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Photoelectrochemical (PEC) water splitting has the potential to convert solar
energy into chemical energy, emerging as a promising alternative to fossil fuel
combustion. In PEC systems, p-type semiconductors are particularly noteworthy
for their ability to directly produce hydrogen. In this work, Fe2O3 with p-type
semiconductor properties grown directly on the conductive glass substrate were
successfully synthesized through a simple one-step hydrothermal method. The
analysis results indicate that the Fe2O3 exhibits a spindle shaped nanoarray
structure and possesses a small band gap, thereby demonstrating excellent
photoelectrochemical performance as a photocathode with photocurrent
density of −23 μA cm−2 at 0.4 V vs. RHE. Further band structure tests reveal
that its conduction band position is more negative compared to the hydrogen
evolution potential, highlighting its significant potential as a photocathode
material.
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1 Introduction

The main challenges facing human society stem from environmental pollution and the
energy crisis, necessitating the exploration of green and sustainable alternative energies.
Photoelectrochemical (PEC) water splitting, which converts solar energy into reusable
chemical energy through semiconductors, offers a viable path for replacing fossil fuels
(Chen et al., 2010; Daulbayev et al., 2020; Hansora et al., 2024). Currently, the majority of
research on PEC water splitting focuses on n-type semiconductors, such as binary oxides
like TiO2 (Liu et al., 2023; Wang et al., 2021), ZnO (Hieu et al., 2020; Xiao et al., 2017), α-
Fe2O3 (Wang C. et al., 2019; Luo et al., 2017), WO3 (Shao et al., 2020), and ternary oxides
like BiVO4 (Gao et al., 2020; Gao et al., 2022), Bi2WO6 (Dong et al., 2017), CuWO4 (Li and
Diao, 2020), which are used as photoanodes in PEC systems. These materials are favored
due to their abundance, non-toxicity, stability, and ease of low-cost preparation. However,
p-type semiconductors are particularly noteworthy for their ability to directly produce
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hydrogen when used as photocathodes (Li et al., 2023). Therefore,
the search for efficient p-type semiconductors with appropriate
bandgap structures is a challenging yet significant task.

Currently reported p-type semiconductors include Si-based
semiconductors (Sun et al., 2014; Hu et al., 2014), III-V group
semiconductors [e.g., InP (Lin et al., 2015), InGaN (Alotaibi
et al., 2013)], Cu-based oxide semiconductors [e.g., Cu2O (Li
et al., 2019), CuFeO2 (Read et al., 2012)], and Fe-based oxide
semiconductors (Wheeler et al., 2019; Rojac et al., 2016; Son et al.,
2020). Among them, metal oxide semiconductors are more
valuable due to their convenience in the preparation process.
However, their applications often face challenges such as
complex preparation processes and insufficient stability. Cu2O
has been extensively studied as a metal oxide photocathode due to
its suitable bandgap and high carrier separation efficiency. Its
severe photocorrosion makes it heavily reliant on a protective
layer to ensure its stability (Li et al., 2019; Ying et al., 2018; Kim
et al., 2019). Therefore, the quest for efficient and stable
photocathode materials remains a priority.

Iron-based oxides are among the few photoelectrode
materials that maintain excellent stability in PEC reactions.
Particularly, hematite (α-Fe2O3) is one of the most abundant
and low-cost semiconductor materials capable of absorbing
visible light with a bandgap of around 2.1 eV. Although most
Fe3+ containing binary and ternary oxides are n-type
semiconductors, studies have shown that doping α-Fe2O3 with
cations such as Mg2+, Zn2+, and Cu2+ or anions like N3- can induce
p-type semiconductor properties (Morikawa et al., 2011; Qi et al.,
2013). Takeshi Morikawa’s group prepared N,Zn co-doped
p-type α-Fe2O3 by magnetron co-sputtering and annealing.
This N,Zn-Fe2O3 exhibited excellent photocurrent
performance due to good light response and high charge
carrier concentrations (Morikawa et al., 2013). Furthermore,
transitioning semiconductors from n-type to p-type
conductivity by altering doping concentrations has been
reported in other semiconductor studies. Junpeng Wang’s
group synthesized p-type tetragonal zirconia-phase BiVO4

films via a hydrothermal method, which demonstrated
hydrogen production activity without any external bias due to
their p-type conductivity and built-in electric fields in the liquid/
semiconductor interface (Wang J. et al., 2019). Jiatao Zhang’s
group employed a cation exchange-based doping method to
convert n-type Au@CdS core-shell nanocrystals into p-type
ones by doping Cu+ into CdS and constructed tandem PEC
cells with undoped and Cu-doped Au@CdS photocathodes,
achieving stable H2 and O2 evolution under light irradiation
without external bias or cocatalysts (Pan et al., 2019).

