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ABSTRACT
Although β-Fe2O3 has a high theoretical solar-to-hydrogen efficiency because of its narrow band gap, the
study of β-Fe2O3 photoanodes for water splitting is elusive as a result of their metastable nature. Raman
identification of β-Fe2O3 is theoretically and experimentally investigated in this study for the first time, thus
clarifying the debate about its Raman spectrum in the literature. Phase transformation of β-Fe2O3 to
α-Fe2O3 was found to potentially take place under laser and electron irradiation as well as annealing.
Herein, phase transformation of β-Fe2O3 to α-Fe2O3 was inhibited by introduction of Zr doping, and
β-Fe2O3 was found to withstand a higher annealing temperature without any phase transformation.The
solar water splitting photocurrent of the Zr-doped β-Fe2O3 photoanode was increased by 500% compared
to that of the pure β-Fe2O3 photoanode. Additionally, Zr-doped β-Fe2O3 exhibited very good stability
during the process of solar water splitting.These results indicate that by improving its thermal stability,
metastable β-Fe2O3 film is a promising photoanode for solar water splitting.

Keywords: solar energy conversion, metastable phase, phase transformation, iron oxide,
photoelectrochemical water splitting

INTRODUCTION
Since the concept of a hydrogen economywas intro-
duced, solar hydrogen production using photoelec-
trochemical (PEC) or photocatalytic water splitting
has occupied a very important position in the arti-
ficial utilization of inexhaustible solar energy [1–6].
Solar water splitting for hydrogen production has
thereby attracted intensive and ever-increasing in-
terest from many researchers [7–15]. The solar-to-
hydrogen efficiency of PEC water splitting reached
over 19% using III-V multi-junction semiconduc-
tors (including In and Ga) prepared by molecular
beam epitaxial growth [16]. Unfortunately, there is
a lack of low-cost, environmentally friendly, efficient
and stable photoelectrodes for PEC water splitting
[17–22], thus hindering application of PEC cells for
hydrogen production.

In recent decades, iron-based semiconductors
with narrow band gaps (e.g. α-Fe2O3) have been
considered as promising photoanode materials with

respect to nontoxicity, cost, stability and theoreti-
cal solar-to-hydrogen efficiency [23–34]. Recently,
a β-Fe2O3 semiconductor with a direct band gap of
1.9 eV was reported by the present authors as a wa-
ter splitting photoanode under Air Mass 1.5 Global
spectrum (AM 1.5 G, 100 mW cm–2) illumination
[35]. Theoretically, a β-Fe2O3 photoanode for so-
lar water splitting may exhibit a solar-to-hydrogen
efficiency of 20.9% because of its narrow band gap
of 1.9 eV, whereas its solar photocurrent density
is still very low [35]. The phase transformation of
metastable β-Fe2O3 to mature α-Fe2O3 may occur
initially at the surface or interface during fabrication
of photoanode films because metastable β-Fe2O3
cannotwithstand the high temperature of annealing.

Phase identification of β-Fe2O3 is very im-
portant to avoid the effects of impurities (e.g.
α-Fe2O3) during the process of solar water split-
ting. Phase characterization of inorganic materials
is frequently achieved with such methods as X-ray
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diffraction (XRD), neutron diffraction, electron
diffraction, Raman scattering spectroscopy and in-
frared absorption spectroscopy. Among thesemeth-
ods, Raman spectroscopy is fast and highly sensi-
tive toward material surface structural information.
However, Raman spectra of β-Fe2O3 (including
Raman peak position and shape) reported in the lit-
erature are often contradictory [36,37]. Thus, this
study aims to clarify the debates surrounding theRa-
man spectra of β-Fe2O3.

The wavelength and power of the excitation laser
should be chosen carefully during the process of
Raman detection. An appropriate wavelength of
laser should be selected to enhance the Raman sen-
sibility and minimize the fluorescence emission of
the samples. It is equally important that the power
of the laser be examined cautiously to avoid the in-
fluences of thermal effects caused by the laser, espe-
cially for those materials with poor thermal stabil-
ity. For example, phase transformation of ε-Fe2O3
and γ -Fe2O3 may take place under laser irradia-
tion [38,39], and β-Fe2O3 may be converted into
α-Fe2O3 upon heat treatment [35,40]. Therefore,
low-power laser irradiation is required to avoid
phase transformation of the β-Fe2O3 samples.

