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ABSTRACT
An overview on the recent progress in experimental strategies used to improve the photoelectrochemical response of hematite nanorod-
based photoanodes for solar water splitting is provided. Emerging areas are identified that will require attention as the search continues
for stable and efficient visible-light driven water oxidation systems that exploit the rational construction of different interface junctions.
Increasing efforts have been focused on enhancing the performance of hematite-based photoanodes via morphology control, element doping,
co-catalysts, surface modification, heterojunction construction, and via a combination between them. Particular attention has been given to
heterojunctions, as these structures are more likely to utilize the benefits provided by combining elements with distinct properties, exhibiting
functional behavior at the interfacial region, and increasing solar energy conversion by synergistic effects.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0003146., s

I. INTRODUCTION

Rapid economic and demographic growth has driven the rise
in world consumption of clean energy in an attempt to curb the dis-
astrous effects of pollution for our health and environment. Among
the options, solar energy has become a great alternative, although
its large-scale applicability is still limited. In the pursuit of the most
applicable photoanode for photoelectrochemical (PEC) water split-
ting, hematite (α–Fe2O3) has attracted interest for a few decades.1–4

This can be explained in part because hematite can theoretically
collect up to 40% of the solar spectrum [exceeding the minimum
solar-to-hydrogen (STH) efficiency for practical applications], and it
shows excellent photoelectrochemical stability over a wide pH range,
including its practical use in seawater, suitable energy band gap
(1.9–2.2 eV) for light harvesting; in addition, its main constituent,

iron, is the fourth most abundant element in the Earth. However,
several intrinsic factors limited the hematite water oxidation activity,
including poor electrical conductivity, high charge recombination
rates, slow charge transfer kinetics at the electrode/electrolyte inter-
face, low reaction kinetic oxygen evolution, and short hole diffusion
length, among others.5–7 These limitations, which may occur in the
bulk and at the surface, lead to multiple electron–hole recombina-
tion pathways that significantly decrease the PEC performance of
hematite photoanodes, and reported efficiencies in practical applica-
tions and devices are noticeably lower than the predicted theoretical
value.5–7 The photocurrent density (JPEC), which can be described
by Eq. (1), is commonly known as the absorbed photocurrent den-
sity (Jabs) and the global photocurrent conversion efficiency, which is
the product of the charge carrier separation efficiency (ηsep), repre-
senting the fraction of holes reaching the semiconductor/electrolyte
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interface without recombining with electrons in the bulk, and the
injection efficiency (ηinj) for water oxidation, representing the frac-
tion of holes for a desired oxidation reaction without recombining
with electrons at the surface. Thus, in a simplified way, parameters
may change depending on the type of hematite engineering in an
attempt to have a positive balance when they act together,8,9

JPEC = Jabs X ηsep X ηinj . (1)

It is interesting to note that the parameters involved in the overall
photoelectrochemical response are actually coupled with each other.
For instance, increasing JABS achieved by morphological changes
can often result in an increase in surface states promoting charge
recombination at the interfaces. Thus, it is mandatory to empha-
size that the nanoscale morphological design of hematite photoelec-
trodes has become one of the most important parameters to be first
controlled in order to boost the electronic properties and facilitate
the water oxidation reaction kinetics, reducing the electron–hole
recombination rate. For many years, the anisotropic (i.e., columnar)
structure (so-called hematite nanorods) has been established as the
most appropriate, as a consequence of nanometric dimensions cou-
pled with the shortened hole diffusion length, higher surface area
as well as an increased tunability of electronic states (changing the
dynamics of photogenerated carriers) due to quantum confinement.
When the nanorods have their dimensions comparable to carrier
diffusion lengths, the holes are able to easily access the surface, facil-
itating their extraction at the interfaces, as seen in the schematic

comparison of the diffusion patterns of charge carriers between a
hematite nanorod array and a spherical hematite array [Fig. 1(c)].
Figures 1(a)–1(c) show a simplified representation of changes in
electronic states, electron mobility, and charge transfer path in a 1D
hematite (nanorods) array, respectively.10,11

It is known that electrical conduction in crystalline lattices
is guided by two main mechanisms: a band or tunneling process,
which occurs at low temperature and an activated hopping process,
which dominates at high temperature.12 Given that charge conduc-
tion takes place via hopping mechanism in hematite nanostructures
and the annealing temperature is closely related to its crystallinity,
the adjustment of the crystallinity can lead to a reduction in the
structural defects, which are identified as the main causes of recom-
bination in hematite photoanodes. Thus, because it is usual to anneal
hematite for PEC applications at high temperatures, it is frequent to
increase its photoactivity due to the improvement of the crystalline
structure (with minimal charge trapping defects) and reduction of
defects in the solid/solid interface, as well as in the bulk and surface
of hematite.13–16 When considering a structure of hematite nanorods
thermally treated at high temperatures in short times, its distortion
and coalescence is avoided, the effective surface area is increased
and the crystallinity is improved by decreasing bulk defects, mak-
ing the charge separation effective as well as charge transfer at the
electrode/electrolyte interface.17 Thus, arrays of hematite nanorods
oriented vertically to the conductive substrate are significant to facil-
itate the collection of photogenerated electrons and to further boost

FIG. 1. Schematic diagram showing the
effect of quantum confinement (a) on a
hematite electronic structure (EA = elec-
tron affinity, FL = Fermi level, and EG
= band gap): conduction band expansion
to achieve redox energy of the H+/H2+

level, (b) electron mobility in different
dimensions (x, y, and z) on 0D, 1D, 2D,
and 3D structures, and (c) comparative
behavior of charge carrier transport in
a spherical hematite nanoparticle array
(left) and in a hematite nanorod array
(right). The charge diffusion patterns are
highlighted in yellow for holes and black
for electrons.