However, researches on stable and cost-effective Fe-based
oxide photocathode materials remain limited, especially on the
one-step synthesis of p-type Fe2O3. In this work, we successfully
prepared Fe2O3 spindle-like nanoarrays grown directly on FTO
substrates through hydrothermal synthesis and subsequent heat
treatment. These Fe2O3 nanoarrays exhibited p-type
semiconductor conductivity characteristics and enabled PEC
water splitting to produce hydrogen under illumination. The
determination of their energy band structure provides valuable
insights for future research on iron-based oxides as
photocathodes.

2 Experimental section

2.1 Synthesis of p-type Fe₂O₃ spindle-like
nanoarrays

The fluorine-doped tin oxide (FTO) substrates with sizes of
1.5 cm × 3.0 cm were cleaned in ultrasonic cleaner with acetone,
anhydrous ethanol, and deionized water for 30 min, respectively.
Then, they were dried for subsequent use. 0.2173 g potassium
ferricyanide was dissolved in 10 mL deionized water with stirring
to get the transparent solution. A piece of FTO was placed obliquely
in a polytetrafluoroethylene (PTFE) liner with the conductive side
facing down. Then, the potassium ferricyanide solution was added.
After sealing the reactor, a hydrothermal reaction was conducted at
180°C for 6 h. When the reactor was allowed to cool naturally to
room temperature, the FTO substrate was taken out, thoroughly
rinsed with deionized water, and dried in an oven at 60°C. Finally, it
was heat-treated in a muffle furnace at 650°C for 3 h in an air
atmosphere to obtain Fe₂O₃ arrays, labeled as p-Fe₂O₃.

2.2 Synthesis of n-type Fe₂O₃ nanoarrays

The n-type Fe₂O₃ nanorod arrays were prepared as reference
according to a method reported in the literature. The specific
procedure was as follows (Lim et al., 2017): 1.9465 g anhydrous
ferric chloride and 1.2132 g potassium nitrate were weighed and
dissolved to 12 mL deionized water. The mixture was stirred until
the solution became clear and transparent. Then, the pH value of the
solution was adjusted to 1.5 by adding concentrated hydrochloric
acid. The hydrothermal reaction was conducted at 95°C for 4 h with
FTO as substrate. Afterwards, the FTO was rinsed with deionized
water, dried in an oven at 60°C, and nanorod-like β-FeOOH arrays
were obtained. The sample was then heat-treated in a muffle furnace
in an air atmosphere at 800°C for 10 min and labeled as n-Fe₂O₃.

2.3 Characterization

The D8 Discover X-ray diffractometer from Bruker was utilized
to investigate the phase composition of the samples. The surface
element composition, valence states, and the estimation of the
valence band spectrum position of the semiconductor material
were accomplished using an X-ray photoelectron spectrometer
(Thermo Fisher Scientific K-Alpha). The Hitachi S-4800 scanning
electron microscope (SEM) and the Tecnai G2 field-emission
transmission electron microscope (TEM) equipped with energy
disperse spectroscopy (EDS) were employed to observe the
microstructural morphology of the samples. Additionally, UV-
visible diffuse reflectance tests were conducted using a Shimadzu
UV-3600 UV-visible spectrophotometer.

2.4 Photoelectrochemical measurements

All electrochemical and photoelectrochemical performance in
this work were conducted on a Zahner IM6 electrochemical
workstation from Zennium. A 300 W Xe lamp equipped with an
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AM 1.5G filter (100 mW cm⁻2) was utilized to simulate solar
illumination for the photoelectrochemical performance tests. A
three-electrode system was employed, consisting of the prepared
film electrode as the working electrode, a platinum sheet as the
counter electrode, and a calomel electrode as the reference electrode,
with 0.1 mol L⁻1 potassium hydroxide solution serving as the
electrolyte. Linear sweep voltammetry (LSV) curves were
recorded under chopped light conditions, with a light-switching
interval of 3 s and a scan rate of 5 mV s⁻1. Amperometric (I-t) curves
were obtained by applying a specific bias voltage to the working
electrode and observing the resulting changes in current over time.
Additionally, Mott-Schottky plots were measured in dark conditions
at a frequency of 1,000 Hz.