In this study, the influence of laser wavelength
and irradiation power on phase transformation of
β-Fe2O3 to α-Fe2O3 was investigated, and the Ra-
man vibrational spectrum of β-Fe2O3 was clarified.
After being doped with Zr, the particle-assembled
β-Fe2O3 photoanodes can withstand higher anneal-
ing temperatures during the post-treatment pro-
cess. Therefore, the solar water splitting photocur-
rent density for the particle-assembled Zr-doped
β-Fe2O3 photoanodeswas improved significantly to
1.2 mA cm–2, which is five times greater than that
of pure β-Fe2O3 photoanodes.Thus, this study sug-
gests metastable β-Fe2O3 films as promising pho-
toanode materials for solar water splitting.

RESULTS AND DISCUSSION
β-Fe2O3 belongs to the space group Ia3̄, Th

7. Ir-
reducible representations of the �-point phonon
modes for β-Fe2O3 are shown in Supplementary
Table S1. Factor group analysis of β-Fe2O3 predicts
49 phonon modes, 22 and 17 of which are Raman
active modes and infrared active modes (Supple-
mentaryTable S2), respectively. SomeRamanvibra-
tional modes of β-Fe2O3 were observed in previous
studies, whereas Rahman and coworkers reported
different Raman spectra for β-Fe2O3 [36,37]. To
clarify theRaman vibrationalmodes ofβ-Fe2O3, the
Raman scatter spectrum of β-Fe2O3 was verified, as
shown in Supplementary Fig. S1. Twelve clear vi-
brational peaks of β-Fe2O3 were observed at 158,

169, 234, 258, 274, 314, 328, 368, 386, 397, 522 and
635 cm–1 using the 785 nm laser of 0.4 W. These
peaks can clearly be distinguished from the Raman
vibration peaks ofα-Fe2O3 (227, 246, 293, 300, 411,
499, and 613 cm–1). Compared to previous results
from Liang and van de Krol [36], four new vibra-
tional peaks at 258, 397, 522 and 635 cm–1 were ob-
served, whereas the vibrational peak at 208 cm–1 was
not observed.

The theoretical calculations and experimental
values of Raman vibrational peaks are listed in Sup-
plementary Table S3. Among the 22 vibrational
modespredictedby the theoretical calculations, only
12 significant peaks were observed in the experi-
ments. Three weak vibrational modes are marked
with asterisks. The M10 (383 cm–1) and M11
(389 cm–1) modes merge into one peak (386 cm–1)
in the experimental spectrum. As given in Supple-
mentary Fig. S1, typical peaks corresponding to vi-
brational modes 158 cm–1 (Tg), 274 cm–1 (Tg),
368 cm–1 (Tg) and 386 cm–1 (Eg+Tg) can be used
as a characteristic spectrum for identifying the phase
of β-Fe2O3. In addition, the theoretically calculated
infrared vibrational peaks and the experimental in-
frared absorption spectrum are also given in Supple-
mentary Table S4 and Supplementary Fig. S2, re-
spectively.

The metastable β-Fe2O3 phase may be con-
verted to the mature α-Fe2O3 phase upon laser
irradiation of different wavelengths and power.
Figure 1 shows the effects of laser wavelength on
the Raman spectrum of β-Fe2O3.The Raman peaks
at 227, 293, 411, 499 and 613 cm–1 belonging to
α-Fe2O3 appeared after irradiation of the β-Fe2O3
samples with a 532 nm or 633 nm laser. In the case
of 785 nm laser irradiation, the experimental and
theoretical Raman peaks for β-Fe2O3 match in
shape but exhibit a slight shift. These results suggest
that a 785 nm laser is ideal for detecting the Raman
spectra of metastable β-Fe2O3.

Raman spectra mapping images shown in Fig. 2
also indicate phase transformation of the particle-
assembledβ-Fe2O3 filmswithout any necking treat-
ment, in which theα-Fe2O3 phase appears when the
β-Fe2O3 film samples are irradiated with a 10 mW
laser of 532 and 633 nm. Scanning electron micro-
scope (SEM) images also suggest this phase trans-
formation. Even when β-Fe2O3 was irradiated with
a laser of 785 nm with 10 mW power, slight damage
of the β-Fe2O3 films was observed.

Additionally, the effects of laser power on the
Raman spectrum of β-Fe2O3 were investigated.
When the power of the 785 nm laser is increased, a
phase change of β-Fe2O3 to α-Fe2O3 possibly oc-
curs (Fig. 3). After β-Fe2O3 is irradiated by 0.4 mW
785 nm laser for an extended period of 500 s, there
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Figure 1. Theoretical calculation and experimental measurement of Raman spectra
of β-Fe2O3 samples excited by a 0.4 mW laser at 785, 633 and 532 nm. The Raman
spectrum of α-Fe2O3 is listed as a reference.

is no signal corresponding to α-Fe2O3. A significant
phase transformation occurs with as little as 2 s irra-
diationwith a 4mW785nm laser. As the laser power
increases and the exposure time is prolonged, all the
β-Fe2O3 gradually converts to α-Fe2O3.