APL Mater. 8, 040905 (2020); doi: 10.1063/5.0003146 8, 040905-2

© Author(s) 2020

https://scitation.org/journal/apm


APL Materials PERSPECTIVE scitation.org/journal/apm

FIG. 2. (a) Hypothetical profile of PEC response for an ideal hematite photoanode (solid black line) compared to a typical photoanode (solid gray line) with the expected
effects after rational arrangement of interfaces. (b) Schematic illustration of main charge recombination interfaces in hematite-based photoanodes: (1) hematite/hematite, (2)
hematite/substrate, (3) hematite/electrolyte, and (4) electrolyte/substrate.33,34 (a) Adapted with permission from Sivula et al., ChemSusChem 4, 432–449 (2011). Copyright
2011 WILEY-VCH Verlag GmbH & Co. and (b) Adapted with permission from Soares et al., Phys. Chem. Chem. Phys. 18, 21780–21788 (2016). Copyright 2016 Royal Society
of Chemistry.

the PEC efficiency, as previously discussed. Combined with the crys-
tallinity achieved by annealing, this system provides a strategy that
facilitates the charge migration and allows the photogenerated holes
to reach the electrolyte interface efficiently, facilitating the water
oxidation.

Figure 2 illustrates the main observed recombination paths
from 1 to 4, as highlighted in the inset, associated with bulk losses
(number 1), in the in solid–solid interface (number 2), and in the
solid–liquid interface (numbers 3 and 4). Improving bulk losses
(number 1) by adjusting the morphology, it is still possible to iden-
tify from Fig. 2(b) the main electron–hole recombination path-
ways that can occur in the solid–solid (number 2) and solid–liquid
(numbers 3 and 4) interfaces. Still according to Eq. (1), modifica-
tions must be designed to have a balance that optimizes ηsep, ηinj,
and Jabs and to minimize the deleterious effects presented by each
interface, seeking the rational arrangement of interfaces to achieve
the ideal JPEC curve.18–20 In general, rational strategies proposed to
overcome the hematite limitation toward efficient solar water split-
ting are based on the development of new nanostructured inter-
face architectures to reduce charge recombination, ion doping in
crystalline structures to increase conductivity, surface passivation to
avoid recombination and promote better charge transfer, and use of
co-catalysts or surface modification with a secondary semiconductor
to improve water oxidation kinetics.1,21–25 Providing a very promis-
ing way to optimize solar-to-hydrogen (STH) efficiency, many
research groups worldwide are already using heterojunction engi-
neering (using co-catalysts, innovative hierarchies, plasmonic struc-
tures, dopants, etc.) to develop more efficient photoelectrodes.26–31

Although Jeon et al. achieved the highest PEC efficiency using elab-
orately designed hematite arrays, with a current density of 6 mA
cm−2 at 1.23 V vs reversible hydrogen electrode (RHE), this value
is still far from the theoretical limit for hematite.32 Having defined
the main concepts and limiting parameters of PEC water splitting,
in this perspective, we will highlight the current progress over the

years in the improving photocurrent in relation to rationalization
of hierarchical interface engineering. Some more current strate-
gies, such as heterojunctions, will be discussed more extensively
due to their benefits. Finally, after presenting a wide range of tech-
nologies applicable to hematite nanorod-based photoanodes, some
future technology directions for hematite-based photoanodes will be
discussed.

II. RECENT STRATEGIES TO OVERCOME
THE SURFACE LIMITATIONS OF HEMATITE
NANOROD-BASED PHOTOANODES AND IMPROVE
THEIR PEC PERFORMANCE

Before discussing the effectiveness of any strategy proposed
to overcome the hematite limitation, it is worth noting that their
response is not completely independent. This means that there
are certainly some strategies that change more than one efficiency
parameter concomitantly. However, this work focuses on the per-
formance metric that is most affected in the system by each strat-
egy with respect to the theoretical perspective. It is also important
to point out that the effects of intrinsic modification engineering
(annealing temperature, atmosphere, and acid/base treatments on
surface-charge properties) will not be addressed in this perspective,
but can be better understood in some excellent literature reports on
PEC water splitting.33–38

