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Abstract: Functional oxide materials have become crucial in the continuous development of various
fields, including those for energy applications. In this aspect, the synthesis of nanomaterials for
low-cost green hydrogen production represents a huge challenge that needs to be overcome to
move toward the next generation of efficient systems and devices. This perspective presents a
critical assessment of hydrothermal and polymeric precursor methods as potential approaches to
designing photoelectrodes for future industrial implementation. The main conditions that can affect
the photoanode’s physical and chemical characteristics, such as morphology, particle size, defects
chemistry, dimensionality, and crystal orientation, and how they influence the photoelectrochemical
performance are highlighted in this report. Strategies to tune and engineer photoelectrode and
an outlook for developing efficient solar-to-hydrogen conversion using an inexpensive and stable
material will also be addressed.

Keywords: iron oxide; solution chemistry; photoanodes; hydrothermal synthesis; sol-gel method

1. Introduction

Global warming and non-natural environmental disasters are obvious evidence of the
harmful effects of climate change that is driven by anthropogenic activities, which mainly
originate from the uncontrolled use of fossil fuels to meet the world’s energy demands.
Realizing this, nearly 200 countries signed legally binding international treaties in the
Paris Agreement to reduce greenhouse gas emissions and to control the rise in global
temperature [1]. In 2021, this commitment was renewed with even more ambitious climate
goals during the 26th Conference of the Parties (COP 26). The agreement established a
gradual reduction in subsidies for fossil fuels and coal use, and established rules for the
carbon credits market among countries [2,3]. In this context, carbon-neutral or emissions-
free energy sources are imperative for achieving these goals and an environmentally
sustainable society.

The key to developing or establishing new technologies and benchmarks in energy
research has been based on nanomaterials [4,5]. Hence, nanotechnology will play an es-
sential role in transitioning from fossil fuels to renewable, sustainable, and clean energy.
Among the promising technologies for energy production, hydrogen (H;) obtained from
solar water splitting has gained considerable attention [6-9]. According to the International
Energy Agency (IEA), a significant barrier that limits the development of clean hydrogen
industry is related to the existing regulations for H, production, storage, and transport [10].
Several countries, including Australia, China, Brazil, Chile, Finland, Germany, Norway,
Portugal, Spain, the United States, and the European Union, adopted different strategies for
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reaching the net-zero emissions goal by 2050. The joint strategies between developing and
developed countries have been prominently featured in the agenda of green hydrogen and
economic transition. In this context, several consortiums and multi-million investments
were also created for green hydrogen research and technologies [11-14]. Unfortunately,
ongoing efforts have not successfully produced materials with a solar-to-hydrogen con-
version (STH) efficiency suitable for application in photoelectrochemical (PEC) devices.
Therefore, only a few companies still believe in the technology’s viability for supplying the
energy demand [13,15]. Hence, producing hydrogen from this low-carbon approach has
become a great challenge that requires international cooperation to be extended to scientific,
industrial, and political areas.

Over the years, several groups have reported the main principles of PEC devices,
their possible configurations, and their functionality [16-19]. In general, a PEC device
is composed of two electrodes, of which at least one is fabricated with a photoactive
functional material (photoelectrode). The goal of photoelectrocatalytic water splitting is
to create a PEC device (Figure 1a) composed of two photoactive materials, a photoanode
and a photocathode, which is capable of generating electron-hole pairs from direct sunlight
absorption to split the water molecule in the most cost-efficient way. These photoelectrodes
can capture the sunlight energy and produce gaseous O, at the photoanode and H, at
the photocathode, as observed in Figure 1a. The efficiency of a PEC device is mainly
associated with the photoanode’s photocurrent, since the oxygen evolution reaction is
the limiting step due to the necessity of transferring four holes to produce O, [16,17].
Compared with a typical electrolyzer, a low overpotential (1) over the thermodynamic
potential of water splitting (1.23 V vs. NHE) is needed to drive the PEC water splitting.
This overpotential in photoanodes is due to the energy losses related to the photoholes
passing through the space charge region and to the electron flow through the external
circuit to the counter electrode [20,21]. Taking into account the thermodynamic and kinetic
energy losses (~0.7-1.0 eV), both can be compensated in the minimum required bandgap.
Developing functional and efficient photoanodes using abundant elements with long-term
stability, reproducibility, and that can be prepared by scalable methods, which can be easily
integrated by industries is crucial to make PEC technology the main alternative for green
hydrogen production.

