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We demonstrate a promising Fe2O3/ZnO/TiO2 photoanode for photoelectrochemical water splitting.
Passivation of the Fe2O3 surface with thin layers of ZnO and TiO2 enhances the water splitting photocurrent density of Fe2O3. The increased photoelectrochemical activity of the hematite-based structure
with heterojunctions, compared to that of bare Fe2O3, results from improved charge separation during
water oxidation. The multilayered Fe2O3 ﬁlm exhibits a seven-fold improvement in photocurrent density
(to 4.25 mA cm2) compared with bare Fe2O3, due to suppression of electronehole recombination. The
transient photocurrent density and impedance were evaluated to assess the effect of the passivation
layer thickness and achieve a high photocurrent at low potential (0.7 V vs. Ag/AgCl) through improved
light harvesting of the Fe2O3 ﬁlm with an ultrathin ZnO/TiO2 overlayer.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Hydrogen generated by renewable and clean solar photoelectrocatalytic splitting of water is of great interest as a sustainable
alternative to conventional fuels for chemical energy storage [1].
Photoelectrochemical (PEC) water splitting is viewed as a potential
technological solution for achieving a sustainable carbon-neutral
energy economy [2]. While Edmond Becquerel discovered PEC
water splitting as early as 1839, research interest in this topic
increased signiﬁcantly only after Fujishima and Honda demonstrated in 1972 that TiO2 can be used as a catalyst for water splitting. However, while TiO2 and ZnO are well-known catalysts for PEC
water splitting, they are limited by only being responsive to UV
light. Other semiconducting metal oxides demonstrated for solar
water splitting include BiVO4, WO3, CuO, and Fe2O3 [3]. For efﬁcient
solar water splitting, a material band gap in the range of 1.8e2.2 eV
is desirable to allow absorbance of sunlight over a substantial
fraction of the visible spectrum above the minimum energy
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required for water-splitting. The theoretical maximum solar-tohydrogen (STH) conversion efﬁciencies of BiVO4 and Fe2O3 are
9.2% and 16.8%, respectively. The use of Fe2O3 for water splitting is
attractive because of its high potential STH efﬁciency, abundance,
and low cost [4,5].
Hardee and Bard [5] demonstrated that chemical vapor deposition (CVD)-grown Fe2O3 can be used as a water-splitting photoanode at wavelengths greater than 400 nm. Fe2O3 is a nontoxic and
abundant metal oxide with a bandgap of 2.1 eV. This moderate
band gap allows it to absorb 40% of incident solar radiation, with a
theoretical solar-to-hydrogen conversion efﬁciency of up to 16.8%
[6]. Unfortunately, many limitations of Fe2O3 have kept it from
realizing this potential. For example, the lifetimes of the photogenerated electrons and holes in Fe2O3 are short [7]. Moreover,
Fe2O3 suffers from poor hole diffusion kinetics, which limit its
photoanode performance. Efforts have been made to develop
nanostructures that promote faster transport of holes to the Fe2O3
surface [8,9]. However, when the excited holes reach the nanostructured Fe2O3 surface, defects arising from oxygen vacancies at
the electrode/electrolyte interface promote carrier recombination.
Hence, thin overlayers of Al2O3, Ga2O3, or TiO2 have been explored
as passivation layers to protect the Fe2O3 ﬁlm [10,11]. Furthermore,
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co-catalysts including IrO2, CoePi, Co(OH)2/Co3O4, Ni(OH)2, and
NiFeOx have been used on the surface of Fe2O3 to improve its
photocurrent density (PCD) and Faradaic efﬁciency [12]. However,
many of these materials are toxic, rare, or expensive [13]. An
overlayer coating to passivate the Fe2O3 surface is essential for
ensuring that it exhibits a high PCD. The resulting improvements in
its PCD are attributable to minimization of the required overpotential, suppression of hole recombination, and faster hole
transfer kinetics [7,8].
Various materials have been used in passivation layers to protect
Fe2O3. ZnO is a superior photocatalytic and conducting material and
thus suitable for use in PEC applications [14e16]. However, ZnO
readily undergoes photocorrosion in aqueous electrolytes. This
shortcoming of ZnO can be overcome by depositing a thin ﬁlm of
TiO2 as a second passivation layer on it.
Steier et al. reported that surface coating can be exploited for
extending the space charge region [17]. TiO2 has been coated as a
passivation overlayer on Fe2O3 using various processes [11,13,17].
Barreca et al. [13] coated TiO2 on a Fe2O3 layer by atomic layer
deposition (ALD); the Fe2O3 itself had been deposited by plasmaenhanced CVD. They observed that the TiO2/Fe2O3 heterojunction
protected the photoelectrodes from corrosion and thus enhanced
the PCD. Jeon et al. [11] fabricated hematite nanorods coated with
TiO2 using a chemical process. They noted that the ultrathin TiO2
overlayer reduced the surface charge. Ahmed et al. [8] introduced a
water-based solution method to deposit TiO2 on Fe2O3. The TiO2
passivated surface states, resulting in increases in the photovoltage
and PCD. Similarly, Yang et al. [14] observed an increased photovoltage after passivation of a hematite surface by ALD-deposited
TiO2.
ALD produces dense and conformal coatings, which is a
requirement for the passivation layer. ALD-coated TiO2 is also
known to improve carrier separation and reduce electronehole
recombination. Further, when a ZnO layer is sandwiched between
the Fe2O3 and TiO2 layers, the valence band of ZnO facilitates
generation of photoexcited holes [15].
In this work, we report the deposition of Fe2O3 ﬁlms by supersonic cold spraying onto indium-doped tin oxide (ITO) substrates,
followed by coating with protective ZnO and TiO2 overlayers via
ALD. The resulting heterojunction ﬁlms are then used as photoanodes for water splitting. To the best of our knowledge, this is the
ﬁrst instance of the fabrication of Fe2O3 ﬁlms via supersonic cold
spraying for use as water-splitting photoanodes. The fabricated
ﬁlms exhibit superior water-splitting performance as well as high
stability.

