML model is more robust in predicting HER
activity and should be suitable for further feature analysis. We
also conducted 10-fold cross-validation40 for these ML models
and found that the SVM shows smaller average mean absolute
error (MAE) values, as shown in Table S3, demonstrating
better generality and stability. Then, we carried out a
permutation feature importance analysis for the ML model,
which measures the reliance of a fitted ML model on each
feature for a given data set with a single feature’s values
randomly shuffled by observing the decreased accuracy of the
ML model.85 As presented in Figure 6d, the number of outer
electrons of the TM dopant (TM_Ne) accounts for the largest
feature importance, as high as 1.0, suggesting that it is a
dominant feature in ML prediction. The second ionization
energy of the TM dopant (TM_I2) shows a lower importance
of 0.36, while the importance of P0 (initial polarization state)
is 0.20, which is relatively low yet non-negligible.
The other four features exhibit quite low feature importance

and hence are much less predictive in ML. The reason why the
number of outer electrons is notably predictive in ML may be
linked to the TM dopant-dependent charge transfer behavior
upon hydrogen adsorption, as indirectly reflected by the shift
of the antibonding energy center and the amount of occupied
oxygen pz states mentioned above. This atomic property was
also reported to show a high correlation with hydroxyl
adsorption energies in oxygen evolution/reduction electro-
catalysis.86 The present ML analysis could be useful for
accelerating the screening of doped FE electrocatalysts in the
future.

■ CONCLUSION
We computationally investigate the TM doping impact on the
HER activity of FE BTO and identify optimal dopants for HER
based on DFT calculations and ML. We find that FE BTO
doped by the first several TM elements in each d group
possesses higher synthesizability, while most TM-doped
surfaces are electrochemically stable. We find that several
early-to-middle dopants in each group show favorable
hydrogen adsorption energetics toward HER, while the Mo-
doped BTO surface exhibits optimal HER activity under all
polarization states. We reveal that the hydrogen adsorption
strength on doped surfaces is directly correlated with the shift
of the antibonding energy center of the hydrogen bond of
varied geometry on different sites. Interestingly, we propose a
novel electronic fingerprint based on the upper band edge of
the surface oxygen 2p band before hydrogen adsorption. This
indirect fingerprint outperforms the conventional p-band
center and band edge in describing the HER activity trend

of TM-doped surfaces for different polarization states.
Through ML analysis, we establish an implicit link between
HER activity and surface-independent properties, including the
intrinsic TM dopant atomic properties and the polarization
state. The established SVM ML model is tested with
remarkable predictive accuracy for HER activity. The number
of outer electrons of the TM dopant is found to be the most
dominant feature in the as-obtained ML model for HER
activity prediction. Our findings can be enlightening to
understand TM-doped FE catalysts and accelerate the design
and discovery toward the HER and beyond.
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(2) Ďurovic,̌ M.; Hnát, J.; Bouzek, K. Electrocatalysts for the
Hydrogen Evolution Reaction in Alkaline and Neutral Media. A
Comparative Review. J. Power Sources 2021, 493, 229708.
(3) Yao, R.; Sun, K.; Zhang, K.; Wu, Y.; Du, Y.; Zhao, Q.; Liu, G.;
Chen, C.; Sun, Y.; Li, J. Stable Hydrogen Evolution Reaction at High
Current Densities via Designing the Ni Single Atoms and Ru
Nanoparticles Linked by Carbon Bridges. Nat. Commun. 2024, 15
(1), 2218.
(4) Li, F. S.; Fang, Y. W.; Wu, Y. T.; Wu, S. W.; Ho, S. Z.; Chen, C.
Y.; Chiang, C. Y.; Chen, Y. C.; Liu, H. J. Self-Enhancement of Water
Electrolysis by Electrolyte-Poled Ferroelectric Catalyst. ACS Nano
2023, 17, 16274−16286.
(5) Liu, L.; Hu, J.; Ma, Z.; Zhu, Z.; He, B.; Chen, F.; Lu, Y.; Xu, R.;
Zhang, Y.; Ma, T.; et al. One-Dimensional Single Atom Arrays on
Ferroelectric Nanosheets for Enhanced CO2 Photoreduction. Nat.
Commun. 2024, 15 (1), 305.