An ideal photoanode must possess a suitable bandgap (~1.8 eV due to the 1) to
efficiently absorb the natural sunlight and the band positions must be aligned with the
thermodynamic potential of water oxidation (1.23 V vs. NHE). It is expected that in
an ideal photoanode candidate, after light absorption and the subsequent generation of
photocarriers, the electron-hole pairs will separate efficiently and migrate to the back
contact or to the surface, respectively, without recombining. Finally, the photoanode
must have a strong catalytic efficiency and great stability [21]. Figure 1b shows the main
candidates as photoanodes that meet these requirements by comparing their correspondent
theoretical photocurrent (J) with their bandgap (Eg) function. It can be noted that most
materials are metal oxides with different Eg in the visible light spectrum—from violet at
~400 nm, to red light at ~700 nm. In particular, those a with wide Eg (>2.6 eV) have a
considerable limitation on their maximum photocurrent density, demanding modifications
or combinations with other materials to increase their PEC performances. Furthermore, it
is essential to consider a minimum STH of 10% for commercial purposes that correspond
to ~8.13 mA cm !, according to equation 1, where 1 represents the faradaic efficiency and
P the incident light power. It is worth mentioning that this photocurrent density can be
generated only from a semiconductor with an Eg smaller than ~2.3 eV [22].
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Figure 1. (a) Schematic of the main design aspects for a PEC design. Ec and Ev represent the
conduction band (CB), valence band (VB) edges, and Ef represents the Fermi level. (b) Theoretical
photocurrent density (J) values towards sunlight-driven water splitting for n-type semiconductors,
materials, and their bandgap energy.

The choice of photoactive materials to compose the PEC system is limited. Consid-
ering the materials displayed in Figure 1b, BiVO, and TaON have a bandgap of 2.4 eV,
which hampers their maximum performance. TaON can be easily oxidized in aqueous
media containing oxygen [23]. In addition, BiVOy is susceptible to corrosion and photo-
corrosion in neutral and alkaline solutions, and toxic intermediates might be generated
from these processes [24,25]. Similarly, GaP and Ta3zN5 suffer photocorrosion and surface
oxidation in alkaline media, resulting in poor stability toward the water splitting reac-
tion, which limits their application to only a few minutes without any protective surface
layer [26-29]. Other semiconductors, such as III-V photoanodes [30-34] or a doped BiVO,
scheelite structure [35-37], have shown interesting results. Still, their fabrication costs,
photocorrosion, and instability issues in aqueous solution make them unsuitable for water
splitting. On the other hand, hematite («-Fe,O3) is non-toxic, exhibits greater stability,
and is abundant on Earth (and Mars). For these reasons, it has been widely studied as
a photoanode towards water splitting induced by sunlight. Nevertheless, hematite, by
itself, suffers several shortcomings that limit its photoelectrochemical performance; its
relatively low absorption coefficient and indirect-semiconductor nature typically requires a
film thickness of ~400-500 nm for full visible-light absorption [38]. Moreover, its inherent
short hole diffusion length (2—4 nm) and its minority carrier lifetime restricts the efficient
charge collection of them via the interfacial charge-transfer reactions [39,40]. The pres-
ence of surface states that act as recombination centers also hinders the hematite’s PEC
response [40-43]. In addition, hematite also possesses a rather poor electron conductivity
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(~1072cm? V~1 s71), which can only be improved by doping to increase its electron density
and conductivity [44].

In order to overcome the problems mentioned above, several strategies for improving
hematite’s electronic transport, optical properties, and charge carrier dynamics have been
widely explored. For instance, nanostructuring [45-47], surface modifiers [48-50], and
dopant addition [51-53], among others, have been reported and reviewed in the litera-
ture to derive synergic approaches capable of increasing the photocurrent benchmarks
closer to the theoretical values, and to accomplish the industry-required STH efficiency.
Moreover, various fabrication methods have also been developed for increasing this bench-
mark, including pulsed laser deposition (PLD) [54,55], reactive sputtering [56-58], chemical
vapor deposition (CVD) [59,60], electrodeposition [61-64], solvothermal [65-67], hydrother-
mal [68-72], and sol-gel-based approaches [73-76]. From a simple search in the Scopus
(Elsevier) database, displayed in Figure 2, it can be seen that hydrothermal and sol-gel
synthesis is involved in ~80% of the reports, whereas others only represent ~20%. Using
techniques such as PLD or CVD is useful academically because they allow the controlled
deposition of a thin oxide layer onto conductive substrates; however, their high costs
prohibit the large-scale manufacturing of large samples.