supersonic. This supersonic gas stream was used to atomize the
Fe2O3 solution and ensure that the Fe2O3 particles hit the ITOcoated glass substrate at high speed. The thus-deposited Fe2O3
ﬁlm was then annealed in Ar at 500  C for 120 min in two steps to
remove any impurities present. The temperature was increased
from room temperature of 20  Ce200  C for 10 min and then to
500  C for 60 min. The rate of temperature increase was 3  C min1.
2.2. Deposition of ZnO and TiO2
An ALD reactor (Lucida™ D series ALD system, NCD Tech, Korea)
was employed for the conformal deposition of ZnO and TiO2.
Diethyl zinc (DEZn; EGchem, Korea) and titanium isopropoxide
(TTIP; EGchem, Korea) were used as the metal precursors while
deionized water was used as the oxygen source. The precursor
doses were controlled using the pulse times of computercontrolled air-actuated valves. The DEZn, TTIP, and water vials
were held at room temperature, whereas the bubbler and delivery
lines were maintained at 78  C. N2 was used as the carrier gas for
the metal precursors as well as for purging the post-reaction
byproducts. The thicknesses of the ZnO and TiO2 layers were
controlled by varying the number of coating cycles (N); the deposition rates used were 0.2 and 0.1 nm/cycle, as determined by
deposition on a planar substrate. The Fe2O3, Fe2O3/ZnO, and Fe2O3/
ZnO/TiO2 ﬁlms are denoted as F, FZ (number of ZnO coating cycles
(NZn) ¼ 150), and FZT (ZnO with NZn ¼ 150 and number of TiO2
coating cycles (NTi) ¼ 120), respectively.
2.3. PEC measurements

2. Experimental methods

PEC tests were conducted in 1 M NaOH using a three-electrode
cell in which Fe2O3/ITO was the working electrode and Pt and Ag/
AgCl were the counter and reference electrodes, respectively. A Xe
lamp (Newport, Oriel Instruments, USA) with an AM1.5 ﬁlter was
used for illumination. The intensity of the incident light was
adjusted to 100 mW cm2. Current density measurements were
performed under both dark and light conditions through linear
sweep voltammetry (LSV) using a potentiostat (VersaSTAT-3,
Princeton Applied Research, USA) for potentials ranging from 0.2
to 0.7 V (vs. Ag/AgCl) at a scan rate of 10 mV s1. The illuminated
electrode area was 0.25 cm  0.25 cm. Electrochemical impedance
spectroscopy (EIS) measurements were conducted using the same
VersaSTAT-3 potentiostat and three-electrode conﬁguration. The
EIS measurements were performed for frequencies of 100 kHz to
100 mHz under both dark and illuminated conditions using a small
sinusoidal perturbation potential (amplitude of 10 mV). Fitting was
performed using the software program ZSimpWin.