A. Elemental doping
Among the various strategies applied to improve the overall

efficiency of a hematite-based photoelectrode, the insertion of a dop-
ing element is the one that has been the most explored. Heteroatoms
with diverse atomic radii and valence electrons, when incorporated
into a semiconductor lattice, have been considered as an effective
method for mainly regulating the electrical conductivity through
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the decrease in the minority carrier concentration with a beneficial
effect on Vonset, among other contributions.39–48 Among the most
commonly used elements for doping hematite photoelectrodes to
improve the conductivity and carrier mobility are the tetravalent
Sn, Ti, and Si.49–51 A published work showed that Sn4+ doping in
hematite photoanodes increased the photocatalytic response because
the tin induced a superficial donor level below the hematite con-
duction band.47 The Sn4+ ion generated a local microstrain in the
lattice, decreasing the Fe–O bond ordering, introducing electrons to
Fe3+ sites (which are reduced to Fe2+), and, consequently, improv-
ing the electrical conductivity. Interestingly, recent work by Huf-
nagel et al. systematically evaluated the advantages and limitations
of controlled Sn doping at the surface, in the subsurface volume,
and in the bulk of hematite photoanodes.48 In summary, Sn dop-
ing facilitated the separation of photogenerated electron–hole pairs,
increasing the efficiency of charge separation, while surface ions
played a dual role in eliminating surface states, preventing hole trap-
ping and decreasing the overpotential. More recently, fundamental
investigations reported by several research groups have provided
a novel perspective and somehow a deeper understanding of the
role of Sn4+ incorporation in hematite-based material. By perform-
ing electrical and thermomechanical measurements in undoped and
Sn-doped hematite nanoscale powders annealed at different tem-
peratures and controlled oxygen partial pressure atmosphere, Wang
et al. could derive the impact of the defect chemistry in such sys-
tems.52 In fact, using the equilibrium defect models and monitor-
ing several parameters during the in situ electrical measurement,
the authors interestingly found a weak or negligible impact of Sn-
addition on the donor density number and overall electrical con-
ductivity. In a similar context, Soares et al. investigated undoped
and Sn-doped hematite annealed at fixed temperature and designed
on purpose with controlled number of interfaces, showing that the
presence of Sn led to the decrease in the grain boundary resistance
favoring the electron transport through the doped interfaces.53 In
another report, the authors doped hematite photoanodes with Sn ex
situ through atomic layer deposition (ALD).51 The SnOx ALD still
occurred in the form of FeOOH nanorods to facilitate the dopant
diffusion into the semiconductor lattice. Thus, after annealing treat-
ment, it was observed that the SnOx layer reduced surface defects,
improved carrier conductivity, and provided protection, and the sys-
tem exhibited an exceptional performance of 3.12 mA cm−2 at 1.23 V
vs RHE. After identifying that different hematite doping routes had
already been investigated under different conditions, Guo’s group
reported the effect of seven dopants on the structural, electrical,
and photoelectrochemical properties of the hematite film under the
same experimental conditions.54 In summary, from the results of the
Mott–Schottky and electrochemical impedance spectroscopy (EIS),
they showed that the improvement of PEC performance of doped
hematite is mainly due to the positively shifted flat band poten-
tial, which changes the surface states and interface charge transport
property. Unlike other previous findings, they reported that doping
had a slight influence on the charge carrier densities.55 Since build-
ing heterojunctions or inserting co-catalysts or other nanostructures
on hematite photoanodes may introduce some new interfaces with
carrier traps and recombination centers, emerging strategies have
been proposed to accelerate charge separation involving sequen-
tial dopant incorporation, whether metallic or non-metallic ions,
or bimetallic doping.56,57 In this study, it was possible to modulate

the low carrier density and high charge recombination of hematite
photoanodes by co-modification, adjusting the annealing tempera-
ture and the ion incorporation into the hematite lattice.58 A sub-
stantially superior photocurrent of 2.56 mA cm−2 and a cathodic
shift of Vonset (∼90 mV), which can be observed in Fig. 3(a) by
the co-doped P–Ti–Fe2O3 photoelectrode, were achieved after ini-
tial Ti-modification (calcination at 800 ○C) followed by P-additional
modification (calcination at 350 ○C) due to decreased surface trap
states, which improved the charge carrier density. It was reported
that the annealing temperature and doping mechanisms, in an opti-
mized and synergistic mechanism, influenced the hematite PEC
performance, increasing the carrier density, as manifested by the
Mott–Schottky plot in Fig. 3(b), improving the electrical conductiv-
ity and facilitating the charge carriers transfer. The charge separation
efficiency (ηsep) and charge injection efficiency (ηinj) are shown in
Figs. 3(c) and 3(d), in which the separation efficiency is still a lim-
iting factor in the PEC performance, with its best value obtained
by the P–Ti–Fe2O3 photoelectrode (approximately 20%). However,
the same system had the hole injection efficiency of almost 100%
at 1.23 V vs RHE, outperforming the other systems analyzed which
explained its considerable photocurrent enhancement. This study
reinforces the need to combine different elements and conditions
of synthesis and annealed treatment to achieve an improved overall
efficiency in hematite-based photoelectrodes.

Most recently, Zhu et al. reported a beneficial effect for the
Ti and Zn dual-doping case, in which titanium ions were intro-
duced into the hematite still in the hydrothermal process, while
zinc was incorporated by dipping–sintering treatment, forming the
Ti and Zn co-doped hematite.46 Their EIS data and density func-
tional theory (DFT) calculations showed that while the enhancement
aroused by Ti doping was attributed to increased carrier density
and higher charge separation efficiency, the Zn dopant reduced the
electron–hole recombination in the bulk and at the surface of the
photoelectrode. With a simple electrochemical activation treatment
(repeated reduction and oxidation processes), which modified both
the surface and bulk properties, Zhang et al. proved that co-doped
hematite Nb,Sn:Fe2O3 applied to this surface and bulk activation
condition showed an effective improvement in PEC performance.59