0.5%
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Figure 2. Publications found in the Scopus database, using the search term “hematite photoanode
synthesis” and the topics enlisted in the legend from 2000 to 2021 (as of January 2022).

On the other hand, solution-based fabrication techniques—such as electrodeposition,
solvothermal, hydrothermal, and sol-gel—are indeed cost-effective and already imple-
mented in various key industry sectors. They should be environmentally friendly to
maintain the sustainability of the PEC hydrogen produced. Solvothermal methods that
use non-aqueous precursor solutions and electrodepositions in organic solvents are no
longer attractive for large-scale manufacturing. Therefore, hydrothermal and sol-gel-based
approaches demonstrate more significant potential for industrial implementation to fabri-
cate many nanostructured oxides onto various substrates with engineered morphologies,
dimensionalities, and thicknesses. The sol-gel method encompasses the preparation of pre-
cursors in different chemical environments and has been used indiscriminately in the area.
Excellent stoichiometric control, reproducibility, and versatility are particularly achieved
by the polymeric precursor method, a strand of the sol-gel field. In this perspective, both
fabrication methods will be addressed towards a benchmark design, using a hematite
photoanode as a case study and a low-cost material; we will also highlight the recent
progress and the challenging aspects that still limit its commercial application. Later in this
report, we will discuss our latest group achievements and the results that might provide
a favorable route to designing efficient nanomaterials for photoelectrochemical and opto-
electronic applications, among others. We will also express our opinions on points that
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should be explored in the future in order to fabricate engineered materials by low-cost and
straightforward methods, to make hydrogen production (i.e., green H;) from solar water
splitting a sustainable process.

2. Hydrothermal Synthesis

Hydrothermal synthesis of functional materials can be conventionally performed in
a wide temperature range, from room temperature to very high temperatures [77]. Since
the first application of the hydrothermal process for nanomaterial synthesis in the 1990s,
significant advances in understanding the physical-chemical features of this synthesis
have been made [78]. As will be discussed in this section, the main parameters of the
hydrothermal synthesis (i.e., initial pH of the precursor solution, duration, and temperature)
define the process kinetics and the properties of the products, which are directly related
with pressure in the system [79]. The energy-conserving hydrothermal conditions favor the
crystallization of high-purity powders, with few point defects and allow the recovery of
the chemicals used in the process [80,81]. From a technological and commercial viewpoint,
these aspects that are associated with low energy consumption superimpose over the similar
solvothermal synthesis, due to the absence of a non-aqueous solvent or a surfactant to
assist the chemical reactions. Thus, hydrothermal synthesis represents an environmentally
friendly option for metal oxide synthesis, both in powder and film form [82-84].

In a typical metal oxide hydrothermal synthesis, the solution is composed of a metal
cation precursor, an ionic strength controller, and of water as a solvent. A substrate is
added to the system when desired to prepare nanostructured oxide films. The synthesis
is carried out under subcritical water conditions in an autoclave reactor, generating an
autogenous pressure and changing the physical-chemical water properties. Due to the
water viscosity and the high ionic strength, hydrolysis reactions are favored without any
catalyst. Traditionally, this effect is more pronounced closer to the critical point of water
(374 °C and 22.1 MPa) [85-87].

Notwithstanding the complexity involved in such equilibria, many inorganic com-
pounds have their solubility in aqueous media calculated by thermodynamic models, such
as the Helgeson—Kirkham-Flowers (HKF) model, which other researchers have already
reviewed to obtain more accurate calculations [86]. Considering that the oxide surface
in aqueous media follows the Bronsted-Lowry theory, a net charge density is always
present when the solution pH is away from the point of zero charge (zero net charge
density or PZC), and the interfacial tension is reduced [88]. It has been shown that the
proton adsorption at the surface induces the lowering of the surface/interfacial tension
(dy < 0). This reduction also occurs by controlling the pH and increasing the ionic strength,
kinetically favoring the precipitation of the less thermodynamically stable allotropic and
high soluble phase [71]. As such, in some cases, sintering steps may not be necessary
since an intermediate or the preferable metal oxide phase can be directly obtained from
hydrothermal conditions. The crystallized product formation drives the nucleation rate,
the particle growth, and the aging processes in the dissolution-recrystallization regime
that governs the synthesis [80]. Therefore, it is evident that nanoparticles’ morphology,
size distribution, and crystallographic phase/direction in powder and thin films can be
delineated by controlling the experimental parameters.