3 Results and discussion

The micromorphology and structural characteristics of the as-
prepared p-Fe2O3 nanoarrays were observed through SEM and TEM
images. As shown in Figure 1A, a spindle-like nanoarray
morphology was obtained on the FTO substrate after the
hydrothermal process. These spindles were uniformly arranged
perpendicular to the substrate, with lengths ranging from 400 to
500 nm and thicknesses of 30–50 nm. After heat treatment at 650°C,
as shown in Figure 1B, the surface of p-Fe₂O₃ became relatively
rough, possibly due to the removal of CN⁻ groups originally
coordinated with surface iron ions during high temperature heat
treatment. Notably, the morphology and size of the p-Fe₂O₃ spindles
did not change significantly. This perpendicular structure to the
substrate facilitates the rapid transfer of photogenerated holes to the

substrate in the vertical direction and the effective migration of
photogenerated electrons to the electrode surface in the horizontal
direction, thereby effectively promoting the separation of
photogenerated carriers. Furthermore, the large specific surface
area of p-Fe₂O₃ provides abundant active sites, conducive to
efficient photoelectrochemical reactions at the interface between
the photoelectrode and the electrolyte. Regarding the morphology of
n-Fe₂O₃ (see Figures 1C, D), tightly packed vertical nanorod arrays
were synthesized on an FTO substrate via hydrothermal methods,
similar to what has been reported in the literature (Lim et al., 2017).
After annealing, the nanorod arrays become relatively loose due to
the removal of hydroxyl groups.

Figure 2A shows the TEM image of p-Fe₂O₃, where the spindle-
like structure of the obtained p-Fe₂O₃ was further confirmed. From
the HRTEM image in Figure 2B, the lattice spacing of the p-Fe₂O₃ is
measured as 0.2772 nm, corresponding to the (104) plane of α-
Fe₂O₃. In the EDX spectrum shown in Figure 2C, apart from the Cu
element from the Cu grid and the Si element from the glass substrate,
only Fe and O elements are observed, preliminarily confirming that
the p-Fe₂O₃ array is iron-based oxides.

The phase composition of the Fe₂O₃ nanoarrays was
characterized by X-Ray diffraction (XRD). Figure 3A shows the
XRD patterns of the p-Fe₂O₃ nanoarrays before and after heat
treatment. As shown, peaks at 26.6°, 33.8°, 37.8°, 51.7°, 61.7° and
65.7° correspond to the (110), (101), (200), (211), (310) and (301)
planes SnO2 (JCPDS NO. 41–1,445) from the FTO substrate. The
XRD pattern of the untreated p-Fe₂O₃mainly shows two phases. The
diffraction peak at 35.6°originates from the (110) plane of α-Fe₂O₃
(JCPDS NO. 33-0664). The diffraction peaks at 17.5° and 24.8°

correspond to the (200) and (220) planes of Fe₂(CN)₅·H₂O (JCPDS

FIGURE 1
SEM images of p-Fe2O3 arrays (A) before heat treatment and (B) after heat treatment, SEM images of n-Fe2O3 nanorod arrays (C) before heat
treatment and (D) after heat treatment (inset is the enlarged image).
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FIGURE 2
(A) TEM image, (B) HRTEM image and (C) EDS spectrum of p-Fe2O3.

FIGURE 3
(A) XRD patterns of (A) p-Fe2O3 and (B) n-Fe2O3.
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NO. 51-0361), indicating coordination between iron ions and CN−

during hydrothermal synthesis. After heat treatment, only the
crystallinity peaks at 33.2° and 35.6° can be verified in addition to
the peaks corresponding to FTO, which are attributed to the (104)
and (110) crystal planes of hematite (JCPDS 33-0664). The
diffraction peaks of Fe₂(CN)₅·H₂O completely disappear,
confirming the successful synthesis of the α-Fe2O3. Similarly,
Figure 3B presents the XRD patterns of n-Fe2O3 nanoarrays
before and after heat treatment. Apart from the FTO peaks, the
untreated sample only shows peaks at 11.8° and 35.1°, corresponding
to the (110) and (211) planes of β-FeOOH (JCPDS NO. 34-1266).
After heat treatment, the diffraction peaks of β-FeOOH vanish, and
new peaks at 33.2° and 35.6° appear, corresponding to the (104) and
(110) planes of α-Fe2O3. Phase analysis indicated that both the
prepared p-Fe₂O₃ and n-Fe₂O₃ arrays were α-Fe₂O₃.

To further analyze the elemental chemical composition and valence
states of the Fe2O3 nanoarrays, X-ray photoelectron spectroscopy (XPS)
tests were conducted. The full spectra in Figure 4A confirm that both
p-Fe₂O₃ and n-Fe₂O₃ contain only Fe andO elements, consist withXRD
results. Figure 4B shows the high-resolution spectrum of O 1s. TheO 1s
orbital of p-Fe₂O₃ can be fitted into two peaks located at 529.5 and
531.4 eV, corresponding to lattice oxygen (OL) and surface chemisorbed
oxygen or water molecules (OH), respectively. The O 1s orbital of
n-Fe₂O₃ can be fitted into three peaks at 529.6, 530.7, and 531.4 eV,
corresponding to lattice oxygen (OL), oxygen vacancies (OV) and