2.1. Deposition of Fe2O3

2.4. Material characterization

The primary experimental setup used, namely, the cold-spray
deposition system, is shown schematically in the left half of Fig. 1.
The cold-spray coating system includes an air tank, an inline heater,
a supersonic nozzle, an xey stage, an atomizer, and a syringe pump;
the system has been described in greater detail elsewhere [18]. To
deposit Fe2O3, a colloidal dispersion was prepared by mixing 2.75 g
of Fe2O3 (>99%, Sigma-Aldrich) powder in 40 mL of dimethylformamide (DMF, Sigma-Aldrich). A solution of 8 wt% polyacrylonitrile (PAN; Sigma-Aldrich, average Mw of 150,000) in DMF
was prepared, and 0.3 mL of it was added to the Fe2O3/DMF solution
to improve the degree of dispersion. Next, the Fe2O3 colloidal solution was placed in a syringe pump and supplied at a ﬂow rate of
1.5 mL min1. A gas stream, generated by compressing air to
0.4 MPa and heating it to 250  C, was accelerated through a
convergingediverging nozzle such that its velocity became

Water contact angle measurements were performed using a
high-resolution charge-coupled device (CCD) camera (Phantom 9.1,
Vision Research, Inc.). An optical proﬁler (NT-1100, Veeco, USA) was
used for surface roughness measurements. A Raman spectrometer
(Jasco, NRS-3100) was employed to analyze the chemical bonds in
the cold-sprayed ﬁlms. X-ray diffraction (XRD) analysis (D/max2500, Rigaku, Japan), with Cu Ka radiation for 2q values of 20e65 ,
was used to elucidate the crystal structure of Fe2O3. The surface
chemical compositions of the ﬁlms were determined using X-ray
photoelectron spectroscopy (XPS, X-TOOL, ULVAC-PHI). The surface
morphologies of the Fe2O3 and ZnO/TiO2-passivated Fe2O3 ﬁlms
were determined using high-resolution scanning electron microscopy (HR-SEM, XL30 SFEG, Phillips Co., the Netherlands), which
was performed at 15 kV. Transmission electron microscopy (TEM,
JEM 2100F, JEOL Inc.) was used to conﬁrm the formation of the ZnO

T.-G. Kim et al. / Journal of Alloys and Compounds 798 (2019) 35e44

37

Fig. 1. Schematic of cold-spraying setup, surface morphology of sample as imaged by scanning electron microscopy (SEM), and deposition of ZnO/TiO2 layers by ALD. Photographs at
the top left show Fe2O3 ﬁlms before and after annealing. The image at the top right is a schematic of conformally ALD-coated ZnO/TiO2 layers over core Fe2O3. Fabricated photoanodes were tested using a PEC setup (bottom right). The magniﬁed image illustrates electronehole generation induced by solar radiation.

and TiO2 coatings on Fe2O3. Cross-sectional samples of the ﬁlms for
the TEM analysis were obtained using a focused ion beam (FIB,
5 nA, LYRA3 XMH, TESCAN) sectioning technique.
3. Results and discussion
Samples F, FZ, and FZT, that is, the Fe2O3 layer and the Fe2O3/ZnO
and Fe2O3/ZnO/TiO2 heterojunction layers were optimized to achieve the highest possible PCD value. Such heterostructures are expected to decrease charge-carrier recombination and increase the
surface electrochemical activity at the photoanode/electrolyte
interface. The passivation of Fe2O3 was conﬁrmed through structural and surface characterization methods, such as Raman spectroscopy, XRD, XPS, SEM, and TEM analyses.
The Raman spectra in Fig. 2 show that the ﬁve characteristics
peaks of Fe2O3 were present in the spectra of all of the samples (Ag
modes at 225 and 498 cm1; Eg modes at 293, 412, and 613 cm1)
[19,20]. The inhomogeneous peak at 656 cm1 may be attributed to
vibrational states of crystal lattice disorder related to hematite
[21e23]. The Raman peak observed at 437 cm1 in the case of
sample FZ corresponds to the high-frequency phonon E2 (high)
associated with Zn sublattice vibrations, while that at 549 cm1 is
related to the longitudinal optical component E1. Furthermore, the
Raman spectrum of sample FZT shows peaks characteristic of TiO2.
Raman scattering from TiO2 was conﬁrmed by the broadening of
the peak at 225 cm1, due to the TiO2 peak that generally appears at