The modifications ensured fewer defects and richer Nb–O and Sn–
O bonds to hematite, passivating surface trap states and improving
its PEC stability. Adopting a hybrid microwave annealing (HMA)
treatment to incorporate Nb and Sn atoms into the hematite lattice,
Figs. 4(a)–4(e) show using electron energy loss spectroscopy (EELS)
mapping that the elements are uniformly distributed throughout
the nanorod, while Sn has a slight penetration gradient. More-
over, it is possible to observe from the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
image that the ion diffusion was very successful since there were
no attached nanoparticles on the surface; it contains only external
doping atoms, which are circled in Fig. 4(f). The co-doped photo-
electrode showed a photocurrent increase of 62% relative to pristine
hematite and a cathodic shift of 70 mV in Vonset, as seen in Fig. 4(g).
The observed increased in the donor density [Fig. 4(h)], related to
the generation of more Fe2+ ions or oxygen vacancies in the bulk,
improved the Nb,Sn:Fe2O3 conductivity. By monitoring the charge
separation efficiencies by comparing photo-oxidation currents of
water and a hole scavenger, the authors realized that the successive
modifications of Nb,Sn:Fe2O3 do explain the overall PEC response
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FIG. 3. (a) Schematic illustration of Ti–Fe2O3 and P–Ti–Fe2O3 photoanodes after sequential in situ doping of Ti and ex situ doping of P with their respective (b) photocurrent
density, (c) Mott–Schottky plots, (d) charge separation efficiency (ηsep), and (e) charge injection efficiency (ηinj) of all the hematite photoanodes.58 Reproduced with permission
from Sahu et al., ACS Appl. Energy Mater. 2, 4325–4334 (2019). Copyright 2019 American Chemical Society.
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FIG. 4. (a) Scanning transmission electron microscopy (STEM) and (f) high-angle annular dark-field (HAADF-STEM) images of the synthesized Nb,Sn:Fe2O3 nanorods
and [(b)–(e)] their corresponding EDX mappings of Fe, O, Nb, and Sn, respectively. (g) Photocurrent densities, (h) Mott–Schottky plots, (i) surface charge separation
efficiency (ηsurface), and (j) bulk charge separation efficiency (ηbulk) before and after the activation treatment.59 Reproduced with permission from Zhang et al., Chem. Sci. 10,
10436–10444 (2019). Copyright 2019 Royal Society of Chemistry.
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achieved, as they improved the charge separation efficiencies both
on the surface (ηsurface) and in the bulk (ηbulk), as shown in Figs. 4(i)
and 4(j). Although the PEC activity of the photoanodes reported
above is not as enhanced as expected, these studies provide strategic
insights to increase the efficiency of charge separation and inspire
the construction of new hematite-based systems.

B. Co-catalysts and passivating layers
Considering doping as the most commonly used mechanism

for reducing bulk resistivity and increasing electronic transport,
other pathways to overcome the known limitations in the charge
separation processes at different interfaces of hematite-based photo-
electrodes have already been considered. These losses can be allevi-
ated by introducing an oxide layer (passivation layer) or by the pres-
ence of a co-catalyst. Thus, several studies have been proposed for
the use of both strategies for PEC hematite devices, highlighting the
fundamentally different operational mechanisms to improve charge
separation and transfer processes.60–62 Thin passivation layers, in
forming heterojunctions with the semiconductor, can decrease the
surface defect density reducing the recombination rate, increase
the water oxidation reaction kinetics, and protect the semicon-
ductor from chemical corrosion, improving their chemical stabil-
ity and photoelectrochemical performance.63,64 Several metal oxide
compounds including Al2O3, TiO2, Ga2O3, SiO2, In2O3, and ZnO
have been tested experimentally to modify the hematite photoan-
ode surface showing a significant photocurrent improvement with
a cathodic shift of Vonset.11,65,66 Enthusiastic about the benefits of
passivating layers, Hisatomi et al. performed a systematic screening
of the effect of 13 group oxides as overlayers on the PEC perfor-
mance of hematite photoelectrodes (M2O3/Fe2O3, M = Al, Ga, and
In).62 The largest cathodic shift in Vonset (200 mV) was obtained in
a Ga2O3/Fe2O3 system which was attributed to its ability to decrease
the surface trap density. By a simple method, hematite photoanodes
were also easily passivated with TiO2 overlayers as a strategy to favor
the separation and charge transfer processes in the semiconductor–
electrolyte interface, as shown in the work of Ahmed et al.60 Pho-
toelectrochemical measurements showed that the TiO2 modified
hematite photoanode exhibited a photocurrent increase of 4.5 rel-
ative to bare hematite along with a considerable cathodic shift. The
TiO2 layer acted as a passivation agent of the surface states, thereby
reducing the surface electron–hole recombination while increasing
the photovoltage and the band bending. Unlike the traditional passi-
vating strategies, strategies such as sulfur- or boron-passivation have
been employed to induce multistate species (ion terminations) in
the hematite surface, which improve the carrier density, minimize
the surface charge recombination, and accelerate the water oxidation
kinetics at the solid–liquid interface simultaneously.67

To date, hematite photoelectrode architectures containing a
passivating layer rely on the presence of a catalyst to improve the
quality of the photoelectrode interface.68,69 As commonly known,
co-catalysts play an important function in PEC systems by reducing
the redox overpotential for H2 and O2 evolution on their respective
active sites, injecting holes from the semiconductor surface into the
electrolyte.1,70 In this context, catalysts such as CoPi, NiFe, FeOOH,
NiOOH, and CoOOH have become an inevitable modification for
improving the PEC water splitting response.13 Typically, it has been
observed that the presence of CoPi on the hematite surface can