surface chemisorbed oxygen or water molecules (OH), respectively
(Qin et al., 2023). The presence of oxygen vacancies is the reason
for the n-type conductivity of n-Fe₂O₃ (Qi et al., 2013). The high-
resolution spectra of Fe 2p reveal differences in iron valence states
between p-Fe₂O₃ and n-Fe₂O₃. As shown in Figure 4C, the Fe 2p3/2
orbital of the n-Fe₂O₃ is located at 710.2 eV, with a corresponding
satellite peak at 718.3 eV and the Fe 2p1/2 orbital is located at 723.8 eV,
with a corresponding satellite peak at 732.2 eV. These peak positions
match well with compound containing Fe predominantly in the form of
Fe3+ (Wang et al., 2022). For the p-Fe₂O₃, similar plotting could be
observed, with the Fe 2p3/2 orbital peak shifts towards slightly higher
energy compared to that of n-Fe₂O₃, located at 710.6 eV. This is due to
the generation of excess holes around iron ions to achieve charge
balance in the system. For a detailed analysis of the iron valence states,
peak fittings of the main Fe 2p spectrum are presented in Figure 4D,
where the experimental Fe 2p, Fe4+, Fe3+, Fe2+, background and
simulated plots are gray dotted, orange, wine, blue, gray and black/
red lines, respectively. The olive and pink plots represent the satellite of
2p1/2 and Fe 2p3/2, respectively. The results indicate that Fe in n-Fe₂O₃
exists in the form of Fe3+ and Fe2+, while Fe in p-Fe₂O₃ is deconvoluted
into three components: Fe4+, Fe3+, and Fe2+ (Wheeler et al., 2019; Li
et al., 2021). The presence of Fe4+ in p-Fe₂O₃ is attributed to the
localization of extra holes around Fe3+ ions, which is might due to
intrinsic defects such as metal vacancies or substitution of Fe3+ by Fe2+

during the phase transition via high-temperature annealing process.

FIGURE 4
XPS spectra of Fe2O3 arrays, (A) survey spectrum, (B) high-resolution O 1s spectrum, (C) high-resolution Fe 2p spectrum, (D) peak fitting of Fe
2p spectrum.
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This is the fundamental reason for the p-type conductivity
semiconductors (Rojac et al., 2016; Lumley et al., 2019).

Figure 5A presents the UV-visible absorption spectra of
p-Fe₂O₃ and n-Fe₂O₃. It is clearly observed that both oxides
can absorb all UV light and a significant portion of visible light.
Specifically, the maximum absorption edge of n-Fe₂O₃ is located
at 590 nm, while that of p-Fe₂O₃ is slightly higher, reaching
600 nm. By converting the UV-visible absorption spectra into
Tauc plot curves and extending the tangent line of the linear
portions to intersect the x-axis, the bandgap of the
semiconductor can be obtained. From Figure 5B, the bandgap
of the p-Fe₂O₃ nanoarray is 2.14 eV, whereas Figure 5C indicates
that the bandgap of the n-Fe₂O₃ nanorod array is 2.07 eV. The
narrow bandgap of Fe₂O₃ enables it to absorb sufficient visible
light, providing a significant advantage for its application in
photoelectrochemical water splitting.

The photoelectrochemical water splitting performance of
p-Fe₂O₃ spindle-shaped nanoarrays and n-Fe₂O₃ nanorod arrays
was investigated through photoelectrochemical measures. Figure 6A
shows the linear scan voltammetry curves under chopped light. As
reported in literature, forward scanning was used to characterize the
photoelectrochemical oxidation performance of n-Fe₂O₃. As the

voltage increases, the anodic photocurrent also increases, with an
onset potential of approximately 0.9 V (vs RHE) and a photocurrent
reaching 1.70 mA cm⁻2 at 1.23 V (vs RHE). To characterize the
reduction performance of p-Fe₂O₃, reverse scanning was employed.
When the voltage decreased to 1.0 V, the current began to increase in
the negative direction, indicating the electrode’s photocathode
characteristics and confirming that the prepared p-Fe₂O₃ spindle-
shaped nanoarrays is a p-type semiconductor. The cathodic
photocurrent reaches −23.5 μA cm−2 at 0.4 V (vs. RHE).

Figure 6B shows the chronoamperometry curves under chopped
light. Both Fe₂O₃ materials exhibit rapid light response, indicating
that these materials have prompt transfer ability of photogenerated
electrons and holes. Specifically, n-Fe₂O₃ achieves an anodic
photocurrent response of 1.5 mA cm−2 with anodic overpotential
at 1.2 V (vs RHE), while p-Fe₂O₃ exhibits a stable cathodic
photocurrent of −23 μA cm−2 with cathodic overpotential at
0.4 V (vs RHE). The electrochemical test results demonstrate that
the prepared n-Fe₂O₃ is an n-type semiconductor suitable for PEC
water oxidation reactions, while the prepared p-Fe₂O₃ is a p-type
semiconductor with PEC catalytic water reduction performance.

