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Enhancing photocatalytic efficiency with hematite
photoanodes: principles, properties, and strategies
for surface, bulk, and interface charge

transfer improvement

Bibhuti Kumar Jha, Sourav Chaule and Ji-Hyun Jang (2 *

Photoelectrochemical cell (PEC) water splitting using hematite as a photoanode has great potential for
harnessing solar energy to produce hydrogen. Hematite possesses several advantageous properties,
such as abundant availability in nature, eco-friendliness, high photochemical stability, a narrow bandgap
(1.9-2.2 eV), and the ability to achieve a theoretical maximum solar-to-hydrogen efficiency of 15.4%.
However, its limited light absorption capability, short excited-state lifetime (107° s), sluggish oxygen
evolution reaction kinetics, short hole diffusion length (2-4 nm), and poor electrical conductivity lead to
various pathways for electron—hole recombination within the material's bulk, interfaces, and surfaces.
These factors significantly restrict the PEC activity of hematite photoanodes. Consequently, extensive
research efforts have been dedicated to improving the performance of hematite photoanodes. To
enhance the PEC efficiency of hematite, three key aspects require improvement: (I) photon absorption
efficiency, (Il) charge separation within the semiconductor bulk, and (lll) surface charge injection effi-
ciency. This review offers a concise summary of the recent advancements in charge separation research
in bulk, surface, and interface studies for water splitting. Furthermore, it provides a comprehensive dis-
cussion and summary of the various concepts and mechanisms applied to improve the overall PEC per-
formance of hematite photoanodes.

1 Introduction

Since the discovery of the photoelectric effect by the French
scientist Edmond Becquerel, researchers and engineers have
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power or chemical fuels."”” Their aim is to harness the abundant
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Fig. 1 PEC basics: schematics of overall water splitting.

energy from sunlight and transform it into valuable and strate-
gically significant resources, such as electric power or hydrogen
fuel. Leveraging sunlight for hydrogen production and electric
power represents a key avenue for sustainable energy
development.® It aligns with the goals of reducing carbon emis-
sions and enhancing energy storage capabilities, and fosters
the establishment of a cleaner and more versatile energy infra-
structure.” In this context, photoelectrochemical water splitting
for the production of green hydrogen by utilizing solar energy
has gained significant attention in recent years. In 1972,
A. Fujishima and K. Honda made a significant discovery invol-
ving water splitting using a metal oxide semiconductor (TiO,).°
They suggested that water molecules can be decomposed by
visible light into oxygen and hydrogen, without the need for any
external voltage. This process, known as photocatalysis, involves
three main steps.” The first step is the absorption of light by the
semiconductor. For water splitting to occur, the wavelength of
the light must be less than 1000 nm, corresponding to an energy
requirement of 1.23 electron volts (eV) (generally, under an air-
to-mass ratio of 1.5G).° In the second step, the photoexcited
charge carriers generated by the absorbed light are separated
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and migrate to the surface of the semiconductor through diffu-
sion first, followed by a drift mechanism. The final step involves
the actual water-splitting reactions, namely the hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction (OER).
Fig. 1 provides a more comprehensive illustration of these con-
cepts, and their detailed explanations are elaborated upon below.

Step I: photon absorption

The first step in PEC is the absorption of photons by a
photoactive material, typically a semiconductor electrode. The
photons transfer their energy to the semiconductor through a
process of photon absorption, exciting electrons from the
valence band to the conduction band and creating a bound
electron-hole pair. To facilitate these reactions, the band posi-
tions of the semiconductor play a crucial role, in addition to
meeting the band gap requirement (E; > 1.23 eV). For success-
ful water splitting, the conduction band of the semiconductor
must have a more negative position than the reduction
potential of water, while the valence band should be more
positive than the oxidation potential of water. These band
positions allow for the efficient transfer of electrons and holes
to facilitate the desired reactions.

Step II: charge separation

In PEC, efficient separation of excitons is necessary to prevent
recombination. More efficient separation can occur by creating
the built-in potential within the semiconductor or by introdu-
cing a separate electron and hole acceptor. Photon absorption
can be affected by several properties of semiconductors such as
band gap and their nature (direct/indirect), band position,
absorption coefficient, optical penetration length, refractive
index, etc.

Step III: charge transfer

Once the excitons are separated, the free electrons and holes
diffuse through the semiconductor material. Diffusion allows
the charge carriers to move from regions of higher concen-
tration to lower concentration, enabling efficient transport
towards the electrode-electrolyte interface. After diffusion, the
charge carriers undergo drift, propelled by either an applied
electric field or the built-in potential within the semiconductor.
Drift transport facilitates the movement of the charge carriers
toward their respective electrodes, ensuring effective charge
collection and preventing recombination. The properties of
semiconductors, including parameters such as exciton binding
energy, effective carrier mass, carrier lifetime, carrier mobility,
dielectric constant, diffusion length, conductivity, resistivity,
space charge layer, depletion width, flat band potential, and
surface states, significantly influence charge separation in
semiconductor-based materials. Efficient charge separation is
a critical factor in enhancing the overall efficiency of PEC
systems, as it directly impacts catalytic activity.

However, it is important to note that these semiconductor
properties can also lead to the recombination of charge
carriers, particularly excitons, within the bulk material. This
recombination process can detrimentally affect the overall
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efficiency of a PEC system. Additionally, recombination events
may occur at various interfaces, such as the substrate-elec-
trode, electrode—catalyst, and electrode-electrolyte interfaces.

Addressing these recombination processes and modifying
the semiconductor properties to minimize them is a key area of
study in PEC systems. Specifically, we will delve into the details
of these recombination phenomena and explore strategies
for mitigating their impact to enhance the performance of
semiconductor-based PEC systems.

Step IV: catalytic process

At the interface between the electrode and the electrolyte in a
PEC system, pivotal catalytic processes transpire. In this con-
text, photoexcited electrons participate in the reduction of a
redox species residing within the electrolyte, while the gener-
ated holes undertake the oxidation of another species. These
catalytic reactions serve as the cornerstone for harnessing solar
energy and facilitating essential chemical transformations,
such as water splitting or CO, reduction. Notably, the role of
the electrode-electrolyte interface in these processes cannot be
understated. The properties of the electrolyte in this context
wield substantial influence. Parameters such as pH, the extent
of the ohmic drop (iR drop), viscosity, effective ion size, and
activity coefficient play pivotal roles in shaping the kinetics of
these catalytic reactions. Additionally, the properties of the
catalyst, including its electrocatalytic characteristics, exchange
current density, and charge transfer resistance, are of para-
mount importance in catalyzing these reactions effectively.
Furthermore, the interface established between the semicon-
ductor and the electrolyte is of paramount significance for
facilitating charge transfer and efficient chemical reactions.
This interface must exhibit desirable attributes such as an
ample surface area, specific morphology, appropriate chemical
composition, potential inclusion of catalysts or co-catalysts,
high electrical conductivity, energy levels conducive to efficient
charge transfer, and stability when subjected to the operational
conditions of the PEC cell. Skillful engineering of this interface
serves to minimize energy losses and optimize the overall
efficiency of the PEC system.

To achieve practical application, the solar-to-hydrogen con-
version (STH) efficiency needs to exceed 10%, equivalent to a
hydrogen production rate of 154 umol H, cm™> h™'. A semi-
conductor material with a band gap ranging from 1.8 to 2.0 eV
(4 ~ 600-700 nm) is capable of absorbing photons at a rate of
approximately 260 nm ™2 s~ . This absorption rate leads to a
photocurrent density of 8.3 mA cm 2% Hematite (a-Fe,O3)
meets these criteria as it exhibits a high theoretical photocur-
rent density of 12.6 mA cm™? under an air-to-mass ratio of 1.5G,
resulting in STH ~ 15.4%.%" Therefore, hematite is considered
one of the most promising photoanode materials for PEC water
splitting. Its advantages include abundance, stability, a suitable
bandgap, and environmentally friendliness."" Despite extensive
investigations into alternative photoanodes such as BivO,'>™*
and WO;,">'® challenges including severe hole transport lim-
itations in BiVO, and a comparatively large bandgap in WO;
have been observed, restricting their light absorption.'”*®
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Fig. 2 Schematic depicting the perspectives of the review.

