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Metal-oxide-based photoelectrodes are promising candidates for
water splitting because of their stability, but there is a lack of
metal-oxide-based photocathodes. We proposed a method for
determining such photocathodes by utilizing neural network
potential, leading to the experimental discovery of a new PrCrOs
photocathode capable of photoelectrochemically producing
hydrogen in aqueous solution.

Photoelectrochemical cells are promising candidates for fabri-
cating useful devices to generate hydrogen by splitting water
using photon energy.'™ Such cells consist of a photocathode
and a photoanode. Photocathodes play a role in hydrogen
production and must possess a p-type semiconductor property.
In contrast, photoanodes play a role in oxygen production, and
their semiconductor property shall be n-type. As candidate
materials for photocathodes and photoanodes, metal oxides
are preferred to other inorganic materials such as metal sul-
fides because of their ease of synthesis and stability under
water-splitting conditions.> However, most metal oxide semi-
conductors exhibit n-type properties originating from the easy
formation of oxygen defects during their synthesis.®” This
situation makes experimentally discovering p-type metal oxide
semiconductors challenging. To solve this problem, it is essen-
tial to establish a methodology to determine the likelihood that
a metal oxide is p-type in silico. This methodology will facilitate
the experimental discovery of new p-type metal oxide semicon-
ductors, accelerating the progress in photoelectrochemical
water splitting.

Density functional theory (DFT) calculations have been
frequently used to distinguish the semiconductor properties
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of metal oxides.®** These DFT-based methods can predict the
p-type and n-type nature with high accuracy, and the explana-
tions based on electronic states are understandable. However,
in order to facilitate experimental discovery of p-type semicon-
ductor materials, it is desirable to establish another methodol-
ogy involved with more experimentally understandable
insights, such as the equilibrium theory. In terms of facilita-
tion, the fact that the DFT-based methods using hybrid func-
tionals are quite time-consuming is another concern.

In the context of the aforementioned factors, interdisciplin-
ary studies of materials science and information science have
gathered increasing attention for efficiently designing inor-
ganic materials, such as photocatalysts for water-splitting.'>'?
Herein, we combined insights from defect chemistry in materi-
als science with the computational efficiency of neural network
potential (NNP) to determine the likelihood that a metal oxide
is p-type in silico. According to defect chemistry, comparison of
the formation energies of the defects in crystal structures sheds
light on the potential of metal oxides to become p-type.
Specifically, the predominant formation of vacancy defects at
the sites of metal cations, Vy, results in a p-type semiconductor
property,'* whereas the formation of vacancy defects at the sites
of oxygen anions, Vo, results in an n-type semiconductor
property.'®> Therefore, it is vital to estimate the formation
energy of defects for discriminating the p-type semiconductor
properties of metal oxides from the n-type ones with high-
throughput computation. However, conventional DFT calcula-
tions for the exhaustive estimation of defect energies frequently
suffer from time-consuming procedures. To advance this situa-
tion of computational material designs, we focused on NNP,
which is expected to be an alternative high-throughput compu-
tational technique to DFT calculations.*®™® NNP is a machine
learning method that predicts interatomic potentials. The use
of interatomic potentials allows faster structure optimization
by calculating atomic forces from energy derivatives with
respect to atomic coordinates. Recently, NNP has been applied
to designing inorganic materials, for example in catalysis,'**°
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>122 olagses,”® and semiconductors.>® In defect chem-

batteries,
istry, NNP has been used to study various defects, including
vacancies,”® dopants,*® complex defects,?” and surface defects.>®

In this study, we report the effectiveness of NNP for extract-
ing a new photocathode from a metal oxide database. First, we
extracted 65 crystal structures of perovskite-type metal oxides
from the Materials Project database.”® Second, we labeled
information on the semiconductor properties (i.e., p- or n-
type) of the 65 extracted compounds gathered from 38 refer-
ences. The criteria for data extraction and the references
collected are described in the ESL{ Hereafter, the gathered
information is called ‘“Label”. Then, we calculated the for-
mation energies of the defects of the metal cations and oxygen
anions in the metal oxides using NNP. In addition, a subset of
the metal oxides underwent DFT calculations to ascertain the
reliability of NNP. Subsequently, we investigated the relation-
ship between the calculated defect energies using NNP and
their label (p-type or n-type). Consequently, it was determined
that the formation energy of defects provides a readily compre-
hensible indicator from the perspective of physical chemistry,
facilitating the classification of semiconductor characteristics.
Finally, we experimentally discovered a new metal oxide photo-
cathode in accordance with the classifier based on the investi-
gated relationship.