To more conclusively verify the semiconductor types of the
Fe₂O₃ nanoarrays, we measured the Mott-Schottky curves of the

FIGURE 5
(A) UV-vis absorption spectra of Fe2O3 arrays, Tauc plots of (B) p-Fe2O3 and (C) n-Fe2O3.

FIGURE 6
(A) Linear sweep voltammograms (LSV), (B) amperometric i–t curves under chopped light illumination of Fe2O3 arrays.
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p-Fe₂O₃ spindle-shaped nanoarray and n-Fe₂O₃ nanorod array, with
results shown in Figure 7. The negative slope of the p-Fe₂O₃ curve
indicates that the prepared p-Fe₂O₃ spindle-shaped nanoarray is a
p-type semiconductor, consistent with the results in the
electrochemical tests. Meanwhile, the curve for n-Fe₂O₃ exhibits a
positive slope, verifying that the n-Fe₂O₃ is a n-type semiconductor.
According to the principles of Mott-Schottky curves, the flat band
potential of the semiconductor can be estimated by extending the
tangent line of their linear portions to the potential axis. From
Figure 7A, the flat band potential of p-Fe₂O₃ is approximately 1.26 V
(vs. RHE). Similarly, from the Mott-Schottky curve of the n-Fe₂O₃
nanorod array in Figure 7B, it can be inferred that n-Fe₂O₃ is an
n-type semiconductor with a flat band potential of approximately
0.67 V (vs. RHE).

Since the reports on α-Fe₂O₃ with p-type semiconductor
conductivity characteristic used as photocathode are still limited,
further analysis of the conduction and valence band positions of the
as-prepared p-Fe₂O₃ was conducted to provide reference for future

research on iron-based oxides as p-type semiconductor. Figure 8A
presents the valence band spectra measured by XPS, where the
distance between the valence band edge and the Fermi level in a
semiconductor can be determined by the intersection of the tangent
to the curve and the horizontal line. From the figure, the distance
between the valence band edge and the Fermi level of n-Fe₂O₃ is
1.81 eV, while that of p-Fe₂O₃ is 0.60 eV. Combined the flat band
potentials obtained from the Mott-Schottky curves in Figure 7, the
valence band edge can be estimated by summing the band potential
and interval of the valence band edge and the Fermi level.
Furthermore, together with the bandgap from the Tauc plots in
Figure 5, the conduction band can be calculated. Thus, the prepared
p-Fe₂O₃ is located at 1.86 V (vs. RHE) and the conduction band edge
at −0.28 V (vs. RHE). For n-Fe₂O₃, the valence band edge and
conduction band edge are located at 2.48 V (vs RHE) and 0.41 V (vs.
RHE), respectively.

The corresponding energy band structure diagrams of the
p-Fe₂O₃ and n-Fe₂O₃ nanoarrays are illustrated in Figure 8B. It

FIGURE 7
Mott-Schottky curves of (A) p-Fe2O3 and (B) n-Fe2O3.

FIGURE 8
(A) The XPS valence band spectra and (B) schematic illustration of the band alignment of p-Fe2O3 and n-Fe2O3.
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can be seen that both Fe₂O₃ possess narrow bandgap, where p-Fe₂O₃
has a slightly wider bandgap than n-Fe₂O₃. The conduction band
edge of n-Fe₂O₃ is higher than the hydrogen evolution potential,
which is unfavorable for hydrogen evolution reactions. In contrast,
the conduction band edge of p-Fe₂O₃ is below the hydrogen
evolution potential, indicating that p-Fe₂O₃ can provide a certain
photovoltage during the hydrogen evolution reaction, thereby
effectively mitigating the slow water reduction kinetics.
Therefore, p-Fe₂O₃ is a promising photocathode for catalyzing
hydrogen evolution.

4 Conclusion

In the present study, Fe₂O₃ spindle-shaped nanoarrays on FTO
substrates with p-type semiconducting properties were successfully
synthesized via a hydrothermal method coupled with subsequent
heat treatment. Under illumination, these arrays exhibited a
cathodic photocurrent density of −23 μA cm-2 at 0.4 V (vs.
RHE). Further investigation of their energy band structure
revealed that the conduction band edge is positioned below the
hydrogen evolution potential, favoring the hydrogen evolution
reaction. As an abundant and low-cost material on earth, Fe2O3

has great potential as a p-type semiconductor. This study provides a
reference for subsequent research on p-type semiconductors and
their applications in water splitting.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

XF: Funding acquisition, Writing–original draft,
Writing–review and editing. FZ: Data curation, Investigation,