Other photoanodes, for instance BiVO,, have achieved reported
current densities of 6.12 mA cm ™ (Z. Tian et al.'®), reaching
their theoretical value, and hematite retains substantial
untapped potential, presenting an avenue for further scientific
exploration to approach its theoretical limits.>® Therefore,
hematite is preferred over other photoanodes for PEC
water splitting due to its unique properties and advantages.
However, hematite suffers from two main problems: (I) poor
carrier transport and separation, and (II) a sluggish OER.
The challenge leading to inadequate carrier transport and
separation arises from a disparity between the penetration
depth of light (ranging from 120 to 46 nm within the wave-
length range of approximately 550 to 450 nm) and the limited
hole diffusion length (which falls between 2 to 4 nm). This
mismatch impedes the efficient migration of holes towards the
surface, where they are intended to participate in the OER,
as they tend to recombine with electrons before reaching the
surface.”™?

Numerous review papers have been published on strategies
aimed at enhancing the overall efficiency of hematite. This
review focuses primarily on mitigating the rate of charge carrier
recombination by improving charge transfer in both bulk and
interfaces, including substrate-hematite, hematite—cocatalyst,
and cocatalyst-electrolyte interactions. The scope of this review
paper encompasses the following aspects: first, it starts with
basic principles by covering historical background and working
principles, followed by the different characterizations needed
for finding suitable materials. The next section discusses
hematite as a photoanode, including basic properties such as
surface states, charge transfer, trapping, and recombination in
hematite. Additionally, the proposed mechanism behind the
OER of hematite is discussed. In the subsequent section,
different strategies (Fig. 2) to improve bulk charge transfer,
surface charge transfer, and interfacial charge transfer are
reviewed before concluding.

| 2199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3qm01100c

Open Access Article. Published on 01 de febrer 2024. Downloaded on 5/2/2026 11:19:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

2. Characterization techniques for PEC
electrode evaluation

Characterization techniques offer the scientific foundation for the
obtained performance. They are indispensable for elucidating the
structure, composition, and performance of materials used in
PEC systems. This knowledge is critical for advancing the design
and optimization of photoelectrodes, ultimately enhancing the
efficiency and viability of solar-driven water-splitting technologies
for sustainable energy production.>® The choice of characteriza-
tion techniques depends on the specific materials and systems
you are working with. Here are some of the most commonly used
techniques in PEC electrode evaluation.

Photocurrent-voltage (I-V) measurement

This is a fundamental test to assess the PEC performance of an
electrode. Two of the most important considerations are the
onset potential and photocurrent density. It involves measuring
the photocurrent generated by the electrode as a function of
applied voltage (potential). This helps determine key para-
meters such as the short-circuit current, open-circuit voltage,
and fill factor, which are crucial for assessing device efficiency.
The I-V curve measurement, both with and without light
illumination, is used to determine the photocurrent and effi-
ciency of the PEC electrode.****

Electrochemical impedance spectroscopy (EIS)

EIS is used to study charge transfer and mass transport
processes at the electrode-electrolyte interface. It reveals infor-
mation about electron and ion transport kinetics, as well as the
interfacial charge transfer resistance, making it a valuable tool
for optimizing PEC cell design.>®™®

Mott-Schottky analysis

A Mott-Schottky plot is a graph of the inverse of the capacitance of a
semiconductor/electrolyte junction as a function of the applied
voltage. The plot is typically linear, and the slope of the line can
be used to determine system properties such as the flat-band
potential, carrier density, charge carrier type, doping level, PEC
response kinetics, operational parameters, as well as carrier density,
capacitance, and impedance of semiconducting electrodes.>***

Transient absorption spectroscopy (TAS)

TAS measures the dynamics of photoexcited carriers in PEC
materials, providing insights into carrier recombination rates,
trap states, and carrier lifetime. This information is valuable for
designing suitable photoelectrodes.*®* When combined with
Mott-Schottky analysis, which determines flat-band potential
and carrier density, it offers a comprehensive understanding of
the semiconductor’s electronic structure and the dynamics of
photoexcited carriers, including recombination processes and
trap states.

Steady-state and time-resolved photoluminescence (PL)

PL spectroscopy is employed to study the radiative recombina-
tion of charge carriers in PEC materials, offering insights into

2200
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material quality and non-radiative recombination pathways. PL
intensity and lifetime provide data on charge carrier concen-
tration and mobility, while the spectra shape informs about the
size, shape, and composition of nanomaterials.**

UV-Visible spectroscopy

UV-Vis spectroscopy is used to measure the optical properties of
PEC materials, such as absorbance and bandgap energy. The
combination of UV-Vis and PL spectroscopy characterization
techniques can provide valuable information about the electro-
nic structure, optical properties, and recombination processes
of materials. This information can be used to optimize the
design of photoelectrodes for water-splitting applications.>>"*®

3. Optoelectronic properties of
hematite

3.1. Light-matter interactions in hematite nanomaterials

The optical absorption properties of hematite have been exten-
sively investigated.>”*® Hematite exhibits distinct absorption
characteristics spanning a wide spectrum.*® Broadly, o-Fe,O;
exhibits two absorption peaks within the wavelength range of
200-800 nm.*" The first peak, occurring at 400 nm, is attributed
to transitions from nonbonding O 2p orbitals to vacant con-
duction band Fe®" 3d orbitals (0,,”~ — Fezq*"). This transition
is responsible for the strong absorption observed at that
wavelength. The second peak, appearing at 590 nm, arises from
indirect transitions between the valence band edge Fe*" 3d
orbitals and vacant conduction band Fe®" 3d orbitals (Fe;q** —
Fesq®"), resulting in a weaker absorption.

One limitation of hematite is its relatively low absorptivity
near the bandgap.*> As a result, in order to achieve high
absorption performances, it is necessary to synthesize thick
hematite films. These films absorb a substantial portion of the
incident light to compensate for the low absorptivity and
maximize the PEC performance. However, as the thickness of
the materials increases, the recombination rate also increases.
Therefore, determining the optimum thickness is crucial to
achieving high performance.

Absorption of light results in charge carrier generation called
photogenerated charge carriers. Their lifetime is essential for
charge separation. The efficiency of a photoelectrode for water
splitting relies on the effective transport of photogenerated min-
ority charges to the semiconductor-electrolyte junction, enabling
high conversion efficiency.*® Hematite nanoparticles exhibit rapid
nonradiative processes and low fluorescence quantum yields on
the order of 10>, thereby limiting the lifetime of the excited
state.** Studies using femtosecond laser spectroscopy reveal fast
dynamics, with nanomaterials decaying within 8 picoseconds.

Research conducted on epitaxially grown thin films with a
thickness of 100 nm, utilizing oxygen plasma-assisted molecu-
lar beam deposition, has demonstrated a reduced impact from
both bulk and surface defect states compared to nanoparticle-
based systems. In epitaxially grown thin films, hot electron
relaxation occurs within 300 femtoseconds,** followed by
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recombination within 3 picoseconds. The primary mechanism
responsible for carrier trapping is attributed to mid-gap Fe**
d-d states located approximately 0.5-0.7 eV below the conduc-
tion band edge, exhibiting an optical transition energy of
approximately 1.5 eV.**** These findings highlight the impact
of carrier trapping, low mobility, and short photogenerated
lifetime on the hematite’s performance as a water-splitting
photoelectrode.*®

3.2. Charge carrier dynamics and transport in hematite
nanostructures

There are different types of transitions that occur in hematite
upon irradiation. These transitions can be categorized into four
types (Fig. 3a): (a) single ligand field (LF) transitions, (b) pair LF
transitions, (c) ligand-to-metal charge transfer (LMCT), and (d)
metal-to-metal charge transfer (MMCT). The first two transi-
tions, single LF and pair LF, do not generate electron-hole
pairs. Therefore, we will not discuss them further in this
context. For more detailed information on these transitions,
please refer to other sources.*®*”

Among these transitions, the LMCT transition is widely
recognized as the primary, and sometimes the sole, source of
photocurrent. It plays a crucial role in determining the photo-
electrochemical properties of hematite. The reaction associated
with this LMCT transition is as follows:

Fe*' + 0%~ - Fe?' + O~

Upon excitation, the electron is located in an Fe 3d orbital,
while the hole is present in an O 2p orbital (Fig. 3b), which is
crucial for water oxidation activity.

On the other hand, the MMCT transition involves the
transfer of an electron from one Fe site to another, resulting
in the splitting of valence states. This electron transfer process
can be represented by the following reaction:

2Fe*" — Fe?" + Fe*"

In this scenario, excitation results in the generation of a
hole in an Fe 3d orbital. Both the LMCT and MMCT transitions
play significant roles in the electron conduction properties
of hematite. The LMCT transition facilitates electron hopping

: E]
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between O~ and Fe*' ions, contributing to electron conduction
within the material. On the other hand, the MMCT transition
leads to charge disproportionation, involving the transfer of
electrons between different Fe sites. These transitions, LMCT
and MMCT, are responsible for the observed electron transport
behavior in hematite.