(6) Shao, W.; Xing, Z.; Xu, X.; Ye, D.; Yan, R.; Ma, T.; Wang, Y.;
Zeng, Z.; Yin, B.; Cheng, C.; Li, S. Bioinspired Proton Pump on
Ferroelectric HfO2-Coupled Ir Catalysts with Bidirectional Hydrogen
Spillover for pH-Universal and Superior Hydrogen Production. J. Am.
Chem. Soc. 2024, 146, 27486−27498.
(7) Assavachin, S.; Osterloh, F. E. Ferroelectric Polarization in
BaTiO3 Nanocrystals Controls Photoelectrochemical Water Oxida-
tion and Photocatalytic Hydrogen Evolution. J. Am. Chem. Soc. 2023,
145 (34), 18825−18833.
(8) Ju, L.; Ma, Y.; Tan, X.; Kou, L. Controllable Electrocatalytic to
Photocatalytic Conversion in Ferroelectric Heterostructures. J. Am.
Chem. Soc. 2023, 145, 26393−26402.
(9) Liu, Y.; Zhang, M.; Wang, Z.; He, J.; Zhang, J.; Ye, S.; Wang, X.;
Li, D.; Yin, H.; Zhu, Q.; et al. Bipolar Charge Collecting Structure
Enables Overall Water Splitting on Ferroelectric Photocatalysts. Nat.
Commun. 2022, 13 (1), 4245.
(10) You, H.; Li, S.; Fan, Y.; Guo, X.; Lin, Z.; Ding, R.; Cheng, X.;
Zhang, H.; Lo, T. W. B.; Hao, J.; et al. Accelerated Pyro-Catalytic
Hydrogen Production Enabled by Plasmonic local Heating of Au on
Pyroelectric BaTiO3 Nanoparticles. Nat. Commun. 2022, 13 (1),
6144.
(11) Wang, F.; Ju, L.; Wu, B.; Li, S.; Peng, J.; Chen, Y.; Getaye
Sendeku, M.; Wang, K.; Cai, Y.; Yi, J.; et al. Effect of Intrinsic
Ferroelectric Phase Transition on Hydrogen Evolution Electro-
catalysis. Angew. Chem., Int. Ed. 2024, 63 (18), No. e202402033.
(12) Zakeri, F.; Javid, A.; Orooji, Y.; Fazli, A.; Khataee, A.; Khataee,
A. Al-Ce co-Doped BaTiO3 Nanofibers as a High-Performance
Bifunctional Electrochemical Supercapacitor and Water-Splitting
Electrocatalyst. Sci. Rep. 2024, 14 (1), 9833.
(13) Mondal, D.; Adak, M. K.; Khatun, J.; Singh, P.; Das, A.;
Gumfekar, S. P.; Dhak, D. Electrocatalytic HER and Magnetism

Performance of BiMnO3 Modified BaTiO3 − A Ultra High Dielectric
Constant Ceramic Nanomaterial. J. Energy Storage. 2024, 76, 109846.
(14) Zhang, J.; Tse, K.; Wong, M.; Zhang, Y.; Zhu, J. A Brief Review
of co-Doping. Front. Phys. 2016, 11 (6), 117405.
(15) Wang, Y.; Wu, Y.; Wang, Z.; Chen, L.; Li, H.; Wu, F. Doping
Strategy and Mechanism for Oxide and Sulfide Solid Electrolytes with
High Ionic Conductivity. J. Mater. Chem. A 2022, 10, 4517−4532.
(16) Liu, Y.; Huang, H.; Xue, L.; Sun, J.; Wang, X.; Xiong, P.; Zhu, J.
Recent Advances in the Heteroatom Doping of Perovskite Oxides for
Efficient Electrocatalytic Reactions. Nanoscale 2021, 13 (47), 19840−
19856.
(17) Zhang, A.; Liang, Y.; Zhang, H.; Geng, Z.; Zeng, J. Doping
Regulation in Transition Metal Compounds for Electrocatalysis.
Chem. Soc. Rev. 2021, 50 (17), 9817−9844.
(18) Zulfiqar, W.; Alay-E-Abbas, S. M. Improved Thermodynamic
Stability and Visible Light Absorption in Zr+X co-Doped (X = S, Se
and Te) BaTiO3 Photocatalysts: A First-Principles Study. Mater.
Today Commun. 2022, 32, 103867.
(19) Kanazawa, T.; Nishioka, S.; Yasuda, S.; Kato, D.; Yokoi, T.;
Nozawa, S.; Kageyama, H.; Maeda, K. Influence of the Hydride
Content on the Local Structure of a Perovskite Oxyhydride
BaTiO3‑xHx. J. Phys. Chem. C 2023, 127, 7546−7551.