Writing–review and editing. ZW: Data curation, Investigation,
Writing–review and editing. XW: Data curation, Investigation,
Writing–review and editing. YZ: Data curation, Investigation,
Writing–review and editing. BG: Formal Analysis,
Writing–review and editing. LS: Formal Analysis, Writing–review
and editing. JH: Supervision, Writing–review and editing. TW:
Conceptualization, Supervision, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The authors
acknowledge the financial support for this work from the Scientific
Research Foundation of Nanjing Institute of
Technology (YKJ202007).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alotaibi, B., Nguyen, H. P. T., Zhao, S., Kibria, M. G., Fan, S., and Mi, Z. (2013).
Highly stable photoelectrochemical water splitting and hydrogen generation using a
double-band InGaN/GaN core/shell nanowire photoanode. Nano Lett. 13 (9),
4356–4361. doi:10.1021/nl402156e

Chen, X., Shen, S., Guo, L., and Mao, S. S. (2010). Semiconductor-based
photocatalytic hydrogen generation. Chem. Rev. 110 (11), 6503–6570. doi:10.1021/
cr1001645

Daulbayev, C., Sultanov, F., Bakbolat, B., and Daulbayev, O. (2020). 0D, 1D and 2D
nanomaterials for visible photoelectrochemical water splitting. A review. Int.
J. Hydrogen Energy 45 (58), 33325–33342. doi:10.1016/j.ijhydene.2020.09.101

Dong, G., Zhang, Y., and Bi, Y. (2017). The synergistic effect of Bi2WO6 nanoplates
and Co3O4 cocatalysts for enhanced photoelectrochemical properties. J. Mat. Chem. A 5
(39), 20594–20597. doi:10.1039/c7ta06225g

Gao, B., Wang, T., Fan, X., Gong, H., Li, P., Feng, Y., et al. (2020). Enhanced water
oxidation reaction kinetics on a BiVO4 photoanode by surface modification with Ni4O4

cubane. J. Mat. Chem. A 7 (1), 278–288. doi:10.1039/c8ta09404g

Gao, B., Yu, X., Wang, T., Gong, H., Fan, X., Xue, H., et al. (2022). Promoting charge
separation by rational integration of a covalent organic framework on a BiVO4

photoanode. Chem. Commun. 58 (11), 1796–1799. doi:10.1039/d1cc07047a

Hansora, D., Yoo, J. W., Mehrotra, R., Byun, W. J., Lim, D., Kim, Y. K., et al. (2024).
All-perovskite-based unassisted photoelectrochemical water splitting system for
efficient, stable and scalable solar hydrogen production. Nat. Energy 9, 272–284.
doi:10.1038/s41560-023-01438-x

Hieu, H. N., Nghia, N. V., Vuong, N. M., and Bui, H. V. (2020). Omnidirectional
au-embedded ZnO/CdS core/shell nanorods for enhanced photoelectrochemical
water-splitting efficiency. Chem. Commun. 56 (28), 3975–3978. doi:10.1039/
c9cc09559d

Hu, S., Shaner, M. R., Beardslee, J. A., Lichterman, M., Brunschwig, B. S., and
Lewis, N. S. (2014). Amorphous TiO2 coatings stabilize Si, GaAs, and GaP
photoanodes for efficient water oxidation. Science 344 (6187), 1005–1009.
doi:10.1126/science.1251428

Kim, J. S., Cho, S. W., Deshpande, N. G., Kim, Y. B., Yun, Y. D., Jung, S., et al. (2019).
Toward robust photoelectrochemical operation of cuprous oxide nanowire
photocathodes using a strategically designed solution-processed titanium oxide
passivation coating. ACS Appl. Mat. Interfaces 11 (16), 14840–14847. doi:10.1021/
acsami.9b02727

Li, C., and Diao, P. (2020). Fluorine doped copper tungsten nanoflakes with enhanced
charge separation for efficient photoelectrochemical water oxidation. Electrochim. Acta
352, 136471. doi:10.1016/j.electacta.2020.136471

Frontiers in Chemistry frontiersin.org08

Fan et al. 10.3389/fchem.2025.1526745

https://doi.org/10.1021/nl402156e
https://doi.org/10.1021/cr1001645
https://doi.org/10.1021/cr1001645
https://doi.org/10.1016/j.ijhydene.2020.09.101
https://doi.org/10.1039/c7ta06225g
https://doi.org/10.1039/c8ta09404g
https://doi.org/10.1039/d1cc07047a
https://doi.org/10.1038/s41560-023-01438-x
https://doi.org/10.1039/c9cc09559d
https://doi.org/10.1039/c9cc09559d
https://doi.org/10.1126/science.1251428
https://doi.org/10.1021/acsami.9b02727
https://doi.org/10.1021/acsami.9b02727
https://doi.org/10.1016/j.electacta.2020.136471
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2025.1526745


Li, Y., Li, S., and Huang, H. (2023). Defective photocathode: fundamentals,
construction, and catalytic energy conversion. Adv. Funct. Mat. 33,
2304925.1–2304925.33. doi:10.1002/adfm.202304925