Prior to the application of NNP for the estimation of the
formation energies of the defects of the metal cations and
oxygen anions in the 65 metal oxides (see the ESIL i for the
details), the deviation of NNP from the DFT was evaluated.
Matlantis®®>! was used for NNP calculations, and VASP*> was
used for DFT calculations. The detailed calculation conditions
are described in the ESI.f We focused on the differences in the
energies between the perfect crystal structures and the corres-
ponding defect-containing structures obtained by NNP and
DFT. The energies exhibited a tendency to be proportional, as
evidenced by the determination coefficient of 0.95 (see Fig. S1,
ESIT). It is noteworthy that the training data for NNP in
Matlantis does not include complex metal oxides, such as
perovskite structures.*® This is most likely because the training
data of NNP include many types of polyhedral units that can be
regarded as the building blocks of perovskites containing metal
cations and oxygen anions. Therefore, it could be concluded
that NNP can be used as an alternative to DFT for estimating
the formation energies of defects. A comparison of NNP with
other functionals of DFT is summarized in Fig. S2 (ESIY).

The relationship between the formation energies of the
defects estimated by NNP in the 65 extracted metal oxides
and their Labels were evaluated as shown in Fig. 1 and
Table 1. Note that we estimated the formation energies of the
defects according to eqn (S1), given in the ESI.¥ Before discuss-
ing the evaluation, brief interpretations of Fig. 1 and Table 1 are
provided. Referring to the classification criterion defined
above, the predominant defect formation in metal cations
results in a p-type semiconductor property,'® whereas an
increase in defect formation in oxygen anions results in an n-
type semiconductor property.'®> Therefore, as shown in Fig. 1, if
a metal oxide is plotted in the red-filled region, the metal oxide
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Fig. 1 The classification of the Labels (p- and n-types) on the basis of the
formation energies of the cation and anion defects. These energies of the
65 extracted metal oxides were estimated using NNP. The red and blue
circles indicate the compositions experimentally reported as p-type and n-
type, respectively. In an ideal situation, red circles (blue circles) present in
the blue-filled (red-filled) region would be located in the red-filled (blue-
filled) region.

Table 1 Summary of the classification results

Classified data

p-type n-type
Real data p-type 33 4 Recall
89%
n-type 12 16 Recall
57%
Precision Precision Accuracy
73% 80% 75%

is classified as p-type. For classification as n-type, its plot is
located within the blue-filled region. Blue circles indicate n-
type Labels, and red circles indicate p-type Labels. Ideally, the
red circles would only be located in the red-filled region, and
the blue circles would be located in the blue-filled region. In
addition, the accuracy, precision, and recall metrics of the
typical assessment criteria in informatics are summarized in
Table 1. The evaluations of Fig. 1 and Table 1 are summarized
as follows. The accuracy of the overall classification of both
Labels was 75%. For the p-type, precision and recall were 73%
and 89%, respectively. This high recall value indicates that the
proposed method can efficiently classify p-type oxides. Alter-
natively, for the n-type, precision and recall were 80% and 57%,
respectively. The reason why the recall of the n-type was
moderate would be the deviation of the calculation conditions
of NNP from experimental conditions. Oxygen defects become
more favorable at higher temperatures owing to the endother-
mic process to release the O, molecules into the gas phase from
the crystal structures. Therefore, a material computationally
(namely, at 0 K) classified as p-type could exhibit n-type
behavior experimentally because of experimental preparation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at high temperature. In this section, it can be concluded that
the relationship between the formation energies of the defects
is a potent classifier for determining the likelihood that a metal
oxide is p-type in silico.

We examined the effectiveness of the classifier for experi-
mentally determining photocathodes. This is because metal
oxides possessing p-type semiconductor properties could be
applied as photocathodes. Among the 65 metal oxides shown in
Fig. 1, 12 metal oxides were selected for the examination from
the standpoint of their experimental synthesizability in the
adopted solid-state reaction. The detailed solid-state reaction
conditions are described in the ESL.f Among the selected 12
metal oxides, 3 metal oxides (CaSnOs, SrSnO3, and SrTiO;) had
been reported as n-type, whereas the other 9 metal oxides had
been reported as p-type. Their photoelectrochemical properties
were measured using a typical three-electrode-type cell in an
aqueous K,SO, electrolyte containing phosphate buffer (pH7)
saturated with O,. This O, gas was used as an electron scaven-
ger to easily observe the cathodic photoresponse.