(20) Yakout, S. M. Influence of Na and Na/Fe Doping on the
Dielectric Constant, Ferromagnetic and Sunlight Photocatalytic
Properties of BaTiO3 Perovskite. J. Solid State Chem. 2020, 290,
121517.
(21) Wu, K.; Sun, Y.; Liu, J.; Xiong, J.; Wu, J.; Zhang, J.; Fu, M.;
Chen, L.; Huang, H.; Ye, D. Nonthermal Plasma Catalysis for
Toluene Decomposition over BaTiO3-Based Catalysts by Ce Doping
at A-Sites: The Role of Surface-Reactive Oxygen Species. J. Hazard.
Mater. 2021, 405, 124156.
(22) Tanwar, N.; Upadhyay, S.; Priya, R.; Pundir, S.; Sharma, P.;
Pandey, O. P. Eu-Doped BaTiO3 Perovskite as an Efficient
Electrocatalyst for Oxygen Evolution Reaction. J. Solid State Chem.
2023, 317, 123674.
(23) Yu, C.; He, J.; Tan, M.; Hou, Y.; Zeng, H.; Liu, C.; Meng, H.;
Su, Y.; Qiao, L.; Lookman, T.; et al. Selective Enhancement of Photo-
Piezocatalytic Performance in BaTiO3 Via heterovalent Ion Doping.
Adv. Fun. Mater. 2022, 32 (52), 2209365.
(24) Harn, Y.-W.; Liang, S.; Liu, S.; Yan, Y.; Wang, Z.; Jiang, J.;
Zhang, J.; Li, Q.; He, Y.; Li, Z.; et al. Tailoring Electrocatalytic
Activity of in situ Crafted Perovskite Oxide Nanocrystals via Size and
Dopant Control. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (25),
No. e2014086118.
(25) Cheng, S.; Luo, Y.; Zhang, J.; Shi, R.; Wei, S.; Dong, K.; Liu, X.;
Wu, S.; Wang, H. The Highly Effective Therapy of Ovarian Cancer by
Bismuth-Doped Oxygen-Deficient BaTiO3 with Enhanced Sono-
Piezocatalytic Effects. Chem. Eng. J. 2022, 442, 136380.
(26) Xie, P.; Yang, F.; Li, R.; Ai, C.; Lin, C.; Lin, S. Improving
Hydrogen Evolution Activity of Perovskite BaTiO3 with Mo Doping:
Experiments and First-Principles Analysis. Int. J. Hydrogen Energy
2019, 44, 11695−11704.
(27) Maeda, K. Rhodium-Doped Barium Titanate Perovskite as a
Stable p-Type Semiconductor Photocatalyst for Hydrogen Evolution
under Visible Light. ACS Appl. Mater. Interfaces 2014, 6, 2167−2173.
(28) Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.;
Nørskov, J. K. Computational High-Throughput Screening of
Electrocatalytic Materials for Hydrogen Evolution. Nat. Mater.
2006, 5, 909−913.
(29) Zhang, X.; Zhang, Z.; Wu, D.; Zhang, X.; Zhao, X.; Zhou, Z.
Computational Screening of 2D Materials and Rational Design of
Heterojunctions for Water Splitting Photocatalysts. Small Methods
2018, 2 (5), 1700359.
(30) Singh, A. K.; Mathew, K.; Zhuang, H. L.; Hennig, R. G.
Computational Screening of 2D Materials for Photocatalysis. J. Phys.
Chem. Lett. 2015, 6, 1087−1098.