The main disadvantages of the hydrothermal method are the high cost of the equip-
ment and the inability to monitor crystal growth during the process. To avoid the usage
of complex hydrothermal reactors and to decrease energy consumption, an interesting
modification from the typical hydrothermal synthesis, which involves low temperatures
and low pressures, was developed [71]. This synthesis, called “purpose-built materials”,
was based on the idea of monitoring the thermodynamics and kinetics of nucleation and
growth by experimentally controlling the interfacial tension. Such control allows the ability
to separate the nucleation and the growth stage, which generates monodisperse nanopar-
ticles with narrow size distribution. As the precipitation occurs far from the typical PZC
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of the metal oxide, the presence of charged surface sites is major, as it contributes to the
further lowering of the interfacial tension of the system.

In essence, the method of the purpose-built material can be used to prepare any
metal oxide with any morphology. The synthesis of nanostructured thin films by purpose-
built materials involves an ideal simultaneous control of different aspects [89-91]. The
first is associated with structural control, since the precipitation of nanoparticles at very
low interfacial tension leads to the thermodynamic stabilization of metastable crystal
structure. Another aspect is related to morphology control, which is also reached by
the thermodynamic stabilization of the anisotropic morphology. The last is associated
with the orientation control that is principally achieved by considering the difference of
interfacial energy between the substrate and the nanoparticles, which preferentially allows
nucleation and growth onto the substrate (heteronucleation) rather than in the solution
(homogeneous nucleation). Chemically induced (i.e., pH, ionic strength), very slow kinetics
of nucleation and growth allows the anisotropic nanoparticles to grow perpendicularly to
the substrates to form highly oriented nanorod arrays. Faster kinetics enables the growth
of nanorods with parallel orientation onto the substrates [92]. An extended explanation can
be found in [90]. The perpendicularly oriented nanorod arrays enabled us to overcome the
limited hole diffusion length by matching it with the diameter of the rods and by providing
grain-boundary free pathways for the photogenerated electrons to reach the conducting
substrate. This substantially reduced the electron-hole recombination, thus reaching an
incident photon-to-electron conversion efficiency (IPCE) of 56% at 340 nm (i.e., more than
half of the incident photons are collected as electrons) in a 2-electrode (sandwich) cell.
Moreover, confinement effects in ultrafine hematite nanorods have been reached to shift
the conduction band edge upward (0.3-0.6 eV) to obtain hydrogen generation capability
(at the Pt cathode) without any applied bias [91].

Considering that the nanorod morphology can help to overcome most of the electronic
drawbacks of hematite as a photoanode, this section will discuss the synthesis of hematite
nanorod arrays by purpose-built materials methodology. Figure 3 illustrates the experimen-
tal procedure employed to obtain iron-based nanostructured films from the hydrothermal
approach. As illustrated, this simple procedure can be divided into four essential steps,
which directly influence the quality of the film. The first one is related to substrate clean-
ing. Although this step is usually underrated, it must be carefully performed since the
presence of any particle in the substrate could obstruct the uniform growth. The second
step involves the solution preparation, principally composed of 0.15 M of FeCl3, 1 M of
NaNOs3, and pH adjustment at 1.5. Considering that this methodology contemplates the
precipitation far from the PZC, a high concentration of precursors, a low pH, and a high
ionic strength, combined with a low temperature constitutes a perfect formula for nanorod
array formation [89,92,93]. Some modifications in this solution by substituting NaNOs
with other salts to control the ionic strength in the same hydrothermal conditions tend to
form other nanostructures, such as nanowires or nanocubes [94].