promote efficient charge separation and transport and may expand
the depletion region, reducing, therefore, the surface electron–hole
recombination.71–74 Very recently, the study of Chen et al. proposed
a rational arrangement of a stable and efficient hematite photo-
electrode with the surface catalyzed by the cobalt molecular com-
plex [Co(dca)2, dca: dicyanamide] and protected by a thin layer
of TiO2.75 Their data showed an improved and stabilized photo-
electrochemical response compared to the pristine hematite. In this
arrangement, the Co complex facilitated the charge transfer pro-
cess at the semiconductor/electrolyte interface and accelerated the
water oxidation reaction kinetics. The TiO2 layer exhibited a dual
role, inhibiting the surface defects and, thus, suppressing the car-
rier recombination, as well as protecting the complex Co-catalyst
from detaching from the hematite surface, thus, stabilizing the PEC
activity. This study highlighted the need for rational photoelectrode
design for efficient pathways of the surface and interface charge
carrier transfer processes, based on the synergy of metal oxides as
passivation layers coupled with the presence of catalysts. Interest-
ingly, Jeon et al. achieved a photocurrent density of 6 mA cm−2 at
1.23 V vs RHE for a hematite photoanode in elaborate and opti-
mized surface modifications including H2 treatment, a 3.5 nm-thick
coating of TiO2, and the deposition of the CoPi catalyst. For this
system, the nanorod morphology allowed the radial hole transfer,
the H2 treatment increased the electrical conductivity, the TiO2
passivation protected the hematite surface and reduced the surface
recombination rates, and CoPi facilitated the interfacial reactions.32

In the work of Ahn et al., the presence of the Ti-doped SiOx layer
on hematite mitigated the surface recombination losses and charge
diffusion pathway, as well as increased the number of water oxi-
dation active sites on the hematite surface.76 After CoPi co-catalyst
deposition, the photocurrent response of the Ti-(SiOx/Fe2O3)/CoPi
photoelectrode reached a value of 3.19 mA cm−2 at 1.23 V vs RHE,
demonstrating the synergistic effect in this type of configuration by
increasing the number of active sites and reducing the hole-diffusion
pathway from the hematite to the electrolyte. Motivated to overcome
the sluggish oxygen evolution reaction kinetics and drive charge
transport, Ahn et al. reported a multistep preparation route that
interconnected three functionalizations in a Zn–Co layered dou-
ble hydroxide (LDH) decorated Ti/Sn co-doped α-Fe2O3 electrode,
which resulted in a cathodic shift of over 300 mV and a PEC per-
formance that achieved a photocurrent density of 2.0 mA cm−2 at
1.50 V vs RHE.77 The doping reduced the recombination and led
to a decrease in Vonset, while the synergistic interaction of the Zn2+,
Co2+, and Co3+ from double hydroxide layers of Zn–Co LDH, by
passivating surface states, facilitated the charge migration between
the photoelectrode and the alkaline electrolyte. In the last years, NiFe
layered double hydroxide (LDH) has been reported as a promising
co-catalyst for hematite-based PEC photoanodes. Most of the studies
showed a reduced Vonset and an enhanced photocurrent due to the
fast and effective separation of photogenerated charge carriers and
suppressed charge recombination provided by the NiFe layer.78,79

Similarly, several studies addressing the use of other bifunctional
oxide co-catalysts integrated with hematite arrays with remarkable
PEC performances can be found in the literature.80–84

C. Plasmonic nanoparticles
Another possible strategy to further improve the hematite pho-

tocurrent and solve the trade-off between visible light absorption
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and carrier collection efficiency is to incorporate plasmonic nanos-
tructures to improve the solar energy conversion response. Plas-
monic metal nanostructures can act by two mechanisms: (i) surface
plasmon polaritons (SPPs), which are electromagnetic excitations
existing at the surface of metallic films and (ii) localized surface
plasmon resonance (LSPR), which is the collective stationary oscil-
lation of surface electrons in metallic nanostructures. Using this
strategy, the solar energy conversion efficiency of the semiconductor
can occur by photonic enhancement or plasmonic energy-transfer
enhancement.85 In general, the SPP resonance modes exist simul-
taneously with the LSPR modes in hematite/metallic nanoparticle
arrays, being the first mechanism located in the spectral range of
UV to visible, while the other one covers the visible region for
near-infrared (NIR) regions. Thus, by optimizing the resonance
frequencies for specific spectral positions, a global improvement
of the PEC arrangement can be obtained. The different origins
of the SPP and LSPR modes, which combine and generate differ-
ent responses in the photoconversion efficiency and an increase in
the useful charge carrier lifetime in systems containing gold and
hematite, were well discussed in the work of Wu’s group. In this,
the different ways of improving the efficiency of solar energy con-
version are evidenced by experimental data and theoretical calcu-
lations, showing that the SPP effect increased the optical transmis-
sion by concentrating the incident light at energies above the band
edge of hematite, while the LSPR created a clear field improve-
ment at the metallic gold/hematite interface, facilitating the injec-
tion of electrons into the semiconductor.85 The main contributions
from plasmonic nanoparticles in hematite PEC devices include:
efficient charge separation, improved light absorption in the vis-
ible region, pronounced surface catalytic activity, and increased
bulk charge transport.86–93 Herein, we highlighted some practi-
cal results based on traditional binary (metal/semiconductor) or
ternary (metal/multisemiconductors) heterojunctions. Tofanello
et al. opened a new discussion on Au-nanoparticle (NP)-supported
on the hematite surface, which clearly promoted higher light absorp-
tion.94 Surprisingly, the same trend was not observed in photo-
electrochemical efficiency, suggesting that the plasmon effect is
not a dominant phenomenon to drive photoelectrode performance,
revealing a majority effect on charge transport and transfer proper-
ties. It was related that the coupling between a metal and a semi-
conductor can result in the formation of trap states at the inter-
face, which promotes charge recombination and Fermi level pin-
ning. Thus, undesirably, the hematite surface decorated with gold
nanoparticles presented a negative effect on overall water photoox-
idation performance, as shown by Thimsen et al.88 Indeed, the
photocurrent decrease was attributed to the presence of surface
states at the metal–semiconductor junction, which increased charge
recombination. In addition, the authors reported that the Schot-
tky junction between the interfaces limits open-circuit photovolt-
age and proposed an electronic isolation layer between the metal
and the semiconductor, maximizing the metal semiconductor bar-
rier height. Thus, carefully aligned with this strategy of plasmonic
enhancement effects at the interfaces, thin metal oxide coatings or
core–shell motif to protect the metallic core are being employed
to increase the number of active sites and accelerate the charge
injection or energy transfer.95–100 In an attempt to control charge
transfer across the plasmon–hematite junction, Li et al. proposed
a rational arrangement based on metal–insulator–semiconductor