Li, Y., Wang, T., Gao, B., Fan, X., Gong, H., Xue, H., et al. (2021). Efficient
photocathode performance of lithium ion doped LaFeO3 nanorod arrays in
hydrogen evolution. New J. Chem. 45, 3463–3468. doi:10.1039/d0nj05788f

Li, Y., Zhong, X., Luo, K., and Shao, Z. (2019). A hydrophobic polymer stabilized
p-Cu2O nanocrystal photocathode for highly efficient solar water splitting. J. Mat.
Chem. A 7 (26), 15593–15598. doi:10.1039/c9ta04822g

Lim, H., Kim, J. Y., Evans, E. J., Rai, A., Kim, J. H., Wygant, B. R., et al. (2017).
Activation of a nickel-based oxygen evolution reaction catalyst on a hematite
photoanode via incorporation of cerium for photoelectrochemical water oxidation.
ACS Appl. Mat. Interfaces 9, 30654–30661. doi:10.1021/acsami.7b08239

Lin, Y., Kapadia, R., Yang, J., Zheng, M., Chen, K., Hettick, M., et al. (2015). Role of
TiO2 surface passivation on improving the performance of p-InP photocathodes. J. Mat.
Chem. C 119 (5), 2308–2313. doi:10.1021/jp5107313

Liu, B.,Wang, S., Zhang, G., Gong, Z., Wu, B.,Wang, T., et al. (2023). Tandem cells for
unbiased photoelectrochemical water splitting. Chem. Soc. Rev. 52, 4644–4671. doi:10.
1039/d3cs00145h

Lumley, M. A., Radmilovic, A., Jang, Y. J., Lindberg, A. E., and Choi, K.-S. (2019).
Perspectives on the development of oxide-based photocathodes for solar fuel
production. J. Am. Chem. Soc. 141, 18358–18369. doi:10.1021/jacs.9b07976

Luo, Z., Wang, T., Zhang, J., Li, C., Li, H., and Gong, J. (2017). Dendritic hematite
nanoarray photoanode modified with a conformal titanium dioxide interlayer for
effective charge collection. Angew. Chem. Int. Ed. 56 (42), 12878–12882. doi:10.
1002/anie.201705772

Morikawa, T., Arai, T., and Motohiro, T. (2013). Photoactivity of p-Type α-Fe2O3

induced by anionic/cationic codoping of N and Zn. Appl. Phys. Express 6 (4), 041201.
doi:10.7567/apex.6.041201

Morikawa, T., Kitazumi, K., Takahashi, N., Arai, T., and Kajino, T. (2011). P-type
conduction induced by N-doping in α-Fe2O3. Appl. Phys. Lett. 98 (24), 242108. doi:10.
1063/1.3599852

Pan, R., Liu, J., Li, Y., Li, X., Zhang, J., Di, Q., et al. (2019). Electronic doping-enabled
transition from n-to p-type conductivity over Au@CdS core–shell nanocrystals toward
unassisted photoelectrochemical water splitting. J. Mat. Chem. A 7 (40), 23038–23045.
doi:10.1039/c9ta08766d

Qi, X., She, G., Wang, M., Mu, L., and Shi, W. (2013). Electrochemical synthesis of
p-type Zn-doped α-Fe2O3 nanotube arrays for photoelectrochemical water splitting.
Chem. Commun. 49 (51), 5742–5744. doi:10.1039/c3cc40599k

Qin, Q., Liu, N., Zhang, Y., Bu, W., Zhou, Z., Hu, C., et al. (2023). The co-enhanced
effect of Zn-doping and Ag-loading on the selectivity of a p-type Fe2O3 toward acetone.
New J. Chem. 47, 15089–15098. doi:10.1039/d3nj01782f

Read, C. G., Park, Y., and Choi, K. S. (2012). Electrochemical synthesis of p-Type
CuFeO2 electrodes for use in a photoelectrochemical cell. J. Phys. Chem. Lett. 3 (14),
1872–1876. doi:10.1021/jz300709t

Rojac, T., Bencan, A., Drazic, G., Sakamoto, N., Ursic, H., Jancar, B., et al. (2016).
Domain-wall conduction in ferroelectric BiFeO3 controlled by accumulation of charged
defects. Nat. Mat. 16 (3), 322–327. doi:10.1038/nmat4799

Shao, C., Malik, A. S., Han, J., Li, D., Li, C., Zong, X., et al. (2020). Oxygen vacancy
engineering with flame heating approach towards enhanced photoelectrochemical
water oxidation on WO3 photoanode. Nano Energy 77, 105190. doi:10.1016/j.
nanoen.2020.105190

Son, M. K., Seo, H., Watanabe, M., Shiratani, M., and Ishihara, T. (2020).
Characteristics of crystalline sputtered LaFeO3 thin films as
photoelectrochemical water splitting photocathodes. Nanoscale 12 (17),
9653–9660. doi:10.1039/d0nr01762k