Fig. 2 shows the experimental validation of the likelihood
that the selected metal oxides are p-type. In an ideal situation,
the nine metal oxides plotted within or near the red area show
not anodic but cathodic photoresponses. Firstly, by focusing on
the nine metal oxides plotted within or near the red area, two
metal oxides (LaCrO; and PrCrO;; their X-ray diffraction pat-
terns are shown in Fig. S3, ESIt) exhibited cathodic photore-
sponses under ultraviolet (UV) light irradiation, as shown by
the red-filled circles. Contrary to the expectations, the other
seven metal oxides exhibited anodic photoresponses (red-lined
circles). Secondly, CaSnOs, SrSn0O;, and SrTiO; classified as n-
type predictably yielded anodic photoresponses (blue-filled
circles). The discrepancy between the classification and the

@ photoanode(n-type reported)
O photoanode(p-type reported)
@ photocathode(p-type reported)

CaSn0; o
SrSnOz @

6 SrTio; @
LaGa0;0

LalnO; O
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Formation energy of cation defect/ eV

GdMnO;
LaFeOyq ~NdMnO,

BiFe0,0 PrFeO,
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0 2 4 6 8 10
Formation energy of anion defect/ eV

Fig. 2 Photoelectrochemical measurement results for metal oxides
synthesized through the solid-state reaction. The blue-filled (red-filled)
circles indicate that their observed photoanodic (photocathodic) proper-
ties were consistent with their n-type (p-type) semiconductor properties
experimentally recorded in the literature. In contrast, the red-lined circles
indicate the inconsistency between their observed photoanodic properties
and their p-type semiconductor properties recorded in the literature.
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experimental results, as represented by the red-lined circles,
can be explained as follows. From the standpoint of experi-
ments on metal oxides, the higher the calcination temperature
the easier the release of oxygen from the metal oxides. Taking
SrFeO; as an example, it is observed that if the calcination
temperature exceeds 400 °C, the number of oxygen defects
increases.’® In addition, metal oxides with high oxygen defi-
ciency are generally n-type."> For our experiments, we used
high-temperature calcination (1150 °C) for solid-state reactions
in air because of the simplicity of synthesis. This calcination
temperature was higher than the synthesis temperatures (e.g.,
200 °C) reported in the literature that we collected (38 papers
listed in the ESIt). Therefore, our experimental conditions were
concluded to be prone to generating the defects of oxygen
anions as compared to those of the collected literature from
the viewpoint of the experimentally thermodynamic equili-
brium. Nevertheless, LaCrO; and PrCrO; exhibited photocatho-
dic properties. This is owing to the durability of oxygen anions
against defect formation, as suggested from Fig. 2. Specifically,
the formation energies of the anion defect in LaCrO; and
PrCrO; were the two highest energies among the 12 composi-
tions that we synthesized. Importantly, to the best of our
knowledge, there is no report suggesting that PrCrO; provides
a cathodic photoresponse. Thus, it could be concluded that the
relationship between the formation energies of the defects of
the metal cations and oxygen anions estimated by NNP is a
potent guideline for determining the likelihood that a metal
oxide is a photocathode in silico.

PrCrO; photocathode further underwent a photoelectro-
chemical hydrogen production reaction. PrCrO; thin film (its
X-ray diffraction pattern is shown in Fig. S4, ESI{) was addi-
tionally prepared using a spin-coat method (see the ESI, T for
details) instead of a solid-state reaction considering the gen-
erally superior experimental performances of the thin-film
photocathodes to particulate-based photocathodes. Cross-
sectional scanning electron microscopy (SEM) was conducted
using a PrCrO; photocathode (Fig. S5, ESIT). The FTO substrate
was covered with a thin film. The thickness was approximately
100 nm. SEM with energy-dispersive X-ray spectroscopy (SEM-
EDX) was additionally conducted (Fig. S6, ESIf). Elemental
maps of Pr, Cr, and O were clearly recorded in addition to Si
and Sn. The overlay of these maps indicated that the observed
thin film was composed of Pr, Cr, and O. Fig. 3 shows the linear
sweep voltammogram of the PrCrO; thin film photocathode. An
aqueous electrolyte comprising phosphate buffer (pH7) satu-
rated with Ar instead of O, was used. Cathodic photocurrent
was clearly observed when the PrCrO; thin film photocathode
was irradiated with UV light (namely, “light on” in the inset of
Fig. 3). In contrast, such a cathodic photocurrent immediately
disappeared under dark (namely, “light off” in the inset of
Fig. 3). The details of the voltammogram are shown in Fig. S7
(ESIt). Mott-Schottky analysis indicated that the flat-band
potential of a PrCrO; photocathode was about +0.7 V vs. RHE
(Fig. S8, ESIT). This flat-band potential was relatively more
positive, for example, than that of Cu,O (e.g., +0.55 V vs.
RHE).>' The positive flat-band potential is desirable for the
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Fig. 3 Linear sweep voltammogram of the PrCrOsz thin film photo-
cathode. The inset figure is the magnified image of the area around 0 V
vs. RHE. Light source: a 300 W Xe-arc lamp (4 > 300 nm), electrolyte: an

aqueous K>SO, solution containing phosphate buffer (pH7) saturated with
Ar, electrode area: approximately 1 cm?.