Previous studies disregarded the involvement of MMCT in
solar water splitting.*® However, recent research utilizing near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy
during in situ PEC cell experiments has provided evidence of
its significant contribution to the photocurrent.*® NEXAFS
analysis of the illuminated hematite film revealed two distinct
pre-edge peaks in the spectra, representing electron transitions
from the O 1s core level to either O 2p hole states via the charge
transfer band (¢, °) or Fe 3d hole states via the upper Hubbard
band (afs "), in addition to the main edge corresponding to
transitions to conduction band (CB) levels. These hole states,
with a separation of approximately 1.3 eV, exhibit activity for
charge transfer and become prominent only at applied poten-
tials near and above the photocurrent onset potential. TAS
results indicate rapid bulk recombination, with a significant
loss of holes within 1 ns. Consequently, only the remaining
holes migrating to the surface can be detected by NEXAFS.
The combined spectral weight distribution of CTB and UHB
peaks demonstrates a peak near the onset potential, resem-
bling the surface capacitance (often referred to as trap states
capacitance) measured using photoelectrochemical impedance
spectroscopy.

3.3. Band bending effects on charge carrier dynamics

When two regions with different Fermi levels are brought into
contact, the Fermi level tends to equalize due to the diffusion of
charge carriers (electrons or holes) across the interface. This
equalization process leads to a bending of the energy bands
near the junction, resulting in band bending (Fig. 4a and b).>°
Band bending is beneficial as it promotes charge separation
and transport, and this effect can be further enhanced by
doping, nanostructuring, external bias, etc.>!

Overall, the band bending of a semiconductor occurs
because the surface charge-induced electric field is not
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Fig. 3 Charge transfer in hematite photoanodes. (a) Four different types of charge transfer LF, pair LF, LMCT, and MMCT. (b) Dominant orbitals involved
in charge transfer. Reproduced from ref. 47 with permission from John Wiley and Sons, copyright 2018.
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photogenerated holes (Fermi-level pinning).

effectively screened due to the semiconductor’s low concen-
tration of free carriers.”® The formation of a space charge region
near the surface of the semiconductor leads to alterations in its
physical properties. These changes encompass variations in the
energy band structure, free carrier density, and local conductivity
within the space charge region, distinguishing it from the bulk
of the semiconductor. Consequently, the chemical properties of
the semiconductor are also influenced by these modifications.”*

3.4. Surface states and their impact on optoelectronic behavior

The term ‘“‘surface state”” refers to the electronic states present
at the surface of the material. The surface of hematite photo-
anodes plays a critical role in the performance of the PEC cell
because it affects the transfer of charge carriers (electrons and
holes) during the water-splitting process and, to some extent,
the absorption of light.>® Surface states in hematite arise due
to the imperfections, defects, and impurities present on the
surface of the material. These states can trap charge carriers,
leading to increased recombination and reduced efficiency of
the PEC cell.>® Surface states can affect the band bending and
charge transfer kinetics, and cause Fermi-level pinning,*° at the
interface between the hematite photoanode and the electrolyte.
The Fermi-level pinning (Fig. 4c) causes a reduction in photo-
voltage. Sometimes, it can even dominate fast charge transfer
kinetics. An example of this can be found in the work of
Yang et al,> who sought to enhance charge transfer by
decorating MnOx on hematite. However, the presence of
Fermi-level pinning hindered the anticipated enhancement in
overall performance.

3.5. Optical transitions: size and shape insights

The color of hematite nanostructures is influenced by several
factors including phase, size, and shape. Studies show that
different sizes and shapes result in varying colors, ranging from
maroon to purple.”® Specific surface planes exhibit varying
reflectance abilities, which affect the intensity of reflection
across different wavelengths and determine the apparent
color.>® The optical properties of hematite are analyzed using
techniques such as diffuse reflectance spectroscopy, revealing an
approximate band gap of 2.2 eV and various ligand field
transitions.>” Hematite nanoparticles demonstrate size-dependent

2202 |

absorption, with smaller particles exhibiting a blue shift in
absorption.*® Furthermore, the optical properties of hematite
structures are influenced by their shape, leading to shape-
induced shifts in absorption bands. These color and optical varia-
tions result from factors such as finite size effects and anisotropic
effects governed by dipole and electric field distributions.>”

3.6. Correlation between photoluminescence and structural
properties

In bulk Fe,Os; photoluminescence is typically absent due to
forbidden d-d transitions and efficient lattice and magnetic
relaxations.”® However, in nanostructured hematite materials,
photoluminescence can be observed due to size-dependent optical
properties and the phenomenon of quantum confinement.>®*°
Nanostructures, through the effect of quantum confinement,
alleviate constraints on forbidden d-d transitions, enabling par-
tial optical transitions. Additionally, the increased 3d-4sp hybri-
dization in nanoparticles weakens magnetic relaxations within
hematite, leading to long-lived excited states. This effect is
attributed to the relaxation of magnetic constraints.®® Further-
more, local lattice distortion and a collapse of the Fe magnetic
moment in hematite nanoparticles can contribute to lumines-
cence upon photoexcitation.®® Zou et al.*® reported strong photo-
luminescence in hematite nanoparticles with sizes smaller than
20 nm, whether in the form of a hydrosol suspended in water or
organosol-capped nanoparticles with surfactants suspended in
toluene. In water, the dominant emission occurred around
575 nm, corresponding to the band-edge emission, while capped
nanoparticles exhibited broader Gaussian-fit emissions around
590 nm. The shift in emission wavelength was attributed to the
stronger 3d-4sp hybridization in capped nanoparticles in toluene
compared to nanoparticles in water. Additionally, Cherepy et al.**
observed an emission band at 400 nm (excited at 300 nm) in
spindle-shaped hematite nanostructures with dimensions around
1-5 nm. This emission, occurring above the bandgap energy
of hematite, was rarely detected and was attributed to LMCT
transitions.

These examples underscore the interconnection between the
absorption and emission properties of hematite and their
dependence on size and morphology. The absorption bands
of hematite, spanning from ultraviolet (UV) to near-infrared
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(IR) wavelengths, are associated with various transitions,
including Fe®" ligand field transitions, pair exciton transitions,
and LMCT transitions. The quantum size effect exhibited by
hematite nanostructures leads to notable alterations in their
absorption and photoluminescence characteristics.

3.7. Band structure

The bandgap of hematite, which represents the energy differ-
ence between the valence and conduction bands, is an impor-
tant characteristic.®> The calculated bandgap (Fig. 5) for
o-Fe,0; is typically found to be around 2.1 eV.*

The electronic band structure reveals the allowed energy
states and their dispersion throughout the Brillouin zone. It
shows that the valence band maximum is primarily composed
of oxygen 2p orbitals, while the conduction band minimum is
dominated by iron 3d orbitals.®® The band structure also
indicates the presence of other bands and energy levels asso-
ciated with specific electronic transitions.

The electronic band structure of hematite is influenced by its
crystal structure, which is characterized by a rhombohedral
arrangement. The symmetry and arrangement of atoms in the
crystal lattice affect the band structure, resulting in the formation
of bandgaps and energy bands with specific characteristics.

Understanding the electronic band structure of hematite is
crucial for interpreting its optical properties, such as absorp-
tion and emission spectra. The band structure provides infor-
mation about the energy levels involved in electronic
transitions and helps explain phenomena such as the absorp-
tion of light and the generation of photocurrents.

4. Water splitting mechanism of
hematite

The water oxidation reaction is a proton-coupled electron transfer
process, but its detailed mechanism remains incompletely under-
stood. In most kinetic models, the rate-determining step (RDS) is
considered to be the formation of the O-O bond. This step involves
two pathways: water molecule nucleophilic attack (WNA) and
radical coupling (I2M). However, the sluggish kinetic activity of
hematite photoanodes used in PEC water oxidation poses a
significant limitation in hole injection efficiency. Extensive
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research efforts have been dedicated to unraveling the reaction
mechanism involved in PEC water oxidation.