heterostructures (Au@SiO2-decorated α-Fe2O3 nanorod array) that
would allow maximum PEC efficiency. The presence of the SiO2
layer protecting the AuNPs was found to suppress the charge recom-
bination, as well as maximize the metal–semiconductor barrier
height, which resulted in a significant plasmon-driven photocurrent
performance.97 In another report, using the same previous ternary
heterojunction, Thomann et al. coated gold nanostructures with a
thin layer of SiO2, which protected the metal from possible cat-
alytic effects, while acting as a barrier preventing hot electron migra-
tion across the plasmonic–semiconductor interface, increasing, con-
sequently, the system’s PEC performance.95 Another study that
employed the concept of the ternary junction (Fe2O3/FeOOH/Au)
showed that plasmonic nanoparticles along with akaganeite (beta-
FeOOH) behaved as a unique “hole-depletion” layer, improving
the PEC water oxidation response due to the cooperative synergy
between charge separation and hole transfer.101 In this dual co-
catalytic system, the plasmonic nanoparticles injected more elec-
trons to neutralize the holes while FeOOH trapped the holes and
carried them to the solid–liquid interface efficiently. Although the
literature has observed significant improvements using noble metals
in hematite photoanodes (plasmonic hematite-based PEC devices),
their practical applications are not strongly encouraged due to their
scarcity and high cost.102 Therefore, it is urgent to search alterna-
tive candidates to replace noble metals for PEC water splitting. In
terms of work function and conductivity, Al, Ni, and Co metals are
similar to noble metals and can, therefore, be used in trapping and
transferring electrons in PEC reactions as well, since it is expected
to form favorable energy band alignment for hot-carrier transfer
at the interface.103,104 Besides them, some transition metal nitrides,
such as TiN and ZrN, are attracting attention as they have high
temperature durability, chemical stability, corrosion resistance, and
mechanical strength.105 One of the major studies showing the plas-
monic property of aluminum for hematite-based photoanodes was
suggested by Ramadurgam et al.106 In a systematic study, the authors
proposed semiconductor–metal–metal oxide core-multishell (CMS)
nanowires (Si–Al–Fe2O3), employing aluminum (Al) as a novel class
of plasmonic material. When they evaluated the pristine Fe2O3,
Si–Fe2O3 core shell (CS), Si–Au–Fe2O3 CMS, Si–Ag–Fe2O3 CMS,
and Si–Al–Fe2O3 CMS architectures, the latter presented the largest
absorbed integrated photon flux. In terms of photoelectrochemi-
cal response, Si–Al–Fe2O3 CMS exhibited values comparable to the
analogous system Si–Ag–Fe2O3 CMS, reaching the remarkable pho-
tocurrent density of 11.8 mA cm−2, which is about 93% of the the-
oretical maximum bulk alpha-Fe2O3 reported to date. These data
suggest that under rational design conditions, plasmon resonance
of aluminum may be beneficial. The presence of Al made the Fe2O3
outer shell remarkably increase the visible light absorption, acting
as an electric field amplifier as well as exhibiting minimal recom-
bination, favoring the charge transport near the electrolytic inter-
face. Three years later, light absorption and near field enhancement
properties of Al@Fe2O3 core shell hybrids (HNs) were studied the-
oretically by discrete dipole approximation (DDA) simulations.107

To give even more reliability of the theoretical methodology used,
the authors compared their results with those already published by
Ramadurgam et al.106 Overall, the improvement of light absorption
by the presence of aluminum was attributed to the plasmon-induced
energy transfer based on near field enhancement generated by the
metal–semiconductor coupling. In addition, they observed that the
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effect of parameters such as length, inner radius, and external radius
of the HNs modifies the flux of absorbed photons, suggesting that
the Al core can be tuned in the visible region by correctly adjusting
the length of the HN. In addition, data from comparative systems
showed that Al absorbed more light in the Fe2O3 shell than the noble
metals Ag and Au. However, it is worth mentioning that despite the
low cost, Al nanostructures, for example, cannot be employed on a
large scale due to the explosive reactivity of the aluminum precursor
with air and water, low melting point, low stability under alkaline
conditions, and low thermal stability.105,107 From the results pre-
sented above on the use of surface plasmon resonance in hematite-
based photoelectrodes, it is clear that current applications should
involve an architecture based on optimizing their morphologies, the
type of metal–semiconductor coupling, and which component to
use (be it another conductive metal oxide or a protective insulat-
ing layer) to mitigate the damaging effects of charge recombination.
Therefore, researchers should consider all of these criteria to design
novel noble metal–hematite photoelectrodes with high efficiency
and stability.