construction of a photoelectrochemical cell, as discussed in the
latter section. According to Mott-Schottky plots, the carrier
concentration of the PrCrO; photocathode was estimated to
range from 1.1 x 10" to 3.2 x 10" cm 3, when the dielectric
constant of PrCrO; was assumed to be the same as that
reported in the literature (from 1000 to 30000 F m™~*).*>?¢
Fig. 4 shows the dependence of the cathodic photocurrent
on the cut-off wavelengths of the irradiation light. The time-
course of the wavelength-dependencies is provided in Fig. S9
(ESIT). The onset of the photocurrent was near ~400 nm of the
cut-off wavelength. Such an onset indicated that the observed
photocurrents were obtained by the band gap excitation of
PrCrOj; rather than the d-d transition of Cr ions, attributed to
the absorption of visible light.>” Fig. 5 shows photoelectro-
chemical hydrogen production using the PrCrO; thin film
photocathode under UV light irradiation. The applied potential
was 0 Vvs. RHE. Its cathodic photocurrent was recorded for 120
min under UV light irradiation, whereas the photocurrent was
negligible in the dark again. Most importantly, H, was
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300 350 400 450 500 550 600
Cut-off wavelength / nm

Fig. 4 Dependence of the cathodic photocurrent density of the PrCrOsz
thin film photocathode on the cut-off wavelength of the incident light.
Light source: a 300 W Xe-arc lamp equipped with the corresponding cut-
off filters (namely, slong pass filters), electrolyte: an aqueous K,SO4
solution containing phthalate buffer (pH4) saturated with Ar, applied
potential: —0.4 V vs. RHE, electrode area: approximately 1 cm?.
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Fig. 5 Photoelectrochemical H, production using the PrCrOz thin film
photocathode under UV irradiation. Light source: a 300 W Xe-arc lamp (1
> 300 nm), electrolyte: an aqueous K,SO,4 solution containing phosphate
buffer (pH7) saturated with Ar, applied potential: 0 V vs. RHE, electrode
area: approximately 6 cm?.

continuously detected during UV light irradiation, whereas H,
was not detected in the dark. These results indicated that the
observed cathodic photocurrent was consumed for H, produc-
tion at 0 V vs. RHE in an aqueous neutral electrolyte. The
faradaic efficiency for H, production (FEy,) on the PrCrO;
photocathode was estimated at each sampling points, resulting
in an averaged faradaic efficiency of 42%. The reason why the
FEg, was below 100% is most likely due to the small amount of
H, gas being close to the limit of quantification. It is note-
worthy that a tandem cell consisting of a PrCrO; photocathode
and a CoO,/BiVO4:Mo photoanode gave photocurrents under
simulated sunlight irradiation without an external electronic
voltage (Fig. S10, ESIt). This is because of the clear overlap
between the onsets of the photocurrents of the PrCrO; photo-
cathode and CoO,/BiVO,:Mo photoanode (Fig. S11, ESIT). Thus,
we successfully demonstrated that PrCrO; is a new photo-
cathode capable of producing H, utilizing UV light in accor-
dance with the classification. Although PrCrO; primarily
responds to ultraviolet light, its performance could be
improved by doping to increase carrier concentration and
enhance visible light absorption. Our findings based on NNP
are expected to be beneficial for the assessment of doped
structures.

Conclusions

We established a method combining the insights of defect
chemistry with the computational efficiency of NNP to extract
metal oxide photocathodes with perovskite-type crystal struc-
tures from the Materials Project database of inorganic materi-
als. The deviation of the formation energies of the defects of
metal cations and oxygen anions estimated by NNP from those
estimated by DFT is fairly small in the representatives of the
extracted metal oxides, indicating the reliance of NNP in the
estimations instead of DFT. The estimation of the formation
energies of the defects using NNP is effective in classifying their
semiconductor properties into p- or n-type. The accuracy of the
proposed classification method for the p-type and n-type Labels

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained by reference was 75%. The accuracy would be
improved through the incorporation of finite-temperature
effects into NNP-based estimations. According to this classifi-
cation, we experimentally discovered a new PrCrO; photo-
cathode capable of photoelectrochemically producing H,
utilizing UV light. This finding will accelerate the discovery of
new metal oxide photocathodes for photoelectrochemical H,
production.
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