Rate law analysis is valuable for investigating hematite
photoanodes in water oxidation because it provides mecha-
nistic understanding, quantifies reaction Kkinetics, estimates
surface hole density, reveals transition mechanisms, and elu-
cidates pH dependence. In their study on the order of water
oxidation on a hematite photoanode, Formal et al.®® conducted
a rate law analysis. They estimated the surface hole density by
analyzing the photoinduced absorption spectroscopy signal at
650 nm. The results revealed that at a low accumulated hole
density, the reaction proceeded slowly and followed first-order
kinetics. However, as the surface accumulated hole density
increased to a level sufficient for the oxidation of nearby metal
atoms, a faster and third-order mechanism replaced the original
first-order reaction (Fig. 6). This transition mechanism, which
depends on the accumulated hole density on the surface, was
discovered for the first time. In a subsequent study by Zhang
et al.,*® the reaction pathways of hematite for water splitting were
investigated under different pH conditions. Poor activities were
observed in the pH range of 7 to 10. However, following the
Nernstian trend (approximately 59 mV pH '), as the pH increased,
the onset potential gradually decreased, while the photocurrent
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density continued to increase. The authors also examined the
kinetic isotope effect (KIE) value, which exhibited a significant
downward trend from pH 7 to 13.6 at 0.9-1.2 V (vs. RHE). KIE
ranged from 1.5-3.1 at pH 9-11 and approached 1 at pH 13 or
higher.”” This suggested that the RDS did not involve proton
transfer under strongly alkaline conditions. Furthermore, the
authors determined the reaction orders of hole transfer to be
1.1 and 2.4 at pH values of 10 and 13.6, respectively (Fig. 6). Based
on these findings, the authors proposed that the reaction path-
ways were pH-dependent. The WNA reaction pathway exhibits a
preference for near-neutral electrolytic conditions, while the 12 M-
based mechanisms tend to favor high alkaline environments (pH
13.6) (Fig. 6). Fig. 6 concludes that upon increasing the pH value
the order of reaction increases and the same trend is observed for
surface hole density.

Based on the rate law analyses by Formal et al.®® and Zhang
et al.,®® it is evident that the carrier density and pH of the
electrolyte influence the mechanism and, consequently, the
kinetics of PEC water splitting. Therefore, we can conclude that
any modification affecting the electronic states or charge
separation efficiency of hematite will impact the mechanism
of water-splitting.

5. Strategies for charge separation
modification in the bulk, surface, and
interface

Hematite is a potential photoanode for practical PEC applica-
tions. However, it suffers from poor charge carrier mobility and
a short diffusion length of photogenerated charge carriers,
which limits its overall performance. There are many strategies
that have been applied to improve charge separation including
nanostructuring, doping, co-catalyst, etc.®®”> These charge
separation modification techniques aim to reduce the recom-
bination rate of charge carriers, extend their diffusion length,
and improve their collection at the respective electrodes. By
enhancing charge carrier dynamics, the efficiency and perfor-
mance of hematite photoanodes for PEC water splitting can be
significantly improved.

STH is the common way to report the performance of a PEC
electrode. STH efficiency is the product of absorption efficiency,
charge separation efficiency in bulk and charge separation effi-
ciency of the surface and interface. In this section, different ways
to improve surface, bulk, and interface efficiency are reported.
Formulae for calculating the efficiencies are mentioned below.

_electrons per cm? s !

IPCE(4) = EQE(/) =
?) QE(#) photons per cm? s~!
 [Jm0(mA em2)| x 1239.8(V x nm)
B Prnono (MW cm~=2) x A(nm)

O

Ji,0(mA em™2) x (1.23 V) x ng

STH (%) = Prog (mW cm—2)

()
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Chemical energy produced
STH (%) = &P
Solar energy input
(1)
__ | Rateof H production X AGu,0-1,+0.50,
" |Total incident solar power x Electrode area
NsTH = MAbs X Moulk X Msurface (IV)

5.1. Modification of bulk charge separation efficiency

Theoretical calculations suggest that hematite has the potential
to achieve a maximum photocurrent of 12.6 mA cm™~ > when
absorbing light at a wavelength of 600 nm under AM 1.5 G solar
irradiation conditions (Fig. 7a).”*> However, current state-of-the-
art hematite photoanodes have not reached this theoretical
limit, even with high positive electric bias that achieves a
surface hole injection efficiency of 90%.”*”> The limited carrier
mobility (on the order of 10 2 em® V! s %) and short carrier
lifetime (picoseconds) contribute to the short diffusion dis-
tance of holes (2-4 nm) within hematite.”® This indicates that
the majority of holes recombine with electrons in the bulk
before reaching the surface space charge layer, leading to low
internal quantum efficiency or absorbed photon-to-current
efficiency (APCE).

Carrier transport and ground-state mobility in metal oxide
photocatalysts, including hematite, are determined by small
polaron hopping.”® In the presence of displaceable ions, an
electronic charge carrier can minimize its energy by localizing
and becoming self-trapped when approaching a Fe center.
Phonon motion enables the charge carrier to hop between
atoms when two Fe centers are in proximity. Recent investiga-
tions have shown that small polaron formation strongly influ-
ences the photoconversion efficiency of hematite photoanodes.””
Near the band edge, photoexcited carriers in hematite tend to be
localized as small polarons, leading to lower excited-state mobi-
lity and shorter carrier lifetimes. As the excitation energy
increases, more mobile carriers and fewer polarons are formed
due to the creation of additional optical phonons (Fig. 7b). The
increased hopping rate of the polaron, facilitated by the non-
thermal phonon bath, results in improved excited-state carrier
mobility and longer carrier lifetimes (Fig. 7c and d). Interest-
ingly, these trends align with the APCE of hematite (Fig. 7e),
indicating that lower photoconversion efficiency occurs at wave-
lengths where small polaron formation is prevalent and the
small polaron’s hopping rate is low.

5.1.1. Nanostructuring. Creating distinctive nanostructures
is seen as an effective method to reduce the distance between the
material’s bulk and its surface, while also potentially optimizing
photon absorption efficiency (there is a trade-off).”® One-
dimensional (1D) materials, such as nanowires and nanorods,
are commonly employed due to their dimensions, which are
similar to carrier diffusion lengths, leading to enhanced effec-
tiveness (Fig. 8a).””*® A highly refined hematite nanowire array
with an ultrafine diameter of approximately 10 nm was success-
fully fabricated.®” The PEC results demonstrate that the ultrafine
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Fig. 7

Impact of light absorption on carrier dynamics and efficiency. (a) Polaron formation and the impacts of hematite's absorption wavelength. (b)

Variation of internal quantum efficiency (APCE) of a planar Fe,O3z photoanode with wavelength. (c) Wavelength-dependent characteristics of hematite
are investigated, specifically regarding Fe,Oz/TiSi, film, by analyzing its absorption spectrum. (d) and (e) Formation and decay of small polaron states in
the excited state of hematite were studied in terms of energy dependence. The excited-state lifetime of charge carriers in hematite was experimentally
measured. The impact of polaron formation on hematite's absorption was also examined. It was observed that at excitation wavelengths close to the
band edge, efficient polaron formation occurred, resulting in the trapping of excited-state carriers and faster recombination. As the excitation energy
increased, the efficiency of excited-state polaron formation decreased, leading to an increased presence of nonthermal phonons. This, in turn, facilitated
greater polaron hopping, resulting in enhanced mobility and longer lifetime for the excited-state carriers. Reproduced from ref. 77 with permission from

Springer Nature, copyright 2017.

hematite nanobundle photoelectrodes exhibit superior efficien-
cies in charge separation compared to the nanorod photoelec-
trodes (Fe,O3; NRs) (Fig. 8b). The improved charge separation
efficiency can be partially attributed to the reduced charge
transfer distance resulting from the 1D nanowire structure. A
reduction in particle size also leads to an increase in charge
carrier density. For example, a nanoporous hematite electrode
with mesocrystal superstructures and nanoparticles, averaging
approximately 5 nm in size, exhibited a better performance in
PEC water splitting. This improvement can be attributed to the
reduced charge transport distance to the surface and the
enhanced charge carrier density, as shown in Fig. 8c.®> Another
strategy for enhancing charge transfer through nanostructuring
involves branching the nanoroads, effectively reducing hole drift
distances (Fig. 8d).*> A hierarchical branched array of Fe,O;
nanorods (BNR) demonstrated higher photocurrents and
improved charge separation efficiencies when compared to bare
Fe,0O3 nanorod photoelectrodes. This improvement can be attrib-
uted to the hierarchical structure of the Fe,O; BNRs.
Furthermore, Jang et al presented a straightforward
solution-based approach for creating porous electrodes, as
detailed in Fig. 8e.** This approach resulted in a remarkable
450% enhancement in performance when compared to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 2197-2226 |

previously reported Si:Ti-doped hematite. The porous electrode
structure offers a substantial increase in surface area for
reaction processes and reduces the migration distance for
charge carriers. Consequently, this leads to a lower recombina-
tion rate, ultimately resulting in significantly improved perfor-
mance in PEC applications.*>®’

5.1.2. Doping. Incorporating heteroatoms into hematite
through doping can significantly enhance carrier mobility and
density.®® By improving carrier mobility (resulting in a faster
drift velocity within the built-in field) and density (increasing
band bending and intensifying the built-in field), the doping
process can effectively reduce recombination. N-type doping,
which involves the substitution of Fe** ions with tetravalent
and pentavalent ions, is commonly employed to achieve this.
This type of doping leads to an increase in donor density.
Importantly, the heightened carrier density can enhance band
bending at the interface between the semiconductor and
electrolyte.