D. Semiconductor heterojunctions
Despite the aforementioned methods for reducing the interface

losses, recently, the construction of an engineered hierarchical inter-
face of hematite has been established as a rational strategy to achieve
band structure alignment to promote a positive balance between
the parameters of Eq. (1). On a structural hierarchy scale, the next
results show more complex hematite-based photoelectrode arrange-
ments, in line with the most emerging trends for improving PEC.
Compared to systems containing only one modifying element, these
proposed systems tend to have superior PEC water oxidation per-
formance due to synergistic effects caused by interactions of their
components. In general, complex arrays are based on the presence
of different components that minimize the deleterious effects of each
interface (positively maximizing the ηsep, ηinj, and JABS parameters),
especially other hematite-coupled metal oxides, due to the cascade
electron transfer effect. The combination of modifications governing
the improvement of hierarchical interface hematite devices should
be aware of the photoelectrochemical response presented by each
change or their synergism. For instance, Zhang et al. showed that the
cocatalytic system consisting of multiple components, in the case of
carbon nanodots (Cdots) and Co3O4 deposited in hematite, can have
synergistic co-catalytic effects, causing an increase in the photocur-
rent density.108 The hypothesis was that the two-step-two-electron
reaction pathway and the enhanced surface reaction rate increased
the solar water–oxidation activity. Their C/Co3O4/Fe2O3 photoan-
ode showed a photocurrent density of 1.48 mA cm−2 at 1.23 V vs
RHE, almost 80% higher than that of the pristine hematite pho-
toanode. Adopting similar principles, in which the strategy was to
simultaneously improve the charge transfer capacity and surface
reaction kinetics, Shen’s group successfully synthesized cobalt oxide
(CoOx) and carbon (C) modified hematite nanorod arrays.113 The
experimental analyses revealed that the CoOx/C modified α-Fe2O3
exhibited an enhanced PEC performance in comparison to the CoOx
or C singly modified counterpart. The enhanced capacity created by
the multifunctional modification was attributed to improved charge
transfer ability and the accelerated electrode/electrolyte water oxida-
tion reaction kinetics. The study performed by Tamirat et al. showed

the combined effect of co-catalysts and surface treatment with Sn on
the hematite surface to overcome the sluggish hole transfer and the
charge transfer across the system interfaces.69 The best PEC perfor-
mance was obtained by the Fe2O3/Fe2xSnxO3/NiOOH photoanode
with a photocurrent density of 1.73 mA cm−2 at 1.23 V vs RHE.
The authors proposed that the Fe2xSnxO3 (Sn4+ doped) passivat-
ing layer strongly inhibited the interfacial recombination by surface
states, while NiOOH improved the charge transfer process across
the passivated hematite and electrolyte interface. The transient pho-
tocurrent and EIS measurements showed an effective way to reduce
interfacial recombination and enhance the charge transfer process
across the semiconductor/electrolyte interface by employing surface
passivation layers first and catalysts sequentially. A new approach
to overcome the multiple charge limitations occurring in the bulk,
interfaces, and surface of the hematite photoanode recently devel-
oped by Cho et al. deserves particular attention.114 The combination
of Ti-doped hematite, the insertion of a SnO2 layer between the
semiconductor and the FTO substrate, and the subsequent oxalic
acid etching and FeOOH deposition effectively reduced the multi-
ple electron/hole recombination pathways, leading to an improved
photocurrent density at low bias potential. Tang et al. clarified the
mechanism involved in charge transfers that occur in quaternary
hematite compounds in two recent papers. The first one investi-
gated the hierarchical ITO/Fe2O3/Fe2TiO5/FeNiOOH nanowires, in
which the photoanode presented a photocurrent of 2.2 mA cm−2

at 1.23 V vs RHE, which is 10 times higher than that of pristine
hematite.27 After numerous investigations, the authors attributed
the improvement in the photoelectrochemical response to the inter-
facial coupling of the system, in which the ITO promoted Sn dop-
ing, the Fe2TiO5 layer, in turn, increased the surface state density
due to Ti, and the FeNiOOH nanodots improved the surface state
sites. More recently, the same group incorporated a CoFe Prussian
blue analog (CoFe-PBA) in core–shell Fe2O3/Fe2TiO5 nanowires
and tested them in an acidic electrolyte (pH = 1).109 The satisfac-
tory photoelectrochemical response was attributed to the modified
surface state density provided by the heterojunction arrangement
which facilitated the charge transfer. For similar purposes, the exper-
iments of Li et al. demonstrated that F-doping and NiOOH coating
onto hematite photoanodes (NiOOH/Fe2O3/F–Fe2O3) resulted in
an improved PEC performance due to the low surface trapping sites
and efficient charge transfer through surface states.110 The most cur-
rent study, developed by Fu et al. and aligns with the latest methods
of manufacturing efficient water splitting devices, was based on the
strategy of exploring interface engineering for simultaneously reduc-
ing bulk and surface recombination in α-Fe2O3/Au/TiO2 ternary
photoanodes.111 According to the data in Fig. 5(a), the photoelec-
trodes containing AuNPs exhibited greater ηsep than the pristine
one, promoting the hole migration to the surface. By analyzing the
charge injection efficiency (ηinj) from Fig. 5(b), the authors could
confirm that TiO2 behaved as a charge storage layer that facilitated
the hole injection into the electrolyte for accelerating the water oxi-
dation reaction. In the proposed configuration, the focus was to
facilitate the charge migration at different interfaces, in which each
constituent fulfills its role, as seen in Figs. 5(c)–5(f). First, the pho-
togenerated holes were extracted from hematite and transported
by the plasmonic nanoparticles to the Fe2O3/TiO2 interface. After
that, the photogenerated charges were injected by the ion-permeable
TiO2 overlayer into the electrolyte, catalyzing the water oxidation
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FIG. 5. (a) Charge separation effi-
ciency (ηsep) and (b) charge injection
efficiency (ηinj) of all the synthesized
photoanodes, which are calculated by
adding Na2SO3 as a hole scavenger
into the electrolyte. Proposed charge
transfer processes of different photoan-
odes: (c) α-Fe2O3, (d) α-Fe2O3/Au, (e)
α-Fe2O3/TiO2, and (f) α-Fe2O3/Au/TiO2.
The space-charge layer (SCL) region is
marked with a dashed line and labeled
W.111 Reproduced with permission from
Fu et al., Appl. Catal., B 260, 118206
(2020). Copyright 2020 Elsevier, Inc.