Figure4 showsRaman spectramapping andSEM
images of the particle-assembled β-Fe2O3 films
without any necking treatment after laser illumina-
tion of 785 nm.When theβ-Fe2O3 filmswere irradi-
ated with 785 nm laser at 0.4 W power, no α-Fe2O3
signal appeared. With the increasing power of the

785 nm laser, the signals ofα-Fe2O3 were enhanced,
suggesting laser-induced phase transformation of
β-Fe2O3 to α-Fe2O3.The SEM images of Fig. 4 also
corroborate this result. The phase transformation of
β-Fe2O3 to α-Fe2O3 is initiated by laser irradiation,
likely as a result of the thermal effects of the laser.
Therefore, low-power laser irradiation is required to
avoid the phase transformation of metastable mate-
rials during Raman characterization to minimize its
thermal effects.Thus, a 0.4 mW785 nm laser is ideal
for measuring the Raman spectra of β-Fe2O3.

Figure 5 shows transmission electron micro-
scope (TEM) and selected area electron diffraction
(SAED) images of the β-Fe2O3 samples. A simu-
lated SAED image of α-Fe2O3 is shown in Fig. 5 for
comparison.ThemeasuredSAED imageofβ-Fe2O3
samples (Fig. 5a) is in good agreement with the
simulated SAED image of α-Fe2O3 (Fig. 5d) rather
than the simulated SAED image ofβ-Fe2O3 samples
(Fig. 5c), suggesting that the phase transformation
of β-Fe2O3 to α-Fe2O3 induced by electron irradi-
ation was also observed in this study. Note that the
use of SAED to detectβ-Fe2O3 should be donewith
caution. The phase transformation of β-Fe2O3 to
α-Fe2O3 may be driven by laser irradiation, elec-
tron irradiation and heating (Supplementary Figs S3
and S4).

In our previous work, phase transformation of
β-Fe2O3 to α-Fe2O3 occurred after annealing at
650◦C [29]. Phase transformation of β-Fe2O3 was
also proven by the appearance of theRamanpeaks of
α-Fe2O3 (Supplementary Fig. S3). In this study, Zr
was introduced into the metastable β-Fe2O3 to in-
hibit phase transformation of β-Fe2O3 to α-Fe2O3.
The formation energy of Zr0.03Fe1.97O3 (Zr-doped
β-Fe2O3) was calculated as −0.16 eV relative to
pure β-Fe2O3, suggesting that Zr can be doped into
the lattice of β-Fe2O3 to form a more stable struc-
ture.The density of states (DOS) for Zr0.03Fe1.97O3
indicates that the band gap of β-Fe2O3 does not
change obviously by doping Zr (Supplementary
Fig. S5).

The XRD pattern of Zr-doped β-Fe2O3 (Sup-
plementary Fig. S6) is in good agreement with
β-Fe2O3 (JCPDS#39–0238), suggesting that there
is no impurity phase after doping with Zr.The X-ray
photoelectron spectroscopy in Supplementary
Fig. S7 shows thatZrwas doped into the sample.The
absorption spectra of pure β-Fe2O3 and Zr-doped
β-Fe2O3 are shown in Supplementary Fig. S8. After
annealing, the band gap of pure β-Fe2O3 changed,
whereas the band gap of Zr-doped β-Fe2O3 did
not. In previous work, we have reported that
the absorption spectrum of β-Fe2O3 varies after
different calcining processes [35]. The change in
band gap indicates that a phase transformation may
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Figure 2. Raman mapping and SEM images of particle-assembled β-Fe2O3 films excited by a 0.4 mW laser at 785 nm after irradiation by a 10 mW
laser with various wavelengths: (a-c) 532 nm, (d-f) 633 nm and (g-i) 785 nm. (a, d, g) α-Fe2O3; (b, e, h) β-Fe2O3.

occur. Indeed, after being annealed at 1023 K, the
characteristic Raman peaks of α-Fe2O3 appeared
in the Raman spectrum of the β-Fe2O3 sample
(Supplementary Fig. S9a), indicating that there
was a phase transformation. The Raman spectra of
Zr-doped β-Fe2O3 did not change after being
annealed at 1023 K (Supplementary Fig. S9b), indi-
cating that there was no phase transformation. Note
that the results of differential scanning calorimetry
show that the phase transition temperature of
Zr-doped β-Fe2O3 is clearly increased, as shown
in Supplementary Fig. S10. The above results show
that Zr doping effectively increases the phase
transition temperature of metastable iron oxide.

