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Utilization of Neural Network Potential for Finding Perovskite-
Type Metal Oxide Photocathodes Capable of Producing Hydrogen 
Shuya Masuda,a,b Yosuke Harashima, a Tomoaki Takayama,a* Shogo Takasuka a and Mikiya Fujii a* 

Metal-oxide based photoelectrodes are promising candidates for 
water splitting due to their stability, but there is a lack of 
photocathodes. We proposed a method for finding photocathodes 
by utilizing neural network potential, leading to experimentally 
discovering a new PrCrO3 photocathode capable of 
photoelectrochemically producing hydrogen in aqueous solution.

Photoelectrochemical cells are promising candidates for useful 
devices to generate hydrogen by splitting water using photon 
energy.1-4 Such a cell consists of a photocathode and a photoanode. 
Photocathodes have a role for hydrogen production, and must 
possess p-type semiconductor property. On the other hand, 
photoanodes work for oxygen production, and their semiconductor 
property shall be n-type. As candidate materials for the 
photocathodes and the photoanodes, metal oxides are preferable to 
other inorganic materials such as metal sulfides because of their ease 
of the synthesis and their stability under the water-splitting 
conditions.5 However, most metal oxide semiconductors have n-type 
properties due to the easy formation of oxygen defects during their 
synthesis processes.6, 7 This situation leads to the difficulty of 
experimentally discovering p-type metal oxide semiconductors. For 
solving this problem, it is essential 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 semiconductors, resulting in acceleration of the progress 
in the photoelectrochemical water splitting.

Density functional theory (DFT) calculations have been 
frequently used to distinguish the semiconductor properties of metal 
oxides.8-11 These DFT-based methods can predict p-type and n-type 

with high accuracy, and the explanations based on electronic states 
are understandable. However, in order to facilitate experimental 
discovery of the p-type semiconductor materials, it is desirable to 
establish another methodology involved with more experimentally 
understandable insights such as the equilibrium theory. In terms of 
facilitation, the fact that the DFT-based methods using hybrid 
functionals are somewhat time-consuming is another concern.

In the context of the aforementioned paragraphs, 
interdisciplinary studies of materials science and information science 
have gathered increasing attention for efficiently designing inorganic 
materials including photocatalysts for water-splitting.12, 13 Here, we 
combined insights from defect chemistry in materials 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 formation energies of 
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, VM, results in a p-type 
semiconductor property,14 whereas the formation of vacancy defects 
at the sites of oxygen anions, VO, results in an n-type.15 Therefore, it 
is vital to estimate the formation energy of the defects for 
discrimination of the p-type semiconductor properties of the metal 
oxides from the n-type ones with a high-throughput computation. 
However, conventional DFT calculations for the exhaustive 
estimations of the defect energies frequently suffer from the time-
consuming procedures. To advance this situation of the 
computational materials designs, we focused on the NNP that is 
expected to be an alternative high-throughput computational 
technique to the DFT calculations.16-18 The 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, the NNP has applied to designing of inorganic materials, for 
example in catalysis,19,20 batteries,21,22 glasses,23 and 
semiconductors.24 In defect chemistry, the NNP has been used to 
study various defects, including vacancies,25 dopants,26 complex 
defects,27 and surface defects.28
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In this study, we report on the effectiveness of NNP for extracting 
a new photocathode from a metal oxide database. First, we 
extracted 65 crystal structures of perovskite-type metal oxides from 
the Materials Project database.29 Second, we labeled information on 
the semiconductor properties (i.e., p- or n-type) of the extracted 65 
compounds were gathered from 38 references. The criteria for data 
extraction and the references collected are described in the 
electronic supporting information (ESI). Hereafter, the gathered 
information is called “Label”. Then, we calculated the formation 
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 the NNP. 
After that, we investigated the relationship between the calculated 
defect energies using the NNP and their Label(p-type or n-type). 
Consequently, it was determined that the formation energy of the 
defects provide a readily comprehensible indicator from the 
perspective of physical chemistry, facilitating the classification of 
semiconductor characteristics. Finally, we experimentally discovered 
a new metal oxide photocathode upon accordance with the classifier 
based on the investigated relationship.