reactions. EIS measurements confirmed that the highest ηsep and
ηinj were achieved by α-Fe2O3/Au/TiO2 over the entire potential
range demonstrating the success of the reconstructed interface strat-
egy. Investigations with hierarchical interface constructions similar
to the above mentioned systems reported that due to their engi-
neered junctions, the metal is responsible for extracting photogen-
erated holes, while the second semiconductor layer efficiently injects
them into the reaction medium.112–114 In another case, a sandwiched
configuration proposed by Kant et al. proved that the gold layer
between the semiconductors plays a decisive role in facilitating the
charge migration from the ZnO to the Fe2O3 conduction band due
to the combined effect of the optimal band level alignment and SPR
effect.115 In summary together, the reports presented in this section
show that to circumvent hematite limitations in which photoex-
cited charges are generated far away from a reactive surface and
recombine rather than participate in the water splitting reactions,
the rational construction of interfaces enables the optimization of a
wide range of PEC devices.

III. CONCLUSIONS AND OUTLOOK
In recent years, research studies focusing on the develop-

ment of highly efficient and stable photoanodes have been steadily

expanding, and the progress mentioned in this perspective has been
limited to highlighting only a selected portion of these contributions.
It is clear that hematite-based photoanode manufacturing relies not
only on material design but also on fully integrated PEC configu-
rations. In this perspective, we pointed out the latest progress in
hierarchical interface engineering of hematite-based PEC devices,
with their corresponding charge transfer processes, which included:
(i) dopant incorporation/segregation to overcome the poor electrical
conductivity and improve the charge carriers’ transfer; (ii) coupling
semiconductors with passivating or co-catalyst layers to reduce the
electron–hole recombination rate and favor the charge transport at
the hematite/electrolyte interface, respectively; (iii) the insertion of
metallic nanostructures (noble or non-noble metals) to improve the
use of sunlight and boost the separation and transport of electron–
hole pairs; (iv) the formation of multicomponent heterojunctions to
improve sunlight utilization and improve the separation/transport
of a photogenerated charge in a synergistic charge transfer effect. It
is anticipated that the hierarchical interface engineering processes
listed in this article will enable more effective strategies to signifi-
cantly improve hematite-based PEC performance, as they can over-
come the known shortcomings found in a hematite PEC device
simultaneously, as summarized in Fig. 6 which presents a com-
piled overview of the rational design of heterojunctions to enable
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FIG. 6. Schematic illustration of the bal-
ance of the expected cascade effects
of surface and interface engineering
(left) and simulation of the photoelec-
trode construction interfaces with their
respective benefits (right) for photoelec-
trochemical oxidation.20 Adapted with
permission from Kuang et al., Joule 11,
290–305 (2017). Copyright 2017 Else-
vier, Inc.

the transfer of the photogenerated charge across the interfaces by
optimizing nsep and ninj and, consequently, improving the photo-
electrochemical efficiency. The constituents can be employed to mit-
igate the deleterious effects of the solid–solid and solid–liquid inter-
faces to achieve a PEC efficiency that justifies its practical operations.
For this, the band structures of the semiconductors involved must
be correctly positioned and the photocatalytic responses produced
by the different constituents must be compatible, presenting a syn-
ergistic effect. It is obvious that many promising results have been
achieved in this field, but it is worth mentioning that the practical
efficiency of the photoelectrochemical reaction in hematite photoan-
odes is still limited and the industrialization and commercialization
of these photoanodes still require additional studies. The current
scenario shows us that major research efforts should be focused on
some central aspects. Among them, one can reinforce the need to
invest time and resources in the search for facile, cost-effective, and
environmentally friendly synthetic methods for large-scale fabrica-
tion of high-performance hematite-based photoanodes. Moreover,
hematite photoanode construction strategies should be pursued to
facilitate paths for efficient charge migration through interface engi-
neering. The photoanodes must simultaneously meet the require-
ments of low surface trapping sites, efficient charge separation, and
injection efficiency. In this context, studies of ternary or quaternary
visible light-responsive heterojunctions have been shown to be effi-
cient, since they can overcome many of the drawbacks faced in the
energy conversion process. Thus, it is emphasized that the ratio-
nal engineering of heterojunctions can open a new avenue for the
fabrication and manufacturing of the next generation of low-cost,
highly efficient, and stable PEC materials and devices. Finally, the
latest advances in experimental (i.e., in situ/operando x-ray spectro-
scopies116) as well as theoretical (i.e., machine learning117) methods
should ultimately unravel better atomic-scale fundamental knowl-
edge for direct correlation between the structure and efficiency, thus,
providing scientists and engineers the ideal conditions to fabricate
novel devices based on hematite nanorod arrays with high stability
and high performance.
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