Sun, K., Shen, S., Liang, Y., Burrows, P. E., Mao, S. S., and Wang, D. (2014). Enabling
silicon for solar-fuel production. Chem. Rev. 114 (17), 8662–8719. doi:10.1021/
cr300459q

Wang, C., Long, X., Wei, S., Wang, T., Jin, J., Gao, L., et al. (2019a). Conformally
coupling CoAl-layered double hydroxides on fluorine doped hematite: surface and bulk
co-modification for enhanced photoelectrochemical water oxidation. ACS Appl. Mat.
Interfaces 11 (33), 29799–29806. doi:10.1021/acsami.9b07417

Wang, J., Song, Y., Hu, J., Li, Y., Wang, Z., Yang, P., et al. (2019b). Photocatalytic
hydrogen evolution on P-type tetragonal zircon BiVO4. Appl. Catal. B Environ. 251,
94–101. doi:10.1016/j.apcatb.2019.03.049

Wang, L., Si, W., Ye, Y., Wang, S., Hou, F., Hou, X., et al. (2021). Cu-ion-implanted
and polymeric carbon nitride-decorated TiO2 nanotube array for unassisted
photoelectrochemical water splitting. ACS Appl. Mat. Interfaces 13 (37),
44184–44194. doi:10.1021/acsami.1c09665

Wang, T., Gao, L., Wang, P., Long, X., Chai, H., Li, F., et al. (2022). Dual-doping in the
bulk and the surface to ameliorate the hematite anode for photoelectrochemical water
oxidation. J. Colloid. Interf. Sci. 624, 60–69. doi:10.1016/j.jcis.2022.04.080

Wheeler, G. P., Baltazar, V. U., Smart, T. J., Radmilovic, A., Ping, Y., and Choi, K. S.
(2019). Combined theoretical and experimental investigations of atomic doping to
enhance photon absorption and carrier transport of LaFeO3 photocathodes. Chem.Mat.
31 (15), 5890–5899. doi:10.1021/acs.chemmater.9b02141

Xiao, J., Hou, X., Zhao, L., and Li, Y. (2017). A carbon-quantum-dot-sensitized ZnO:
Ga/ZnO multijunction composite photoanode for photoelectrochemical water splitting
under visible light irradiation. J. Catal. 346, 70–77. doi:10.1016/j.jcat.2016.11.028

Ying, T. C., Zhaoke, Z., Hao, W., Jason, S., Rose, A., and Hau, N. Y. (2018).
Photocorrosion of cuprous oxide in hydrogen production: rationalising self-
oxidation or self-reduction. Angew. Chem. Int. Ed. 57 (41), 13613–13617. doi:10.
1002/anie.201807647

Frontiers in Chemistry frontiersin.org09

Fan et al. 10.3389/fchem.2025.1526745

https://doi.org/10.1002/adfm.202304925
https://doi.org/10.1039/d0nj05788f
https://doi.org/10.1039/c9ta04822g
https://doi.org/10.1021/acsami.7b08239
https://doi.org/10.1021/jp5107313
https://doi.org/10.1039/d3cs00145h
https://doi.org/10.1039/d3cs00145h
https://doi.org/10.1021/jacs.9b07976
https://doi.org/10.1002/anie.201705772
https://doi.org/10.1002/anie.201705772
https://doi.org/10.7567/apex.6.041201
https://doi.org/10.1063/1.3599852
https://doi.org/10.1063/1.3599852
https://doi.org/10.1039/c9ta08766d
https://doi.org/10.1039/c3cc40599k
https://doi.org/10.1039/d3nj01782f
https://doi.org/10.1021/jz300709t
https://doi.org/10.1038/nmat4799
https://doi.org/10.1016/j.nanoen.2020.105190
https://doi.org/10.1016/j.nanoen.2020.105190
https://doi.org/10.1039/d0nr01762k
https://doi.org/10.1021/cr300459q
https://doi.org/10.1021/cr300459q
https://doi.org/10.1021/acsami.9b07417
https://doi.org/10.1016/j.apcatb.2019.03.049
https://doi.org/10.1021/acsami.1c09665
https://doi.org/10.1016/j.jcis.2022.04.080
https://doi.org/10.1021/acs.chemmater.9b02141
https://doi.org/10.1016/j.jcat.2016.11.028
https://doi.org/10.1002/anie.201807647
https://doi.org/10.1002/anie.201807647
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2025.1526745

	Preparation of p-type Fe2O3 nanoarray and its performance as photocathode for photoelectrochemical water splitting
	1 Introduction
	2 Experimental section
	2.1 Synthesis of p-type Fe₂O₃ spindle-like nanoarrays
	2.2 Synthesis of n-type Fe₂O₃ nanoarrays
	2.3 Characterization
	2.4 Photoelectrochemical measurements

	3 Results and discussion
	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