In recent years, metal (Sn, Ti, Zr, etc.) doping has been
commonly employed to modify hematite.®*"** The impact of Ti
and Sn (unintentionally doped) co-doping on the bulk charge
efficiency of hematite is investigated (Fig. 9a).°* Their findings
revealed that the high and uniform content of Sn in Ti-doped
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hematite exhibits enhanced charge separation, as depicted in
Fig. 9b. However controllable doping yields more effective
results than unintentional doping (Fig. 9¢).”> Moreover, they
explored the effects of Si doping, a semiconductor material
which led to an overall improvement in performance. The
analysis of the transient photocurrent density curve demon-
strated a low recombination rate when Si is doped.®*

Metal doping enhances the charge carrier’s density, hence
conductivity, however, it also has negative effects such as a high
electron-hole recombination rate on the surface of hematite.
To address the negative effects of M-doping (M-Sn and Ti), a
cost-effective strategy of boron (B), a nonmetal, doping into
metal-doped hematite has been employed and it improves the
performance of PEC devices.’® The secondary B-doping of
broadly used M-doped hematite photoanodes not only sup-
presses the number of M’ ions, which inevitably cause

2206

electron-hole pair recombination but also generates an inter-
nal electric field for easy hole extraction (Fig. 10a and b). The
optimized M:B-Fe,0; with a film thickness of 900 nm exhibited
greatly reduced recombination and presented a photocurrent
density of 1.92 mA ecm ™2 at 1.23 Vgy and 2.83 mA cm™ 2 at 1.50
Vrue- The strategy paves the way to reducing the recombination
of electron-hole pairs of M-doped hematite and potentially
improving the PEC water-splitting performance, which solves
the length limitation issue of hematite. Nonmetal phosphorus
(P) is also an excellent dopant that greatly improves the charge
separation efficiency, and the fabrication of P-doped hematite
electrodes typically involves techniques such as impregnation
and hydrothermal methods.®” These P-doped hematite electro-
des exhibit a photocurrent density of 2.7 mA ecm ™2 at 1.23 V (vs.
RHE) for water splitting, which was significantly higher than
that of bare hematite (0.83 mA cm ?). Moreover, the
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introduction of phosphorus in hematite enhances the electron
mobility. However, it should be noted that homogeneous doping
can lead to a reduction in the width of the space charge region,
which may be detrimental to effective charge separation. To
mitigate this concern, a novel approach was employed to develop
a gradient P-doped hematite nanoarray photoanode, which
demonstrated remarkable performance in photoelectrochemical
water oxidation. The researchers discovered that brief thermal
treatment (10 minutes at 750 °C) of hematite after immersion in a
phosphate solution facilitated the formation of a gradient P-
doped structure. This incorporation of P was attributed to the
diffusion of P from the surface towards the core of hematite
during the thermal treatment, driven by the concentration dis-
parity of P between the surface and the bulk. By ceasing the
thermal treatment, the diffusion rate of P decreased, resulting in
the formation of a gradient P-doped hematite nanoarray photo-
anode. However, prolonged thermal treatment (30 minutes at
750 °C) led to a reduction in the concentration gradient of P,
eventually approaching homogeneous doping.”®

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 2197-2226

The latest report on mesopore generating P-doped Ti-
hematite shows excellent performance.’® This study introduces
a novel approach to fabricating P-doped hematite with meso-
pores and gradient doping properties using a cost-efficient
in situ hydrothermal process. The P, Ti-Fe,O; photoanode
demonstrates a significantly improved PEC performance due
to factors such as increased electrical conductivity through
oxygen vacancies, reduced hole diffusion path length,
enhanced charge separation via non-metal P doping and stee-
per band bending achieved by reducing the depletion region
(DR) (Fig. 10c). Additionally, the P,Ti-Fe,O; photoanode exhi-
bits enhanced stability for 20 hours, highlighting the practical
utility of P doping in PEC systems. The application of a co-
catalyst, NiFeO,, further enhances the photocurrent density
(3.54 mA em ™2 at 1.23 Vgyg) with a 108 mV cathodic shift.

While doping, formation energy, and crystal disorder play
an important role. Research by Yoon et al.®” explore nonmetal
Si doping in hematite using a Ti dopant to improve its perfor-
mance as a photoelectrode for water splitting. The study
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demonstrates a cost-efficient solution-based method for Si dop-
ing and achieves a high photocurrent density of 4.3 mA cm 2.
The results highlight the importance of formation energy and
crystal disorder in doping feasibility and PEC activity. They find
that the formation energy of unfavorable dopant (Si) can be
reduced by favorable doping (Ti) and the crystal disorder caused
by unfavorable dopant Si can be minimized by favorable doping
with Ti (Fig. 10d). The approach also offers a simpler and more
cost-effective alternative to current doping methods and shows
potential for improving PEC performance in other systems.

Besides elemental doping, molecular doping, and multi-
elemental doping are also well-known strategies to improve
the charge separation efficiency.'**

5.1.3. Junction. The formation of a junction is a promising
approach to improve charge separation within the semiconductor
bulk. These junctions can take the form of metal-semiconductor
(Schottky) junctions or semiconductor-semiconductor junctions.

By inducing or enhancing the built-in field, these junctions
deepen the depletion of electrons (holes) in the hematite material,
resulting in decreased electron affinity and increased work
function.

Chen et al.'® fabricated a Ti/Au/Fe,O; photoanode struc-
ture, where Au nanoparticles (NPs) were present both above
and below the hematite layer. The junction formed between Au
NPs and hematite improved the charge separation efficiency by
acting as electron collectors at the hematite-fluorine doped tin
oxide substrate interface (Fig. 11a). Similar results have been
reported by other researchers.’® When a small amount of Au
NPs was loaded onto the hematite electrode, an Au-semicon-
ductor contact (Schottky contact) was formed, leading to Fermi-
level equilibration and improved charge transport efficiency.

Besides metal-semiconductor junctions, semiconductor-
semiconductor (S-S) junctions are also employed to enhance
charge separation. S-S junctions can be classified as

2208 | Mater. Chem. Front., 2024, 8, 2197-2226  This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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homojunctions or heterojunctions. Ma et al.'® fabricated a
photoanode composed of Mg-doped and P-doped hematite
nanorods, demonstrating high charge separation capacity
(Fig. 11b and c). Improved conductivity and favorable charge
separation efficiency resulted from the built-in electric field, as
revealed by experimental and density functional theory analyses.

S-S heterojunctions are further categorized into three types
based on the relative positions of the conduction band and
valence band between the semiconductors (Fig. 11d). Among
these types, only type II heterojunctions, which is a staggered
alignment, enable efficient charge separation in all dimensions
because the conduction band minimum of one semiconductor is
below that of the other semiconductor, and the valence band
maximum of the first semiconductor is above that of the second
semiconductor. This band alignment creates a built-in electric
field that promotes the separation and transport of carriers.' %’
For instance, a U;Og/Fe,0; heterojunction photoanode exhibited
enhanced PEC performance compared to the bare Fe,0;
photoanode.’®® The U;04/Fe,0; system showed type II band
alignment, facilitating faster-photoinduced electron injection
and strengthened charge carrier separation, which leads to an
overall high performance (Fig. 11€)

Additionally, core-shell heterojunction photoanodes were
synthesized using hybrid microwave annealing.'*® Fe,O; nanor-
ods served as the core, while FeNbO, thin layers formed the
shell. The Fe,O;@FeNbO, electrode displayed higher water
oxidation activity compared to the bare Fe,O; electrode, due
to an improved bulk and surface separation efficiency (Fig. 11f).
This superior PEC performance was attributed to the band
alignment, which promoted efficient charge separation.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 2197-2226 |

5.1.4. Oxygen vacancy. Recent investigations have focused
on the impact of oxygen plasma treatment on hematite photo-
anodes (because the prepared hematite faces oxygen deficiency
problems''?), revealing noteworthy effects on their perfor-
mance. Two studies conducted by Hu et al''® and Pyeon
et al.™'" demonstrate that such treatment results in increased
photocurrent densities, albeit with a higher onset potential.
X-ray photoelectron spectroscopy analysis conducted by Hu et al.
reveals a reduction in the concentration of surface Fe** species
accompanied by an increase in OH™ species. Pyeon et al. corro-
borated these findings and further demonstrated that a subse-
quent short annealing step not only recovers the photocurrent but
also enhances it (Fig. 12a). This phenomenon is attributed to the
oxygen plasma treatment filling oxygen vacancies and attracting
additional OH™ species due to the increased oxidation state of Fe
(Fig. 12b). Following the short annealing, newly formed oxygen
vacancies are brought closer to the surface (Fig. 12c). Given that
both oxygen vacancies and the density of charge transfer band
and upper hubber band have a direct influence on the photo-
current curves, these findings offer valuable insights into optimiz-
ing hematite photoanode performance.