245 cm1 and two additional minor peaks at 375 and 556 cm1.
This peak shift may result from low thickness of the TiO2 layer.
To characterize the surface of the Fe2O3 ﬁlm before and after
passivation, water contact angle (WCA, qw) measurements were
performed using a high-resolution CCD camera. Fig. 3a shows that
the qw value of the ITO substrate without any coating was 72e74 .
The WCA of the ITO substrate indicates that it was in the ideal
Wenzel state, wherein the water drops adhered to it [18]. Because
Fe2O3 is a hydrophilic material [24], the Fe2O3 ﬁlm deposited on the
ITO substrate exhibited a WCA of 30e32 (see Fig. 3b), which is half
of that of the bare ITO substrate. The formation of the ZnO and TiO2
coatings increased the WCA to 119e120 (Fig. 3c). As the contact
angle increased, the water droplets became more spherical on the
substrate surface, reﬂecting the appearance of a CassieeBaxter
state [18]. These increases in the WCA conﬁrmed that the deposited passivating layers of ZnO and TiO2 signiﬁcantly modiﬁed the
surface of the underlying Fe2O3 ﬁlm. We determined the surface
roughnesses of the various samples using an optical proﬁler; the
ITO substrate (Fig. 3d) showed a roughness of 3.86 nm. On the other
hand, the Fe2O3 layer coated on the ITO substrate showed a reduced
roughness (2.26 mm, see Fig. 3e). This property along with the hydrophilic nature of Fe2O3 allows the electrolyte to fully wet it, thus
stimulating electronehole recombination in it. However, for the
Fe2O3/ZnO/TiO2 (FZT) ﬁlm, shown in Fig. 3f, the surface roughness
was slightly higher at 2.78 mm. The passivating ZnO/TiO2 layers
protect the Fe2O3 layers and enhance the PEC performance, but
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Fig. 2. Raman spectra of samples F, FZ, and FZT. ● indicates characteristic peaks of ZnO
while A indicates characteristic peaks of TiO2.

decrease the wettability of the surface.
Fig. 4a shows the XRD pattern of sample FZT. Diffraction peaks
related to the ZnO and TiO2 layers are absent because of their low
thicknesses and amorphous nature. The peaks at 24 , 33 , 35 , 40 ,
49 , 54 , 57, 62 , 64 , and 72 correspond to the (012), (104), (110),
(113), (024), (116), (122), (214), (300), and (119) planes of Fe2O3
(JCPDS 24-0072). The elemental compositions and bonding states
of the various samples were investigated based on the kinetic

energy of the emitted photoelectrons by irradiating their surfaces
with X-rays. The full survey spectrum of the Fe2O3/ZnO/TiO2
multilayered ﬁlm, shown in Fig. 4b, conﬁrms the presence of Fe, Zn,
Ti, and O. The doublet peaks at 458.2 and 463.8 eV in the Ti 2p core
spectrum can be ascribed to the Ti 2p3/2 and Ti 2p1/2 states (Fig. 4c).
The difference in the binding energies of approximately 5.6 eV indicates the presence of Ti4þ [25]. In addition, the shoulder peaks at
457.7 and 462.9 eV appear in Ti 2p3/2 and Ti 2p1/2 that correspond to
Ti3þ [26]. The Zn 2p core spectrum (Fig. 4d) contains peaks related
to the Zn 2p3/2 and Zn 2p1/2 states at 1044 and 1021.3 eV, respectively, along with the shoulder peak at 1020 eV; the spin-orbit
splitting energy of 22.7 eV indicates that Zn exists as Zn2þ. The Fe
2p core spectrum, shown in Fig. 4e, clearly exhibits peaks at 710.1
and 723.6. eV, which correspond to the Fe 2p3/2 and Fe 2p1/2 states,
respectively. The spin-orbit splitting energy of the two dominant
peaks is approximately 13.5 eV, indicating the presence of Fe3þ,
consistent with the Fe2O3 phase [27]. The characteristic satellite
peak at 719 eV further conﬁrms the presence of Fe2O3 [25]. The O 1s
spectrum (Fig. 4f) exhibits a peak at 529 eV, which corresponds to
metal oxides (MeO) in the multilayered ﬁlm. When deconvoluted,
it reveals peaks centered at 529, 530.3 , and 532.2 eV that correspond to MeO, MeOeH and OeH groups. The C 1s XPS spectrum
(see Fig. S1), which ranges from 280 to 292 eV, can be deconvoluted
into three peaks. The deconvoluted peaks have binding energies of
284.5, 285.8, and 287.8 eV and correspond to sp2-bonded carbon
(CeC), carboxylate (CeOH), and carbonyl (C]O), respectively [28].
The surface morphology of the FZT ﬁlm was observed by SEM
and TEM. The high- and low-magniﬁcation SEM images in Fig. 5a
and b show that the ﬁlm consisted of particles of various sizes that
adhered well to form the ﬁlm. The particle size distribution, as
estimated based on the values for 50 particles, is shown in Fig. 5c
and indicates that the particle size was 100e500 nm. Low- and
high-resolution TEM images of the FIB-sliced sample are shown in
Fig. 5d and e. The HRTEM image (Fig. 5e) displays fringes with dspacings of 0.269 and 0.16 nm that are attributed to the (104) and
(122) planes of a-Fe2O3 (JCPDS 24-0072), respectively. The selectedarea electron diffraction (SAED) pattern in Fig. 5f shows the
diffraction pattern of a single polycrystalline nanoparticle. The
pattern can be readily indexed to a-Fe2O3, as indicated by the
labeled dark-red circles. The many diffraction spots visible in the
SAED indicate that the particle is polycrystalline. The HTREM image
in Fig. 5g shows thin and distinct contrasting shells, conﬁrming that
the ZnO and TiO2 coatings were formed successfully on the Fe2O3
particle ﬁlm. The number of coating cycles performed for ZnO and
TiO2 on the Fe2O3 nanoparticles were NZn ¼ 150 and NTi ¼ 120,