During the hydrothermal procedure (Figure 3, third step), the thermodynamics and
kinetics of nucleation and growth processes onto glass substrates play an essential role in
nanoparticle design. Fortunately, since this growth occurs at a relatively low temperature
(100 °C) and low pressure, a regular glass flask can be employed as a reactor to design
nanostructures and thin films. Furthermore, other reports have shown that varying the
reaction time does not affect the nanorod morphology but tunes the nanorod length and
diameter. However, when hydrothermal synthesis is performed at higher temperatures,
different morphologies can be seen, such as a spherical shape [85].

The last, but not least important step in designing hematite nanorod arrays corre-
sponds to the thermal treatment. At the end of the hydrothermal synthesis, a f-FeOOH
layer deposited onto a substrate (usually a transparent conductive oxide substrate, such
as fluorine-doped tin oxide, FTO) is obtained. During the thermal treatment, a crystal
phase transformation to hematite occurs [95,96]. Even though this step can be performed
at 390 °C, similarly to the original route, several reports have demonstrated the need
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for higher temperatures to evolve the phase transformation and activate the hematite
phase. The thermal treatment at different temperatures and atmospheres plays a vital role
in the PEC performance, since it can modulate defect chemistry, induce Sn self-doping,
and activate the material. However, the substrate can be damaged in this step, thus sig-
nificantly impacting the PEC performance and reproducibility [97]. After the thermal
treatment, some interface mismatches are also created [98]. Therefore, the optimization
of this process is essential to enhance the hematite PEC performance and to minimize
substrate damage [70,99-102]. Some studies have been devoted to understanding how the
thermal treatment influences the hematite electronic structure, the chemistry of defects in
hematite, FTO, and the hematite-FTO interface, as well as the substrate damage caused by
the element diffusion from FTO to hematite. However, there are contrasting ideas on this
matter [96,101,103-105].

1) FTO cleaning process

[hl|l|| '
inn

3 = =

ORI 70°C O 50°C O Cleaned
FTO
30 min in 30 min in 30 min in
boiling water Ethanol Acetone

2) Solution preparation
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NaNO, (1 M) pH= 1.5 (set by HCI)

= |13
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Figure 3. Experimental procedure for the synthesis of hematite nanorod arrays by the purpose-built
materials route. Fluorine-doped tin oxide (FTO) glass substrate corresponds to the commercial sub-
strate. Solution preparation represents the complete FeCl; and NaNOj3 dissolution and, subsequently,
the pH adjustment, at 1.5. The pioneer report [51] performed the hydrothermal growth for up to 24 h.
Lastly, the as-synthesized film was thermally treated at 390 °C for 1 h.

An attractive adapted methodology proposed in 2015 [106] was to induce film growth
by employing the microwave-assisted (MW) hydrothermal route (Figure 4). The authors
departed from the same precursor solution mentioned above and used a commercial
microwave reactor to synthesize the films for 2 h. In microwave-assisted synthesis, the
reaction is dependent on the interaction between the microwave and the precursor solution.
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The solvent is polarized with the electromagnetic field, promoting more uniform and faster
heating than conventional hydrothermal synthesis [107]. Due to this change, a 3-FeOOH
nanorod array film with a thinner thickness than the original procedure was obtained.
The authors also showed that the atmosphere during the thermal treatment plays a vital
role in creating defects or oxygen vacancies that modify the hematite electronic properties
and influence the PEC response. This approach has recently been used for synthesizing
hematite films modified with Zr, with promising results [108].

1) FTO cleaning process

\ — \ - -
= N :: A = —
5 =) 5 =y 5 =y
110 °C 70 °C 50 °C Cleaned
FTO
30 min in 30 min in 30 min in
boiling water Ethanol Acetone
2) Solution preparation
FeCl,»6H,0 (0.15 M
NaN:), (;M) ) pH= 1.5 (set by HCl)
3 = -
= 4 =

3) Microwave-assisted hydrothermal synthesis
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Figure 4. Experimental procedure for microwave (MW) hydrothermal synthesis of hematite nanorod
arrays by purpose-built materials route. A precursor solution used for hydrothermal synthesis,
consisting of FeCl; and NaNOj3 dissolution and pH adjusted at 1.5. The as-synthesized film is
thermally treated at 750 °C for 30 min to obtain hematite films.