(31) Karmodak, N.; Vijay, S.; Kastlunger, G.; Chan, K. Computa-
tional Screening of Single and Di-Atom Catalysts for Electrochemical
CO2 Reduction. ACS Catal. 2022, 12, 4818−4824.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c02406
ACS Appl. Mater. Interfaces 2025, 17, 35396−35408

35406

https://doi.org/10.1016/j.apcatb.2023.122710
https://doi.org/10.1016/j.apcatb.2023.122710
https://doi.org/10.1016/j.apcatb.2023.122710
https://doi.org/10.1016/j.jpowsour.2021.229708
https://doi.org/10.1016/j.jpowsour.2021.229708
https://doi.org/10.1016/j.jpowsour.2021.229708
https://doi.org/10.1038/s41467-024-46553-9
https://doi.org/10.1038/s41467-024-46553-9
https://doi.org/10.1038/s41467-024-46553-9
https://doi.org/10.1021/acsnano.3c06371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c06371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-44493-4
https://doi.org/10.1038/s41467-023-44493-4
https://doi.org/10.1021/jacs.4c08100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c08100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c08100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c10271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c10271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-32002-y
https://doi.org/10.1038/s41467-022-32002-y
https://doi.org/10.1038/s41467-022-33818-4
https://doi.org/10.1038/s41467-022-33818-4
https://doi.org/10.1038/s41467-022-33818-4
https://doi.org/10.1002/anie.202402033
https://doi.org/10.1002/anie.202402033
https://doi.org/10.1002/anie.202402033
https://doi.org/10.1038/s41598-024-54561-4
https://doi.org/10.1038/s41598-024-54561-4
https://doi.org/10.1038/s41598-024-54561-4
https://doi.org/10.1016/j.est.2023.109846
https://doi.org/10.1016/j.est.2023.109846
https://doi.org/10.1016/j.est.2023.109846
https://doi.org/10.1007/s11467-016-0577-2
https://doi.org/10.1007/s11467-016-0577-2
https://doi.org/10.1039/D1TA10966A
https://doi.org/10.1039/D1TA10966A
https://doi.org/10.1039/D1TA10966A
https://doi.org/10.1039/D1NR05797A
https://doi.org/10.1039/D1NR05797A
https://doi.org/10.1039/D1CS00330E
https://doi.org/10.1039/D1CS00330E
https://doi.org/10.1016/j.mtcomm.2022.103867
https://doi.org/10.1016/j.mtcomm.2022.103867
https://doi.org/10.1016/j.mtcomm.2022.103867
https://doi.org/10.1021/acs.jpcc.3c00915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c00915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c00915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jssc.2020.121517
https://doi.org/10.1016/j.jssc.2020.121517
https://doi.org/10.1016/j.jssc.2020.121517
https://doi.org/10.1016/j.jhazmat.2020.124156
https://doi.org/10.1016/j.jhazmat.2020.124156
https://doi.org/10.1016/j.jhazmat.2020.124156
https://doi.org/10.1016/j.jssc.2022.123674
https://doi.org/10.1016/j.jssc.2022.123674
https://doi.org/10.1002/adfm.202209365
https://doi.org/10.1002/adfm.202209365
https://doi.org/10.1073/pnas.2014086118
https://doi.org/10.1073/pnas.2014086118
https://doi.org/10.1073/pnas.2014086118
https://doi.org/10.1016/j.cej.2022.136380
https://doi.org/10.1016/j.cej.2022.136380
https://doi.org/10.1016/j.cej.2022.136380
https://doi.org/10.1016/j.ijhydene.2019.03.145
https://doi.org/10.1016/j.ijhydene.2019.03.145
https://doi.org/10.1016/j.ijhydene.2019.03.145
https://doi.org/10.1021/am405293e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am405293e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am405293e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat1752
https://doi.org/10.1038/nmat1752
https://doi.org/10.1002/smtd.201700359
https://doi.org/10.1002/smtd.201700359
https://doi.org/10.1021/jz502646d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c02406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Li, Y.; Bahamon, D.; Sinnokrot, M.; Vega, L. F. Computational
Screening of Transition Metal-Doped CdS for Photocatalytic
Hydrogen Production. Npj Comput. Mater. 2022, 8 (1), 229.
(33) Behrendt, D.; Banerjee, S.; Clark, C.; Rappe, A. M. High-
Throughput Computational Screening of Bioinspired Dual-Atom
Alloys for CO2 Activation. J. Am. Chem. Soc. 2023, 145, 4730−4735.
(34) Emery, A. A.; Saal, J. E.; Kirklin, S.; Hegde, V. I.; Wolverton, C.
High-Throughput Computational Screening of Perovskites for
Thermochemical Water Splitting Applications. Chem. Mater. 2016,
28, 5621−5634.
(35) Lee, J.; Kang, S.; Yim, K.; Kim, K. Y.; Jang, H. W.; Kang, Y.;
Han, S. Hydrogen Evolution Reaction at Anion Vacancy of Two-
Dimensional Transition-Metal Dichalcogenides: Ab Initio Computa-
tional Screening. J. Phys. Chem. Lett. 2018, 9, 2049−2055.