SEM images of the particle-assembled β-Fe2O3
photoanodes with and without Zr doping are
shown in Supplementary Fig. S11. Figure 6a shows
a comparison of the PEC performances of the
particle-assembled β-Fe2O3 photoanodes with
and without Zr doping under AM 1.5 G irradia-
tion (100 mW cm–2). The results show that the
photocurrent of Zr-doped β-Fe2O3 photoan-
odes is much higher than that of pure β-Fe2O3
photoanodes. Zr-doped β-Fe2O3 photoanodes
also exhibit much larger monochromatic incident

photon-to-electron conversion efficiency (IPCE)
than pure β-Fe2O3 photoanodes (Fig. 6b). Com-
pared to the pure β-Fe2O3, the carrier density of
Zr-doped β-Fe2O3 has been improved from 1.8 ×
1020 to 4.6 × 1020 cm−3, which can be estimated
from the Supplementary Fig. S12a. As shown in
Supplementary Fig. S12b, the charge separation effi-
ciency of Zr-dopedβ-Fe2O3 is improved by approx-
imately four times at 1.6 V versus Reversible Hydro-
genElectrode (RHE), compared to that ofβ-Fe2O3.
The increase in the carrier concentration may favor
the charge transport and contribute to the improve-
ment inwater splittingphotocurrent of theZr-doped
β-Fe2O3 photoanode.

Under AM 1.5 G irradiation (100 mW cm–2),
both Zr-doped and pure β-Fe2O3 photoanodes ex-
hibit very good photochemical stability for water
splittingduring thePECreactionover 10h, as shown
inFig. 6c. In the case of particle-assembledZr-doped
β-Fe2O3 photoanodes, the Faradaic efficiencies for
hydrogen production and oxygen production are
85%and80%, respectively (Fig. 6d). This result sug-
gests that thephotocurrent of theparticle-assembled
β-Fe2O3 photoanodes is mainly attributed to water
splitting.
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Figure 3. Raman spectra of β-Fe2O3 under different power laser irradiations of 785 nm.

During the process of solar water splitting,
β-Fe2O3 as a photoanode material may be exposed
to standard simulated sunlight for a long time. To
assess the possibility for phase transformation of
β-Fe2O3 to α-Fe2O3 under simulated sunlight, the
Raman spectra of the samples were measured be-
fore and after the photochemical stability testing.
As shown in Supplementary Fig. S13, the phase of
the β-Fe2O3 photoanodes before and after the reac-
tion of PEC water splitting remains unchanged. In a
typical PEC reaction, the intensity of the light used
is not sufficient to promote the phase transforma-
tion ofβ-Fe2O3 particle-assembled films.Therefore,
β-Fe2O3 is a promising photoanode for water split-
ting. The PEC performance of β-Fe2O3 may be im-
proved furtherbynotonly the rational designof elec-
trocatalysts but also the optimization of preparation
methods [41,42].

CONCLUSION
In conclusion, the Raman spectrum of β-Fe2O3
under excitation by a 785 nm laser with 0.4 W
power shows 12 significant vibrational modes cor-
responding to β-Fe2O3. The phase transformation
of metastable β-Fe2O3 to mature α-Fe2O3 may be
observed under laser irradiation, electron irradiation

and heating. Zr doping was introduced to particle-
assembled β-Fe2O3 films, thus not only increasing
the carrier concentration but also suppressing the
phase transformation of β-Fe2O3. The PEC perfor-
mance of the Zr-doped β-Fe2O3 photoanode was
vastly boosted, in comparison with that of the pure
β-Fe2O3 photoanode.This study demonstrates that
metastable β-Fe2O3 remains stable during the PEC
reaction and is a promising photoanode material for
decomposingwater, thus paving the road toward the
use of β-Fe2O3 in solar water splitting (Supplemen-
tary Scheme S1).

METHODS
In this study, β-Fe2O3 powder was synthesized
by calcining the mixture of NaFe(SO4)2 (or 1.5%
ZrSO4 doped NaFe(SO4)2) and NaCl in a muf-
fle furnace at 450◦C for 1 h [43]. As-prepared
β-Fe2O3 powder was then deposited on fluorine-
doped tin oxide (FTO) glass by electrophoretic
deposition to prepare the particle-assembled
films. In the case of necking treatment for the
particle-assembled β-Fe2O3 films, 0.2 μmol of
TiCl4 in methanol solution was dropped on the
particle-assembled β-Fe2O3 films. Afterward, the
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Figure 4. Raman mapping and SEM images of particle-assembled β-Fe2O3 films excited by a 0.4 mW laser of 785 nm after the irradiation of 785 nm
laser with various power: (a-c) 40 mW, (d-f) 20 mW, (g-i) 10 mW, (j-l) 4 mW and (m-o) 0.4 mW. (a, d, g, j, m) α-Fe2O3; (b, e, h, k, n) β-Fe2O3.

films were annealed in a muffle furnace at 600◦C
(or 650◦C) for 1 h.