Fig. 3. Water contact angles of (a) ITO substrate and (b) Fe2O3 and (c) Fe2O3/ZnO/TiO2 ﬁlms. Images in (d)e(f) are optical proﬁles corresponding to samples in (a)e(c), respectively.
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Fig. 4. (a) XRD pattern of FZT. (bef) XPS spectra of sample FZT: (b) full (survey) spectrum, (c) Ti 2p, (d) Zn 2p, (e) Fe 2p, and (f) O 1s spectra.

respectively. The thicknesses of both ﬁlms were lower than would
be expected based on one monolayer of growth per ALD cycle,
because of the varying sizes of the Fe2O3 particles and the surface
roughness of the Fe2O3 ﬁlm (see Fig. 3e). It is well known that the
thickness of ALD layers can vary quite signiﬁcantly over nonuniform surfaces [29]. The grayscale TEM image in Fig. 5g was
post-processed to identify the outer layers of ZnO and TiO2. We
used a MATLAB function to create a colored representation of the
layers of FZT in Fig. 5g, conﬁrming the conformal formation of ZnO
and TiO2 layers on the Fe2O3 particles. The elemental mapping of
other samples is presented and discussed in supporting information; see Fig. S2.
The PEC properties of the cold-sprayed Fe2O3 ﬁlms were
analyzed using a three-electrode setup; 1 M NaOH (pH ¼ 14) was

used as the electrolyte and Ag/AgCl was used as the reference
electrode. A comparison of the current density curves of samples F,
FZ, and FZT is shown in Fig. 6a. Dark current was negligible over this
voltage range. Under AM 1.5 illumination, however, the Fe2O3 ﬁlm
shows a small photoanodic current of 0.59 mA cm2 at 0.7 V. When
the Fe2O3 ﬁlm was coated with a thin layer of ZnO (Nzn ¼ 150), the
PCD increased to 2.11 mA cm2. Further, a thin ALD coating of TiO2
(NTi ¼ 120) over Fe2O3/ZnO yielded a seven-fold overall increase in
the photocurrent at 0.7 V, to 4.25 mA cm2. The enhanced PCD of
FZT is likely owing to the presence of the passivation layers of the
two heterovalent semiconducting materials (i.e., ZnO and TiO2) and
the synergistic effect of these passivation layers and Fe2O3. The PCD
of Fe2O3 is lower because of slow water oxidation kinetics associated with accumulation of holes at the interface; these holes are
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Fig. 5. (a) High, (b) and low-magniﬁcation SEM images showing the surface morphology of the FZT ﬁlm. (c) ZnO/TiO2 coated Fe2O3 particle size distribution. (d) Low- and (e) highresolution TEM images of material sectioned from the FZT ﬁlm. (f) Selected-area electron diffraction (SAED) pattern and (g) high-magniﬁcation TEM image of FZT; ZnO/TiO2-coated
Fe2O3 particle in (g) is covered by ZnO and TiO2 layers, as indicated by color scheme (green and purple for ZnO and TiO2). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version of this article.)