Prior to the application of the NNP to the estimation of the 
formation energies of the defects of the metal cations and oxygen 
anions in the 65 metal oxides extracted from the Materials Project 
database metal oxides (see the ESI for the details), the deviation of 
the NNP from the DFT was evaluated. Matlantis30, 31 was used for the 
NNP calculations, and VASP32 was used for the DFT calculations. The 
detailed calculation conditions are described in the ESI. We focused 
on the differences of the energies between the perfect crystal 
structures and the corresponding defect-contained 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). It is noteworthy that the training data of the NNP in 
Matlantis does not include complex metal oxides, such as perovskite 
structures.30 This is most likely because the training data of the NNP 
include many kinds of polyhedral units that can be regarded as the 
building unites of the perovskites consisting of the metal cations and 

oxygen anions. Therefore, it could be concluded that the NNP can be 
used as the alternative to the DFT for estimating the formation 
energies of the defects. A comparison of NNP with other functionals 
of DFT was summarized in Fig. S2 of the Supporting Information.

The relationship between the formation energies of the defects 
estimated by the NNP in the extracted metal oxides (65 
compositions) and their Labels are evaluated as shown in Fig. 1 and 
Table 1. Note that we estimated the formation energies of the 
defects according to Eq. (1) on the ESI. Before getting into the 
evaluation, brief interpretations of the Fig. 1 and Table 1 are 
provided. Displaying the classification criterion defined above again, 
predominant defect formation of metal cations results in a p-type 
semiconductor property,14 whereas an increase in defect formation 
of oxygen anions results in an n-type.15 Therefore, in the Fig. 1, if a 
metal oxide is ploted in the red-filled region, the metal oxide is  
classified as p-type. For classifying as n-type, its plot is located within 
the blue-filled region. Blue-closed circles indicate the n-type Labels, 
and red-closed circles indicate the p-type Labels. Idealliy, the red-
closed circles would be located within the red-liied region. Contrary, 
the blue-ones would be within the blue-filled region. In addition, 
accuracy, precision, and recall metrics of the typical assessment 
criteria in informatics are summarized in Table 1. To return to the 
discussion, the evaluations of the 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. Meanwhile, for the n-
type, precision and recall were 80% and 57%, respectively. The 
reason why the recall of n-type was moderate would be deviation of 
calculation conditions of NNP from experimental conditions. Oxygen 
defects become more favorable at higher temperatures due to 
endothermic process to release the O₂ molecules into gas-phase 
from crystal structures. Therefore, it could happen that a material 
computationally (namely, at 0 K) classified as p-type exhibits n-type 
behavior experimentally due to experimental preparation at high 
temperature. In this section, it could 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 
experimentally finding photocathodes. This is because metal oxides 
possessing p-type semiconductor properties could be applied to 
photocathodes. Among the 65 metal oxides shown in Fig. 1, 12 metal 
oxides were selected for the examination from the standpoint of the 

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 extracted metal oxides (65 compositions) 
were estimated by NNP. The red and blue circles indicate the 
compositions experimentally reported as p-type and n-type, 
respectively. In an ideal situation, the circles filled with red (blue) 
would be located within the region filled with red (blue).

Table 1. Summary of Classification Results.