Raman spectra of the samples were charac-
terized with a confocal laser Raman spectrome-
ter (Japan, Horiba, LabRAM Aramis, calibrated
with silicon). Except for Fig. 1, all of the Raman
spectra data acquisition used a 785 nm laser as the
excitation source. Except for Fig. 3, all of the Ra-
man spectra data acquisition used a 0.4 mW power

laser as the excitation source. Raman imaging was
obtained using a 785 nm, 0.4 mW laser. All laser-
induced phase-change samples were confirmed us-
ing a 785 nm laser as the excitation source before
laser irradiation to ensure that the samples contained
no α-Fe2O3. The phosphor spectrum calculations
were calculated in Material Studio with the Local
Density Approximate, using the norm-conserving
situation.
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Figure 5. SAED and TEM images of the samples. (a) Measured SAED image of the β-Fe2O3 sample. (b) TEM image of the
β-Fe2O3 sample. (c) Simulated SAED image of β-Fe2O3. (d) Simulated SAED image of α-Fe2O3.

0.8 1.0 1.2 1.4 1.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

J 
(m

A
 c

m
-2
)

Potential ( V
RHE

)

Zr-doped β-Fe
2
O

3

Pure β-Fe2O3

300 400 500 600 700

0

5

10

15

20

25

30

35

IP
C

E
 (

%
)

Zr-doped β-Fe
2
O

3

Pure β-Fe2O3

Wavelength (nm)

0 1 2 3 4 5 6

0

20

40

60

80

100

G
a

s
 a

m
o

u
n

t 
(µ

m
o

l)

Time (h)

H
2

O
2

e/2

e/4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

J 
(m

A
 c

m
-2
)

0 2 4 6 8 10

Time (h)

Zr-doped β-Fe
2
O

3

Pure β-Fe2O3

(a) (b)

(c) (d)
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Density functional theory calculations on
Zr-doped β-Fe2O3 were implemented in the VASP
(Vienna Ab-initio Simulation Package) with a
projected-augmented-wave method in the scheme
of generalized-gradient approximation, whereas
the strong on-site Coulomb repulsion among
the localized Fe 3d electrons was described with
the generalized-gradient approximation +U ap-
proach (‘U’ is ‘the strength of the on-site Coulomb
interaction’).

SEM images were obtained on an SEM
(Germany, Zessis, Ultra 55) and SAED images of
the samples were obtained on a TEM (Japan, JEOL,
Ltd. JEM2100).

PEC water splitting of the β-Fe2O3 particle-
assembled films was carried out in 1 M NaOH so-
lution (pH = 13.6) under AM 1.5 G standard sim-
ulated sunlight (American, Newport, Oriel Sol3A,
100 mW cm−2).

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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38. López-Sánchez J, Serrano A and Del Campo A et al. Sol–gel synthesis
and micro-Raman characterization of ε-Fe2O3 micro-and nanoparticles. Chem
Mater 2016; 28: 511–8.

39. ElMendili Y, Bardeau JF and Randrianantoandro N et al. Insights into themech-
anism related to the phase transition from γ -Fe2O3 to α-Fe2O3 nanoparticles
induced by thermal treatment and laser irradiation. J Phys Chem C 2012; 116:
23785–92.

40. Danno T, Nakatsuka D and Kusano Y et al. Crystal structure of β-Fe2O3
and topotactic phase transformation to α-Fe2O3. Cryst Growth Des 2013; 13:
770–4.

41. Hu Y, Wu Y and Feng J et al. Rational design of electrocatalysts for simulta-
neously promoting bulk charge separation and surface charge transfer in solar
water splitting photoelectrodes. J Mater Chem A 2018; 6: 2568–76.

42. Fang T, Huang H and Feng J et al. Reactive inorganic vapor deposition of
perovskite oxynitride films for solar energy conversion. Research 2019; 2019:
9282674.

43. Danno T, Asoka H and Nakanishi M et al. Formation mechanism of nano-
crystalline β-Fe2O3 particles with bixbyite structure and their magnetic prop-
erties. J Phys Conf Ser 2010; 200: 082003.

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/7/6/1059/5800997 by guest on 23 April 2024