trapped in the case of FZT because of the presence of the ultrathin
passivation layers. In addition, with the passivation layer, the
reduced barrier potential increases oxygen evolution and mobility
of the local carriers which enhances the photocurrent density via
photo-excited electron-hole pairs [30]. Initially, the PCD values
were measured for different thicknesses of the ZnO layer in order to
optimize it. The optimized number of coating cycles for ZnO was
Nzn ¼ 150, as it yielded the highest PCD (2.11 mA cm2) at 0.7 V. This
is an increase of 3.5 times with respect to that of pristine Fe2O3.
Next, the thickness of the TiO2 layer formed on the ZnO-coated
Fe2O3 ﬁlm was optimized, and the optimal number of coating cycles was determined. Electrons ﬂow more readily in the vertical
direction toward Fe2O3 in the FZT structure, owing to the thin layers
of ZnO/TiO2. These passivation layers restrict the rapid electronhole recombination before holes reach the electrode-electrolyte

interface. As presented in Fig. 6b, the PCD value increased gradually with an increase in the number of TiO2 coating cycles, with the
highest value being observed at NTi ¼ 120, and then decreased. This
fall in the PEC performance after NTi ¼ 120 can be attributed to the
increased electron-transport distance as well as the decrease in the
electric ﬁeld across the layer, which results in increased chargecarrier recombination [31]. The addition of the TiO2 (NTi ¼ 120)
layer increased the surface roughness and protected the Fe2O3 and
ZnO layers from possible photocorrosion, thus ensuring that the
photocurrent of the heterostructured FZT photoanode was not only
higher, but also more stable. The PEC performances of these samples is compared with those of previously-reported pristine Fe2O3
ﬁlms and ﬁlms surface-passivated using layers of other materials
(see Table 1). The approach used here, with a ZnO/TiO2 coating on
spray-deposited Fe2O3 clearly provides much better performance
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Fig. 6. (a) Current density vs. voltage curves of Fe2O3 (F), Fe2O3/ZnO (FZ), and Fe2O3/ZnO/TiO2 (FZT). (b) Changes in photocurrent with variations in thicknesses of ZnO layer formed
over F and TiO2 layer formed over FZ (Nzn ¼ 150) at 0.7 V. Electrochemical impedance spectra of samples F, FZ, and FZT: (c) Nyquist plot with equivalent circuit used for ﬁtting (inset)
and (d) Bode phase plots.

Table 1
PEC performances of previously reported passivated/overlayer Fe2O3 ﬁlms as
compared with fabricated FZT ﬁlms in this study.
Materials
Fe2O3
Fe2O3/TiO2
Fe2O3/TiO2
Fe2O3/TiO2
Fe2O3/TiO2
TiO2/Fe2O3
Fe2O3/ZnO/TiO2

Reaction solution
1.0 M KOH
1.0 M NaOH
1.0 M KOH
1.0 M NaOH
1.0 M NaOH
1.0 M NaOH
1.0 M NaOH

PCD [mA/cm2]
a

1.3
1.2b
2.0b
2.0b
0.6b
0.4b
4.25c

Table 2
Various components of Randles equivalent circuits for Fe2O3, Fe2O3/ZnO, and Fe2O3/
ZnO/TiO2 ﬁlms under dark and light conditions.

References

Components

[2]
[8]
[11]
[13]
[14]
[16]
Present

Nyquist plot ﬁtting data
RS (U)
RSC (U)
RCT (U)
CSC (F)
CPE (S-sn)
W (S-s0.5)
Bode phase data
Frequency (Hz)
Photoelectron lifetime (ms)

PCD value at: 0.6 V vs Ag/AgCla, 1.23 V vs RHEb, 0.7 V vs Ag/AgClc.

than was observed in other studies.
EIS analysis was performed to characterize the resistances between the electrode and electrolyte during the electrochemical
process without having to destroy the samples. The obtained
Nyquist data for samples F, FZ, and FZT are shown in Fig. 6c. Further,
the acquired impedance data for these samples were ﬁt to an
equivalent circuit model (see inset of Fig. 6c); the various components of the circuit are listed in Table 2. The resistance associated
with the system, as indicated in the equivalent circuit, are the solution resistance (Rs), charge-transfer resistance (Rct), and electrical
double layer resistance (Rdl). The electrical double layer at the
electrode/electrolyte interface has a determining effect on the
oxideeelectrolyte interactions and hence the PEC performance. The
lower charge-transfer resistance of the heterostructure results in