Classified Data

p-type n-type

Re
al

 D
at

a p-type 33 4 Recall
89%

n-type 12 16 Recall
57%

Precision
73%

Precision
 80%

Accuracy
75%
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experimental synthesizability in the adopted solid-state reaction. The 
detailed solid-state reaction conditions are described in the ESI. 
Among the selected 12 metal oxides, the 3 metal oxides (CaSnO3, 
SrSnO3, and SrTiO3) 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 K2SO4 electrolyte contained 
with a phosphate buffer (pH7) saturated with O2. This O2 gas was 
used as the electron scavenger 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, the 9 metal oxides 
plotted within or near the red area show not anodic but cathodic 
photoresponses. Firstly, by paying attention to the 9 metal oxides 
plotted within or near the red area, the 2 metal oxides (LaCrO3 and 
PrCrO3, their X-ray diffractions are shown in Fig. S3) exhibited 
cathodic photoresponses under ultraviolet (UV) light irradiation, as 
shown by the red-closed circles. Contrary to the expectations, the 
other 7 metal oxides exhibited anodic photoresponses (red-open 
circles). Secondly, the CaSnO3, SrSnO3, and SrTiO3 classified as n-type 
predictably yielded anodic photoresponses (blue-closed circles). The 
discrepancy between the classification and the experimental results 
as represented with the red-open circles could be explained as 
follows. From the standpoint of experiments about metal oxides, the 
higher calcination temperature is, the easier oxygen is released from 
metal oxides. Taking SrFeO3 as an example, it is observed that if the 
calcination temperature exceeds 400°C, the number of oxygen 
defects increases.33 In addition, metal oxides with a high oxygen 
deficiency are generally n-type.15 By returning attention to 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 on the ESI). Therefore, our experimental conditions were 

concluded to be prone to generating the defects of the oxygen 
anions as compared to those of the collected literature from the 
viewpoint of the experimentally thermodynamic equilibrium. 
Nevertheless, LaCrO3 and PrCrO3 exhibited photocathodic properties. 
This is due to the durability against the defect formation of the 
oxygen anions as expected in Fig. 2. Specifically, the formation 
energies of the anion defect in LaCrO3 and PrCrO3 were the two 
highest energies among the 12 compositions that we synthesized. 
Importantly, to the best of our knowledge, there is no report  that 
PrCrO3 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.

PrCrO3 photocathode further underwent photoelectrochemical 
hydrogen production reaction. PrCrO3 thin film (its X-ray diffraction 
is shown in Fig. S4) was additionally prepared using a spin-coat 
method (see ESI for the details) instead of solid-state reaction due to 
generally superior experimental performances of thin film 
photocathodes to particulate-based photocathodes. Cross-sectional 
scanning electron microscopy (SEM) was conducted using a PrCrO3 
photocathode (Fig. S5). 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. 2. Photoelectrochemical measurement results for metal 
oxides synthesized by solid-state reaction. The blue-closed(red-
closed) circles indicate that their observed 
photoanodic(photocathodic) properties were consistent with 
their n-type(p-type) semiconductor properties experimentally 
recorded in the literature.  In contrast, the red-open circles 
indicate inconsistence between their observed photoanodic 
properties with their p-type semiconductor properties recorded 
in the literature.

Fig. 3. Linear sweep voltammogram of PrCrO3 thin film 
photocathode. The inset figure is the magnified one around 0 V 
vs RHE. Light source: a 300 W Xe-arc lamp (𝜆 > 300 nm), 
electrolyte: an aqueous K2SO4 solution containing phosphate 
buffer (pH7) saturated with Ar, electrode area: ca. 1 cm2

Fig. 4. Dependence of the cathodic photocurrent density of 
PrCrO3 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, long pass filters), 
electrolyte: an aqueous K2SO4 solution containing phthalates 
buffer (pH4) saturated with Ar, applied potential: −0.4 V vs RHE, 
electrode area: ca. 1 cm2.
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(Fig. S6). Elemental maps of Pr, Cr, and O were clearly recorded in 
addition to Si, Sn. The overlay of these maps indicated that the 
observed thin film was composed of Pr, Cr, and O. Fig. 3 shows linear 
sweep voltammogram of the PrCrO3 thin film photocathode. An 
aqueous electrolyte concaining phosphate buffer (pH7) saturated 
with Ar instead of O2 was used. Cathodic photocurrent was clearly 
observed when the PrCrO3 thin film photocathode was irradiated 
with UV light (namely, “Light on” in the inset of Fig. 3). Contrary, such 
a cathodic photocurrent was immediately disappeared under dark 
(namely, “Light off” in the inset of Fig. 3). The details of the 
voltammogram is shown in Fig. S7. Mott-Schottky analysis indicated 
that the flat-band potential of a PrCrO3 photocathode was ca. +0.7 V 
vs RHE (Fig. S8). This flat-band potential was relatively more positive, 
for example, than that of Cu2O (e.g., +0.55 V vs RHE).34 The positive 
flat-band potential is desirable for construction of a 
photoelectrochemical cell as discussed in the latter section. 
According to the Mott-Schottky plots, carrier concentration of the 
PrCrO3 photocathode was estimated to range from 1.1 × 10¹⁴ to 3.2 
× 10¹⁵ cm⁻³, when the dielectric constant of PrCrO3 was assumed to 
be the same as literature (from 1000 to 30000 F/m).35, 36