5.1.5. Conclusion. Issues such as short carrier lifetime,
limited mobility, and restricted diffusion length limit reaching
the theoretical photocurrent of hematite (12.6 mA cm ™2 under
600 nm). The bulk charge separation efficiency improves
through nanostructuring, doping, junction formation, and
the introduction of oxygen vacancy. Nanostructuring and dop-
ing show promise, as particle size decreases, enhancing photo-
catalytic activity. Tailoring structures, such as creating nano
wire-type configurations, aligns with charge diffusion lengths,
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while smaller particle sizes increase charge carrier densities.
Fabricating photoanodes with high transfer capabilities and
absorption efficiencies, achieved through small particle
branching, enhances charge separation. Establishing junctions
improves bulk charge separation, and incorporating oxygen
vacancies enhances PEC performance.

5.2. Interfacial charge separation modification

The interface between the substrate-hematite and hematite-
cocatalyst behaves as a recombination center. Other than these
two interfaces, grain boundaries also cause severe recombina-
tion of electrons-holes, which leads to an overall low internal
quantum efficiency.

5.2.1. Modification of the substrate-hematite interface.
Utilizing a machine learning-based prediction model, it has
been suggested that interfacial resistance stands out as a
pivotal factor for enhancing charge separation, consequently
influencing overall performance. The introduction of a TiO,
underlayer not only improved the electrical properties at the
interface but also enhanced the overall quality of hematite
films (Fig. 13a and b).'"® The introduction of a TiO,
underlayer beneath hematite in the study conducted by Luo
et al® effectively addressed the issue of interfacial
recombination between the substrate (e.g. FTO) and hematite.
Similar (underlayer-overlayer deposition of TiO,) studies have
also been carried out by many research groups.'**'® This
approach not only improves the PEC performance but also
alleviates the recombination effects resulting from the lattice
mismatch between the substrate and hematite by creating a
type-II heterojunction.'*® The study by Luo et al presents a
novel approach to enhance the PEC water oxidation

2210 |

performance of hematite nanoarrays. By incorporating an
ultrathin TiO, interlayer and an iron oxide hydroxide (FeOOH)
cocatalyst, significant improvements in photocurrent and charge
separation are achieved. The TiO, interlayer acts as a passivation
layer and dopant source, reducing substrate/hematite charge
recombination and increasing electrical conductivity. Additionally,
the introduction of three-dimensional hierarchical branches on the
hematite nanoarrays increases the surface area for improved charge
collection (Fig. 13c). The FeOOH cocatalyst further enhances PEC
performance by accelerating the oxygen evolution reaction.*>*17118
The optimized photoanode exhibits a photocurrent density of
approximately 3.1 mA cm > at 1.23 V (vs. RHE), surpassing
previous Ti-doped hematite photoanodes (Fig. 13d).

5.2.2. Modification of the cocatalyst-hematite interface.
The interface between the oxygen-evolution catalysts (OECs)
and photoelectrodes leads to a drawback related to the transfer
of charges. This issue arises due to suboptimal interactions
between the catalyst and the electrode interface, resulting in
inadequate contact and detachment of the catalysts from the
electrode substrate.""® Park et al'*® decorated the nano-
fragmented 0D MXene (NFMX) between hematite and OEC
(NiFe(OH),) as a hole transport layer (Fig. 14a) so that the
potential of the OEC can be fully utilized. Leveraging its high
reactivity, efficient hole extraction, and transport capabilities,
NFMX proves to be an excellent hole transport material.
However, the coating lacks uniformity, as shown in Fig. 14a,
which somewhat reduces the potential of the OEC and results
in a current density of 3.09 mA cm 2. To mitigate this Ahn
et al."" investigated the potential of using siloxane-modified
diketopyrrolopyrrole (DPP)-based m-conjugated (Ps;) organic
semiconductors (OSs) as a hole transport layer between

Mater. Chem. Front., 2024, 8, 2197-2226  This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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hematite photoanodes and OECs for efficient photoelectro-
chemical water splitting. The results demonstrate that incor-
porating the Pg; OS (Fig. 14b) with high crystallinity enhances
the stability of the photoanode in water and significantly
improves its charge separation efficiency (Fig. 14c). The NiFe-
(OH),/Psi/Ge-PH photoanode exhibits a high photocurrent
density of 4.57 mA cm™? (Fig. 14d) and excellent stability over
a prolonged period (>60 h). The study suggests a simple yet
effective approach to enhance charge extraction and transfer
by achieving conformal contact between the OS layer and the
hematite photoanode. Additionally, the combination of organic
and inorganic semiconductors forms a type-II heterojunction,
promoting efficient hole extraction. The investigation also
includes calculations of bulk and surface charge separation
efficiencies, which confirm the benefits of the heterojunction
for rapid charge separation.

5.2.3. Grain boundary modification of hematite. Furthermore,
the grain boundaries in hematite have been identified as charge-
blocking components,'**'** serving as recombination centers.
Feng et al."** introduced an effective approach to enhance charge
separation by decorating the grain boundaries of hematite with
TiO, (Fig. 15a). This work presents an efficient strategy for enhan-
cing charge transfer in hematite photoanodes by decorating the
grain boundaries (Fig. 15b and c) with TiO, using a simple
chemical bath deposition method. The incorporation of TiO, at
the grain boundaries results in a significant improvement in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

photocurrent density, reaching 2.90 mA ecm™? at 1.23 V vs. RHE.
The IPCE and APCE values also show substantial increases, reach-
ing 68% and 95% at 360 nm, respectively. The enhanced charge
separation efficiency, increased charge carrier density, and
enlarged contact area between the electrolyte and the photoanode
contribute to the superior photoelectrochemical performance of
the TiO,-decorated hematite film. Furthermore, the addition of
FeOOH catalysts to the modified film leads to even higher photo-
currents, achieving 3.15 mA cm™ > at 1.23 V vs. RHE. Another new
and more effective strategy, introduced by Pires et al.'>* involves the
selective placement of modifiers. Here, they present a novel
approach using a single polymeric precursor solution for the design
of a-Fe,O; with synergistic bulk and interfacial engineering invol-
ving Ga*', Hf*", and NiFeO,. The solution induces Ga** doping to
alleviate polaronic effects, enriches Hf*" at surface and grain
boundaries for enhanced charge separation, and promotes a
refined microstructure through interface stabilization. Combined
with Ga** bulk doping and NiFeO, electrodeposition, the modified
hematite photoanode (176 nm-thick) achieves an overall photoelec-
trode efficiency of 65%, yielding a significantly improved water
oxidation photocurrent of 2.30 mA cm ™2 at 1.23 Vgyp compared to
0.37 mA cm™ 2 for the pristine system (Fig. 15d).

5.2.4. Conclusion. Optimizing interfacial resistance is crucial
for enhancing charge separation in PEC photoanodes. Three key
interfaces deserve attention: hematite-substrate (usually FTO),
hematite-catalysts, and hematite grain boundaries. Grain

Mater. Chem. Front., 2024, 8, 2197-2226 | 221
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boundary modifications, along with the other interfaces, impact
charge separation efficiency significantly. For instance, introdu-
cing a TiO, underlayer between FTO and hematite mitigates
recombination and lattice mismatch, by forming type-II hetero-
junctions and also promoting uniform hematite growth. Over-
layers such as organic semiconductors and MXenes between
hematite and co-catalysts enhance charge separation through
type-II junctions and act as hole extractors. Both underlayer and
overlayer modifications show potential for improving charge
separation efficiency. Crucially, grain boundary modifications
significantly enhance surface and bulk charge separation, con-
tributing significantly to overall PEC photoanode performance.
Current research trends include simultaneous multi-elemental
doping, selectively improving polaronic effects, grain boundaries,
surface states, and other relevant factors.

5.3. Modification of surface charge separation efficiency

There are three primary processes that take place on the surface
of the photoanode: recombination of carriers, water oxidation,
and back reactions. Consequently, enhancing the surface
charge efficiency can be achieved through three key

2212 | Mater. Chem. Front., 2024, 8, 2197-2226

approaches: minimizing surface recombination, enhancing
the kinetics of the water oxidation reaction, and mitigating
the occurrence of back reactions.