F

FZ

FZT

32.3
1.8
983.9
6.9  106
6.96  105
7.7  104

16.8
146.3
539.4
3.1  105
3.1  104
9.8  106

18.4
19.4
178.2
1.3  104
6.0  104
7.5  104

126
1.3

79
2.0

25
6.3

faster ionic transfer, thus enhancing the PEC performance of the
photoanode. The double-layer capacitance (Cdl) at the electrolyte/
electrode interface, the Warburg diffusion impedance (W), and the
constant phase element (CPE) were as shown in the equivalent
circuit inset in Fig. 6c. The heterostructured ﬁlm exhibited lower Rs
and Rct values compared to those of the pristine Fe2O3 sample.
The Bode phase plot shows peaks related to charge transfer at
the photoanode-electrolyte interface. The characteristic oscillation
frequency (fc ) at which the phase angle is a maximum is inversely
proportional to the electron lifetime (te) under illumination, as
indicated by the expression te ¼ 1=ð2pfc Þ. The Bode plots for
samples F, FZ, and FZT are given in Fig. 6d, which shows the variations in the characteristic frequency at the peak phase values.
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Sample F shows the lowest photoelectron lifetime (1.3 ms), with
those of FZ and FZT being 2.0 and 6.2 ms, respectively. The longer
photoelectron lifetime in FZT can be attributed to carrier conﬁnement at the Fe2O3/ZnO interface because of the ultrathin ZnO layer
sandwiched between the Fe2O3 and TiO2 layers [32,33]. In addition,
Fe2O3 has intermediate defects, at which the electronehole pairs
can recombine rapidly [16]. Thus, the presence of the ZnO/TiO2
ﬁlms on the Fe2O3 layer induces fast charge transfer and enhanced
electronehole separation and increases the recombination lifetime.
The PEC performance of the Fe2O3 ﬁlm coated with the ZnO/TiO2
layers (FZT) using ALD was tested under chronoamperometric
conditions. We observed that the PCD decreased very marginally
over 1000 s at 0.5 V (vs. Ag/AgCl), as shown in Fig. 7a. The generation of a stable photocurrent during water oxidation can be
attributed to the TiO2 coating. The ON and OFF durations were kept
at 50 s for each cycle. The rapid increase in the current density as
soon as the light was incident on the sample and the sharp fall in
the current to ~0.05 mA/cm2 conﬁrmed that the sample exhibited
fast charge-transfer characteristics and excellent photoactivity.
Furthermore, the fact that the peak PCD value remained unchanged
for 1000 s indicated that the TiO2 layer successfully prevented
photocorrosion of the underlying photocatalytic materials (Fe2O3
and ZnO). However, the on-off data for the pure Fe2O3 case indicates some degradation in PCD at later times, as shown in Fig. 7a.
In addition, the absolute value of PCD for the pure Fe2O3 is also
lower, as compared to the passivated ﬁlms. Thus, it is conﬁrmed
that TiO2 passivation enhances both photocurrent density and
stability of the ﬁlms.
The stabilities of samples F (Fe2O3) and FZT (Fe2O3/ZnO/TiO2)
were measured at a constant applied potential of 0.6 V. Sample FZT
was tested for long-term stability and exhibited stable performance

for 20000 s (see Fig. 7b). In contrast, the Fe2O3 sample, which did
not have any passivation layer (i.e., sample F), showed a lower
current response, which gradually decreased over the ﬁrst 50 s and
then plateaued, as shown in Fig. S3. Moreover, this sample
remained stable only for 1140 s, after which it underwent signiﬁcant oxidation, exhibiting large ﬂuctuations in its photocurrent. The
inset of Fig. 7b shows the amount of O2 evolved as measured using a
simple lab-built system along with a photograph of the generated
O2 bubbles (see Movie S1) as evidence of O2 evolution.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2019.05.255.
That H2 and O2 were generated was conﬁrmed by identifying
the gases after isolating them and measuring their volumes (volume of H2 was 5.1 mL and that of O2 was 2.4 mL; see Movie S1).
Faradaic efﬁciency was obtained from the static test, detection, and
quantiﬁcation of the product (here O2). Faradaic efﬁciency is
deﬁned as the ratio of total charge transferred that produces O2
evolution to the total charge consumed during the static photoelectrochemical measurements. The Faradaic efﬁciency for O2
evolution under light-driven water splitting was determined using
Eq. (1) and was found to be approximately 98% [34].

hF ¼

Vactual
Vactual
¼
Vtheo
ðNO ,Q ,Vm Þ=ðN,FÞ

(1)

where Vactual is the volume of O2 collected during the experiment
(see movie S1) while Vtheo is the theoretical volume of O2 evolved
based upon the measured photocurrent. NO is the number of moles
of oxygen per mole of H2O (for O, NO ¼ 1), and Q is the total charge
as determined by integrating the current over time. Finally, Vm, N,
and F are the molar volume of an ideal gas (22.4 L/mol at 293 K and

Fig. 7. (a) Transient photocurrent responses of F, FZ and FZT photoanode to ON-OFF illumination, (b) long-term PEC performance of FZT photoelectrode at 0.6 V (inset image shows
O2 evolution), (c) Tauc plot of (ahn)2 vs. hn, and (d) photoluminescence spectra of samples F, FZ, and FZT.
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Fig. 8. Photoelectrochemical water splitting mechanism schematic: (a) Fe2O3 surface with elliptical electrolyte droplets and (b) FZT surface with spherical shaped electrolyte
droplets. The central drawing indicates the O2 evolution process under illuminated condition over the FZT surface.