(36) Ju, L.; Tan, X.; Mao, X.; Gu, Y.; Smith, S.; Du, A.; Chen, Z. F.;
Chen, C.; Kou, L. Controllable CO2 Electrocatalytic Reduction via
Ferroelectric Switching on Single Atom Anchored In2Se3 Monolayer.
Nat. Commun. 2021, 12 (1), 5128.
(37) Wexler, R. B.; Martirez, J. M. P.; Rappe, A. M. Chemical
Pressure-Driven Enhancement of the Hydrogen Evolving Activity of
Ni2P from Nonmetal Surface Doping Interpreted via Machine
Learning. J. Am. Chem. Soc. 2018, 140, 4678−4683.
(38) Zhou, Y.; Gao, G.; Kang, J.; Chu, W.; Wang, L.-W.
Computational Screening of Transition-Metal Single Atom Doped
C9N4 Monolayers as Efficient Electrocatalysts for Water Splitting.
Nanoscale 2019, 11, 18169−18175.
(39) Xu, P.; Ji, X.; Li, M.; Lu, W. Small Data Machine Learning in
Materials Science. Npj Comput. Mater. 2023, 9 (1), 42.
(40) Chen, L.; Tian, Y.; Hu, X.; Yao, S.; Lu, Z.; Chen, S.; Zhang, X.;
Zhou, Z. A Universal Machine Learning Framework for Electro-
catalyst Innovation: A Case Study of Discovering Alloys for Hydrogen
Evolution Reaction. Adv. Fun. Mater. 2022, 32 (47), 2208418.
(41) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for ab
initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169−11186.
(42) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(43) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758−
1775.
(44) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B

1994, 50, 17953−17979.
(45) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate ab initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132 (15), 154104.
(46) Qiu, H.; Yang, T.; Zhou, J.; Yang, K.; Ying, Y.; Ding, K.; Yang,
M.; Huang, H. Tunable Hydrogen Evolution Activity by Modulating
Polarization States of Ferroelectric BaTiO3. J. Mater. Chem. A 2023,
11, 7034−7042.
(47) Abbasi, P.; Barone, M. R.; de la Paz cruz-Jáuregui, M.;
Valdespino-Padilla, D.; Paik, H.; Kim, T.; Kornblum, L.; Schlom, D.
G.; Pascal, T. A.; Fenning, D. P. Ferroelectric Modulation of Surface
Electronic States in BaTiO3 for Enhanced Hydrogen Evolution
Activity. Nano Lett. 2022, 22, 4276−4284.
(48) Lee, J. W.; Eom, K.; Paudel, T. R.; Wang, B.; Lu, H.; Huyan, H.
X.; Lindemann, S.; Ryu, S.; Lee, H.; Kim, T. H.; et al. In-plane quasi-
single-domain BaTiO3 via interfacial symmetry engineering. Nat.
Commun. 2021, 12 (1), 6784.
(49) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone
Integrations. Phys. Rev. B 1976, 13, 5188−5192.
(50) Mathew, K.; Kolluru, V. S. C.; Mula, S.; Steinmann, S. N.;
Hennig, R. G. Implicit Self-Consistent Electrolyte Model in Plane-
Wave Density-Functional Theory. J. Chem. Phys. 2019, 151 (23),
234101.
(51) Mathew, K.; Sundararaman, R.; Letchworth-Weaver, K.; Arias,
T. A.; Hennig, R. G. Implicit Solvation Model for Density-Functional
Study of Nanocrystal Surfaces and Reaction Pathways. J. Chem. Phys.
2014, 140 (8), 084106.

(52) King-Smith, R. D.; Vanderbilt, D. Theory of Polarization of
Crystalline Solids. Phys. Rev. B 1993, 47, 1651−1654.
(53) Spaldin, N. A. A Beginner’s Guide to the Modern Theory of
Polarization. J. Solid State Chem. 2012, 195, 2−10.
(54) Ghosez, P.; Gonze, X.; Lambin, P.; Michenaud, J. P. Born
Effective Charges of Barium Titanate: Band-by-Band Decomposition
and Sensitivity to Structural Features. Phys. Rev. B 1995, 51, 6765−
6768.
(55) García-Mota, M.; Vojvodic, A.; Abild-Pedersen, F.; Nørskov, J.
K. Electronic Origin of the Surface Reactivity of Transition-Metal-
Doped TiO2(110). J. Phys. Chem. C 2013, 117, 460−465.
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