5.3.1. Passivation of surface states. The migration of holes
from the bulk to the surface of hematite often results in
significant recombination.”*® In the case of semiconductors,
two important effects should be considered: the potential drop
across the space charge layer and the Helmholtz layer at the
interface between the semiconductor and the solution (excluding
the diffusion layer in the solution). Due to the considerably higher
capacitance of the Helmholtz layer compared to the space charge
layer capacitance, the primary potential drop occurs in the space
charge layer, while the Helmholtz potential remains constant.
This leads to a nearly unchanged position of the semiconductor’s
band edge (band edge pinning effect).">” Under conditions of
band edge pinning, an increased applied potential induces band
bending, which facilitates the separation of carriers generated by
light. However, the presence of surface states causes the relative
positions of the Fermi level and the surface band edge to remain
fixed, resulting in unchanged band bending even with variations
in the applied potential (Fermi level pinning effect).'”” This

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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phenomenon has an impact on the separation of carriers gener-
ated by light. Therefore, the reduction of surface recombination
can be achieved by passivating surface states. Additionally, surface
recombination can be mitigated by reducing the electron density
on the semiconductor surface'*® and by the regrowth mechanism
(by reducing surface disorder)."* The surface state of hematite
can be modified by intrinsic engineering or by extrinsic engineer-
ing. Intrinsic modifications including sintering,"** acid
treatment,*" and regrowth mechanism'** could improve the
charge transfer by suppressing surface state recombination.

Sintering. The sintering parameters, which encompass tem-
perature, duration, and atmosphere, play a crucial role in
enhancing the photoelectrochemical performance of
hematite-based photoanodes by reducing crystal defects. It
has been reported that controlling the sintering temperature
not only facilitates the diffusion of Sn from FTO into the
hematite matrix but also modifies the surface states present
on the photoanode’s surface.’*® A study by Zandi et al'**
demonstrated that annealing hematite at 800 °C significantly
enhances the water oxidation efficiency of ultrathin film hema-
tite electrodes. This improvement is attributed to the elimina-
tion of surface states in close proximity to the conductance
band of the hematite photoanodes, leading to a reduction in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 2197-2226 |

recombination and Fermi-level pinning (Fig. 16a and b). The
presence of two surface states (two peaks) at 500 °C and their
elimination with a cathodic shift at 800 °C can be seen in
Fig. 16c. Similarly, the work by Si et al.'®® reveals a simple yet
effective protonation-annealing treatment to mitigate both bulk
and surface charge recombination in hematite. Electrochemical
incorporation of protons/electrons at 0.2 Vgryg, followed by
annealing at 120 °C, significantly enhances the photocurrent
density from ~0.9 to 2.7 mA cm™? at 1.23 Vgge under 1 sun
illumination (Fig. 16d). The introduction of cobalt phosphate
further stabilizes the performance around 2.4 mA cm >
(Fig. 16e). Unlike prior attributions to the formation of Fe;0,
or metal Fe, this work emphasizes that the improvement is
primarily linked to proton incorporation. Repeated treatments
cathodically shift the onset potential, increase donor density,
and reduce bulk recombination, while low-temperature anneal-
ing minimizes surface recombination (due to the lowest charge
transfer resistance (Fig. 16f)), maintaining high bulk charge
separation efficiency.

Acid or alkaline treatment. Another intrinsic method is the
surface treatments using acidic or alkaline media, which have
been investigated as a means to modify the surface states of
hematite electrodes, resulting in improved photoelectrochemical
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water-splitting performance through enhanced charge separa-
tion efficiency."**™*® Li et al.’* conducted a study to examine
the impact of acidic media (including acetic acid, HCl, HNO;,
and H;PO,) treatment on hematite photoanodes. They demon-
strated that a simple acid treatment method can modify the
nature or position of available trap sites, leading to a significant
enhancement in the efficiency of electron movement out of traps
in hematite nanowire photoanodes. This is because of the
reduction in charge transfer resistance (Fig. 17a). Consequently,
this reduces electron-hole recombination losses and improves
the overall PEC performance (Fig. 17b). However prolonged acid
treatment could cause lattice defects, which will serve as recom-
bination centers. A study by Wang et al.**° revealed the impact of
HCI treatment on Ti-, Ge-, Pt-, and Sn-doped photoanodes, as
summarized in Fig. 17c. The ex situ doping method results in a
significant dopant distribution across the surface. With an
appropriate treatment time (1 h), a portion of the surface Fe-O
bonds is removed, leading to an increase in M-O bonds that
passivate surface states and enhance hole transfer. The promot-
ing effect is most pronounced for Ti-O among the Ti, Ge, Pt, and
Sn dopants. Consequently, HCI treatment significantly improves
the performance of Ti, TiGe, TiPt, and TiSn photoanodes.
However, prolonged HCI treatment (2 h) leads to further corro-
sion of near-surface Fe-O bonds, creating excess lattice defects
that can act as electron/hole recombination centers. In sum-
mary, HCI serves a dual role in ex situ-doped o-Fe,Os: it alters
surface elemental components and forms lattice defects. Simi-
larly, Ye et al.**' observed a threefold and twofold increase in
photocurrent densities for o-Fe,O; and Ti:a-Fe,O; photoanodes,

+<«——— Potential| ———> |
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respectively, after treatment with KOH. They attributed this
improvement to the formation of a conformal thin layer on the
hematite surface, grafted with hydroxyl (-OH) groups, which acts
as an electrocatalyst, accelerating the water oxidation kinetics on
the hematite photoanodes.

A general extrinsic technique for surface passivation and
reduction of surface recombination involves the application of
a thin passivation layer on the surface of hematite.'****
Bahnemann et al.'*®> conducted a study where they achieved
surface passivation by coating a hematite electrode with a layer
of TiO,. The TiO, layer was deposited using a simple dipping-
annealing process, resulting in an estimated thickness of less
than 2 nm. The performance of photoelectrochemical water
splitting was evaluated and depicted in Fig. 18a. The results
revealed a significant enhancement of nearly 3.5-fold in the
photocurrent due to the TiO, coating. Prior to the TiO, coating,
the photovoltage was low (0.26 V) due to Fermi-level pinning.
However, after the TiO, coating, the photovoltage increased to
0.46 V (Fig. 18b). The authors concluded that the coating
enhanced the photovoltage by suppressing surface states. A
similar study was carried out by Zhou et al.;'*® they decorated
the Al,O; underlayer and overlayer and conducted a compara-
tive study. Their research found that Al,O; deposition reduces
the charge transfer resistance, thereby increasing the perfor-
mance of hematite photoanode. Another strategy involves coat-
ing photoactive compounds; for example, Zhu et al.'*’” coated
L-cysteine (L-(C)ys) on porous hematite to passivate the surface
state, providing an alternative route for water oxidation and
lowering the charge transfer. The strong complexation
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interaction between hematite and (L)-Cys enables direct photo-
oxidation, generating additional electrons for efficient H, pro-
duction (Fig. 18c). The Ti-doped porous hematite (Ti-PH)
photoanode achieves a current density of up to 4.45 mA cm™>
at 1.23 V vs. RHE under AM1.5 G illumination.

5.3.2. Accelerating the water oxidation reaction. Along with
optimizing the intrinsic characteristics of hematite material,
the integration of an OER catalyst onto the hematite surface
represents a promising strategy to enhance hole injection
efficiency.**®**° It is important to highlight that the applica-
tion of an inorganic catalyst layer on the hematite surface can
fulfill multiple functions, including the mitigation of electron-
hole recombination and the acceleration of OER kinetics.">" A
comparative study of molecular catalyst (Ir) (het-WOC) and
metal oxide catalysts (IrO,) on hematite for PEC water oxidation
has been performed by Wang et al.*>* They found that the het-
WOC catalyst, when applied as a thin layer on the hematite
photoanode, significantly improved the system’s performance
by enhancing charge transfer by 42-fold (Fig. 19a). Importantly,
this improvement occurred without changing the surface
recombination rate (Fig. 19b).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 2197-2226 |

In contrast, in a comparative study (Fig. 20a—c), the IrO,
catalysts improved the PEC performance by reducing the sur-
face recombination rate, effectively replacing the original
Fe,03|H,0 interface with a different interface involving IrO,
(Fig. 20c). This resulted in faster charge transfer as well. The
study suggests that the het-WOC catalyst provides additional
charge-transfer pathways across the Fe,0;|H,O interface
(Fig. 20b), while IrO, and similar bulk metal-oxide catalysts
create a fundamentally different interface (Fig. 20c).