Fig. 4 shows the dependence of the cathodic photocurrent on the 
cut-off wavelengths of the irradiation lights. The time-course of the 
wavelength-dependences is provided in Fig. S9. 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 PrCrO3 rather than d–d transition of Cr 
ions attributed to the absorption of visible light.37 Fig. 5 shows the 
photoelectrochemical hydrogen production using the PrCrO3 thin 
film photocathode under UV light irradiation. The applied potential 
was 0 V vs RHE. Its cathodic photocurrent was recorded until 120 min 
under UV light irradiation, whereas the photocurrent was negligible 
under dark again. Most importantly, H2 was continuously detected 
during UV light irradiation, meanwhile H2 was not detected under 
dark. These results indicated that the observed cathodic 
photocurrent was consumed for H2 production at 0 V vs RHE in an 
aqueous neutral electrolyte. Faradaic efficiency for H₂ production 
(FEH₂) on the PrCrO3 photocathode was estimated at each of the 
sampling points, resulting in the averaged Faradaic efficiency of 42%. 
The reason the FEH₂ was below 100% is most likely the small amounts 
of H₂ gas against the limit of quantification (namely, an experimental 
error). It is noteworthy that a tandem cell consisting of a PrCrO3 

photocathode and a CoOx/BiVO4:Mo photoanode gave 
photocurrents under simulated sunlight irradiation without external 
electronic voltage (Fig. S10). This is because of clear overlap between 
onsets of photocurrents of a PrCrO3 photocathode and a 
CoOx/BiVO4:Mo photoanode (Fig. S11). Thus, we successfully 
unveiled that PrCrO3 was a new photocathode capable of producing 
H2 utilizing UV light in accordance with the classification. Although 
PrCrO3 primarily responds to ultraviolet light, its performance could 
be improved by doping to increase carrier concentration and 
enhance visible light absorption. Our finding based on NNP is 
expected to be beneficial for assessments of the doped structures.

Conclusions
We established a method combining insights of defect chemistry 
with the computational efficiency of NNP to extract metal oxide 
photocathodes with the perovskite-type crystal structures from the 
Materials Project of an inorganic materials database. The deviation 
of the formation energies of the defects of the 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 reliance of NNP in the estimations instead of DFT. 
Estimation of the formation energies of the defects using the NNP is 
effective in classifying their semiconductor properties into  p- or n-
types. The accuracy of the proposed classification method for the p-
type and n-type labels obtained by reference was 75%. The accuracy 
would be improved by incorporation of finite-temperature effects 
into the NNP-based estimations. According to the classification, we 
experimentally discovered a new PrCrO3 photocathode capable of 
photoelectrochemically producing H2 utilizing UV light. This finding 
will accelerate the discovery of new metal oxide photocathodes for 
photoelectrochemical H2 production.
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Fig. 5. Photoelectrochemical H2 production using PrCrO3 thin film 
photocathode under UV irradiation. Light source: a 300 W Xe-arc 
lamp (𝜆 > 300 nm), electrolyte: an aqueous K2SO4 solution 
containing phosphate buffer (pH7) saturated with Ar, applied 
potential: 0 V vs RHE, electrode area: ca. 6 cm2.
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