1 atm), number of electrons per mole of H2O (N ¼ 4), and the
Faraday constant (F ¼ 96485 C mol1), respectively. In order to
elucidate the reason for the superior performance of FZT, a Tauc
plot was prepared (see Fig. 7c) from the absorbance spectra shown
in Fig. S4. The bandgap value as determined from the Tauc plot was
2.1 eV for the Fe2O3 sample and ~2.06 eV for the Fe2O3/ZnO and
Fe2O3/ZnO/TiO2 samples [35]. The optical bandgap (Eg) value was
determined by extrapolating the absorption edge, as given by Eq.
(2):

a¼

2:303A
d

(2)

where a is the absorption coefﬁcient, A is the absorbance, and d is
the sample thickness.
Further, Fig. 7d shows the photoluminescence (PL) spectra of
samples F, FZ, and FZT under 325 nm illumination. The spectra
exhibit peaks at 377, 447, 480, 585, and 855 nm [36]. Fluorescence
occurs near the UV (377 nm) and blue violet (400e485 nm) regions.
The emission peaks at 447 and 480 nm can be attributed to the
radiative recombination of excitons [37]. The photoemission peak
at approximately 585 nm matches the bandgap of Fe2O3 (2.14 eV).
Moreover, the intensity of the peak at 377 nm was higher in the
cases of FZ and FZT, reﬂecting the presence of the materials with UV
bandgap energies (ZnO/TiO2) in these samples. Finally, the increase
in the intensity of the peak at 585 nm in the cases of FZ and FZT as
well as the broadening of this peak was related to the surface
passivation of Fe2O3 by the ZnO/TiO2 layers [38,39].
A schematic of the mechanism responsible for the photochemical properties of Fe2O3 and Fe2O3/ZnO/TiO2 is shown in Fig. 8,
illustrating the PEC phenomenon that occurs at the semiconductor/
electrolyte interface. As can be seen in Fig. 3b, the contact angle of
the Fe2O3 ﬁlm is relatively small, and the ﬁlm has a lower surface
roughness (see Fig. 3e), owing to which the degree of adsorbed
species coverage of the ﬁlm surface is greater. This causes a greater
number of holes to be trapped; these holes then readily recombine
with the free electrons generated under illumination. After longterm cycling, the wettability of both the Fe2O3 and Fe2O3/ZnO/
TiO2 ﬁlms is enhanced, as can be seen from Fig. S5. This increased

wettability has an adverse effect on the PEC performance because it
promotes rapid charge transfer and oxidation. Sample FZT was
protected by the TiO2 passivation layer and was able to produce
stable performance with one-way hole transfer reaction at the
electrode-electrolyte interface. In addition, the degree of hole
trapping is relatively lower when the electrolyte contact area is
small (Fig. 8, see schematic of FZT on right). Thus, the holes available at the surface participate in water oxidation, ultimately suppressing electronehole recombination. These phenomena are
responsible for the PCD value of FZT being higher (see Fig. 6b).

4. Conclusions
In this study, we observed that the photocurrent of Fe2O3 ﬁlms
(0.5 mA cm2) improves signiﬁcantly, to 4.25 mA cm2, after their
surface modiﬁcation with an ultrathin ALD-based ZnO/TiO2
coating. The passivation process reduces the number of surface
defects, limiting the trapping of holes. The passivation layers
exhibited stable performance with one-way hole transfer reaction
at the electrode-electrolyte interface. As a result, water oxidation
was promoted. The availability of holes at the surface and their
rapid participation in water splitting suppresses electronehole
recombination. The ~4.8-fold increase in the lifetime of photogenerated charge carriers relative to that in the pristine Fe2O3
sample further demonstrated the effect of the surface passivation of
Fe2O3. In the future, we aim to realize an anodic shift in the onset
potential. The results of this study suggest that cold-spray-coated
Fe2O3 photoanodes passivated with ZnO/TiO2 show signiﬁcantly
reduced surface recombination rates and substantially enhanced
PEC performances.
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