Another strategy is to decorate doped metal oxides on the
surface of a hematite-based photoanode. Jang et al.'*® devel-
oped an efficient water-splitting PEC cell by using a Ti-doped
FeOOH co-catalyst on a Ti-doped porous hematite structure
coated with a thin layer of SiO, (the SiO, layer facilitates charge
extraction). The SiO, layer enabled the preferential deposition
of the Ti-FeOOH co-catalyst within the inner pores of the
hematite, improving the performance of the oxygen evolution
reaction without hindering light absorption by the hematite
(Fig. 21a). The Ti-FeOOH/Ti-PH photoanode exhibited a high
photocurrent density of 4.06 mA cm™ > at 1.23 V vs. RHE, which
was 3.4 times greater than that of conventional worm-like
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hematite (Fig. 21b). Furthermore, it demonstrated excellent
long-term stability for 36 hours. Another category of co-
catalysis is single-atom catalysis,"”**'*® and a study by Guo
et al.'®® explored the role of single-atom iridium (sIr) catalysts
on hematite photoanodes in the water-splitting mechanism.
The results revealed that a-Fe,O;/sIr photoanodes act as true
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Fig. 19
permission from Royal Society of Chemistry, copyright 2023.

catalysts by capturing holes from hematite and facilitating
water oxidation. Spectroscopic experiments showed reduced
hole concentration and shortened lifetime in the presence of
sIr, indicating faster hole transfer and depletion. Theoretical
calculations demonstrated that sIr exhibited a lower energy
barrier for water oxidation compared to iron sites (Fig. 21c).

b
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Fig. 20 Kinetic pathway for (a) hematite, (b) hematite with a molecular catalyst, and (c) hematite with a metal oxide catalyst. Reproduced from ref. 152

with permission from Royal Society of Chemistry, copyright 2023.

This study provides valuable insights into the interplay between
electronic structure and hole transfer, highlighting the
potential of single-atom cocatalysts for enhancing photoanode
performance. However, S. Pokrantetal et al.’®” emphasized that
in the realm of photocatalysis, the size distribution of a
cocatalyst carries greater significance than the choice of a
specific material. They noted that when it comes to photocata-
lysis, a preference exists for a smaller size distribution due to
the electrokinetic effect. However, for photoelectrochemical
cells, a larger particle size distribution is favored to mitigate
the risk of high recombination rates.

5.3.3. Suppressing the back reaction. To improve the effi-
ciency of hole injection in hematite photoanodes, it is

2  Ti-FeOOH/Ti-PH

Almost full light in hematite

Current density (mA cm") o

important to minimize the back reactions associated with the
OER kinetics. One effective strategy is the incorporation of a
blocking layer. In certain cases where the hematite film on the
substrate is incomplete, there can be a substrate-solution
interface, allowing electrons from the substrate to react with
intermediates or products (e.g., O,), thereby reducing hole
utilization (Fig. 22a). However, the introduction of a blocking
layer between the hematite film and the substrate significantly
reduces the substrate-solution interface, effectively suppres-
sing the back reactions.’® Bouhjar et al'*® utilized a thin
hematite layer, electrodeposited as a blocking layer, on the
underlying hematite material (Fig. 22b). This innovative
approach resulted in outstanding photoelectrochemical
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Impact of catalyst. (a) Effect of Ti-FeOOH cocatalyst decoration on light absorption. (b) Comparative PEC performances of different co-catalysts

on Ti-P co-doped hematite. Reproduced from ref. 153 with permission from Royal Society of Chemistry. (c) Energy profiles of a-Fe,O3(110), which is
represented in red, while the reaction mechanism of a-Fe,Os/slr(110) with Fe as the active site is depicted in purple, and the mechanism with Ir as the sole

catalytic site is shown in Nile blue. Reprinted with permission from ref. 156,
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properties by suppressing back reactions and enhancing charge
transfer by minimizing the recombination.

Additionally, Zou et al.'®® made a notable discovery regard-
ing the enhancement of photocurrent in Ti-doped hematite
photoanodes through acid corrosion. Their analysis of dark
current, photoluminescence spectroscopy, and transient photo-
current measurements revealed that the increase in photocur-
rent was not directly linked to improved water oxidation
kinetics or surface state passivation. Instead, it was crucial to
suppress back reactions. They observed a reduction in dark
current in Ti-doped Fe,O; before and after corrosion under
different gas-bubbling conditions (N, or O,). When N, was
bubbled into the electrolyte, the dark current remained negli-
gible. However, after corrosion, a significant decrease in O,
reduction current was observed in Ti-doped Fe,O; (Fig. 22c),
indicating the suppression of the O, reduction reaction and
confirming the successful suppression of back reactions
(Fig. 22d).

5.3.4. Conclusion. Surface charge separation efficiency is
crucial for overall STH conversion, but challenges including
charge carrier recombination, deficient water oxidation, and
undesirable back reactions hinder it. Notably, charge carrier
recombination and photovoltage reduction due to surface
states and subpar OER are significant issues. Techniques such
as sintering, acid/base treatments, and coatings with metal

2218 | Mater. Chem. Front., 2024, 8, 2197-2226

oxides (e.g., TiO,, Al,0;) are employed to address surface state
passivation. Innovative approaches, including coating with
photoactive materials such as (L)-Cys, offer alternative water
oxidation pathways while passivating surface states. Improving
water oxidation involves using OER catalysts, but the optimal
synergy between hematite’s photocatalytic activity and the
catalyst is critical for efficiency. Electrocatalysts vary from
single atoms to complex structures, and their efficacy depends
on interaction with hematite. The photoactive nature of cata-
lysts can further enhance PEC performance by contributing
additional electrons and diverse reaction pathways.

6. Summary and outlook

Summary

Hydrogen production through the splitting of water using solar
energy is seen as a promising solution to tackle energy and
environmental issues. Hematite, a commonly used material for
the anode in photoelectrochemical water splitting, is highly
regarded due to its abundance, theoretical photocurrent, non-
toxic nature, and photochemical stability. However, the prac-
tical utilization of hematite photoanodes is currently limited
due to several factors such as poor electrical conductivity, and
short diffusion length, which cause electron-hole recombina-
tion, resulting in low charge separation efficiency. To create an

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Future directions

Fig. 23 Schematic of emerging strategies for hematite photoanode.

ideal PEC photoanode, it is crucial to achieve a lower onset
potential (close to the flat potential) and a more saturated
photocurrent curve (approaching the theoretical photocurrent).
This review summarizes the various key strategies used to
enhance charge separation efficiency in the bulk, surface, and
interface. This review aims to provide a broad understanding of
hematite photoanodes with improved charge separation effi-
ciency, leading to enhanced photochemical performance, as
summarized in Table 1.

Outlook

For further improvements, the following points could be con-
sidered (Fig. 23). According to the machine learning calcula-
tions, managing interfacial resistance is crucial; therefore,
optimizing interfacial resistance is imperative for enhancing
charge transfer efficiency in hematite. Achieving soft and con-
formal uniform contact between interfaces, addressing elec-
tron-hole recombination centers, and dealing with surface
states show potential for improved efficiency. Considering the
charge extraction property of the contact material can further
contribute to enhanced transfer efficiency.

Grain boundaries represent another pivotal consideration,
with efforts directed towards minimizing recombination at
these sites to elevate both surface and bulk charge separation
efficiency. Simultaneously modifying factors such as grain
boundaries, surface states, and charge carrier density via
multi-elemental doping is paramount for approaching the
theoretical current density of hematite.

Innovative approaches for different reaction pathways or the
utilization of light, such as passivating hematite with photo-
active materials like r-cysteine, show potential in providing
additional electrons to facilitate water-splitting reactions. Over-
coming challenges related to light absorption entails nanos-
tructuring morphology and employing multiple-material
electrodes to broaden the spectrum of light absorption.

Catalyst selection is a central theme, with a comprehensive
approach aimed at improving charge transfer, oxygen evolution
reaction kinetics, surface state passivation, onset potential

2220 |
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shift, and photovoltage. Catalysts with photosensitivity, plas-
monic characteristics, etc., can further contribute to practical
system performance. The exploration of advanced catalyst
technologies, including single-atom catalysis, Mxene, etc., is
actively shaping the future landscape.

A comprehensive understanding of potential modifications
necessitates a clear mechanistic insight. Recently proposed
mechanisms, such as the parallel water photooxidation path-
ways in hematite suggested by Tsyganok et al.,'”* offer valuable
insights. Unraveling these reaction pathways can pave the way
for strategic modifications. Additionally, the full utilization of
cocatalyst potential by adding a hole or electron extractor is
essential. Beyond modifications, elucidating the underlying
mechanisms is crucial for advancing the field and optimizing
the performance of hematite-based systems.
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