The advantage of using these hematite nanostructured arrays on PEC water splitting
lies in overcoming its main drawback as a photoanode, which is its very limited hole diffu-
sion length. In addition, the high surface area provides a large region that is in contact with
the electrolyte, which is favorable for the charge carrier kinetics [73,109]. Nanoparticles and
mesoporous films suffer from high bulk recombination and poor charge transport, mainly
related to the high number of grain boundaries found in these morphologies [110-113]. In
contrast, morphologies oriented in the [110] direction have higher anisotropic conductivity,
resulting in an improved charge carrier collection by minimizing the hopping transport and
reducing the recombination losses at grain boundaries [70,114,115]. Morphologies—such
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as nanowires, nanotubes, and nanorods—can reduce the distance needed for hole transfer,
reduce electron-hole recombination, and overcome transport limitations.

Considering that surface states influence hematite PEC performance, Wang et al.
studied the PEC performance of hematite nanostructured arrays in nanocubes, nanowires,
and nanorods [94]. This study showed that the bandgap decreases in the sequence of
nanowires, nanorods, and nanocubes. The authors ascribe the PEC of hematite nanocubes to
its superior carrier density number and to the anodically shifted surface states, leading to a
higher onset potential. However, nanocubes’ light absorption is limited due to the compact
arrangement of nanocubes, which diminishes the number of photogenerated charges. In
contrast, the lower surface recombination influences the nanowire array response, despite
the unfavorable light absorption. Otherwise, nanorod arrays were the only morphology that
showed improved light absorption, contributing to higher charge carrier photogeneration.
However, the rod diameter can lead to a more significant overall recombination than the
nanowires, affecting their PEC performance.

The higher light absorption demonstrated by the hematite nanorod arrays with an
optimized diameter could potentially address some of the fundamental PEC issues [116].
Although the nanorod arrays report improved photocurrent density, the photoresponse
was much lower than the theoretical response. Improving the photoresponse by doping
hematite structures with a preferred orientation has become a significant challenge in the
field. Adding elements [53,96,113,117-127] such as Ti, Zr, Sn, Sb, Zn, Ge, Nb, and Ta into
the hydrothermal precursor solution facilitates the formation of a hematite-doped structure,
since the FefOOH precursor presents a higher donor density [128]. However, increasing
the donor density number usually provokes a reduction in the width of the space charge
region, which also affects the PEC performance.

On the other hand, it has been shown that the deposition of an overlayer onto a
3-FeOOH nanorod array and subsequent thermal treatment can produce even better PEC
results than the precursor solution modification [129-131]. Independent of the strategy of
element addition, the literature has associated the hematite performance with the increase
of the donor density number, owned by the doping of the hematite structure. In a recent
contribution [53], we have shown experimental evidence that the overlayer strategy leads
to the segregation of the elements at the grain boundaries, which lowers the energy barrier
at the boundaries and facilitates electron collection. Overlayer deposition usually involves
the creation of additional surface states that shift the photocurrent onset potential to more
positive values. Consequently, the necessity of modifying the surface by adding a surface
passivating agent, plasmons, or a cocatalyst has been highlighted [49,132-136]. Later
studies showed that a combination of these strategies achieved the photocurrent record
reported to date: the hydrothermal synthesis of a 3-FeOOH nanorod array; a subsequent
deposition of a TiO, overlayer, followed by thermal treatment; and, subsequently, Co-Pi
electrodeposition as a surface modifier, as shown by Jeon et al. [137], which reached an
outstanding performance of 6.0 mA cm~2 at 1.23 V vs. RHE. Compared with the bare
photoanode, this system also showed good stability, enhanced charge separation efficiency,
and catalytic efficiency (nsep and ncat, respectively).

The responses accomplished by nanorod array films represent a step forward in
designing highly efficient devices for solar water splitting. Their scale-up restrictions are
the main complication for them being used on an industrial scale. Alternative methods
that are more suitable for industrial application have commonly led to the formation
of multilayer oxide films, with different morphologies (e.g.,: spheres, cubes, ellipsoidal
nanoparticle shapes, etc.) instead of the promising, vertical-aligned columnar morphology.
This multilayer film presents a huge number of interfaces or grain boundaries, which have
hindered the high efficiency photoanodes due to the high recombination rate or electron
trapping at those interfaces. For instance, sol-gel, an industry-friendly method, has been
pursued to produce photoelectrodes, such as hematite. The scientific evolution of this
method over the decades has partially mitigated those interfacial problems, achieving
efficiency comparable to the one-dimensional morphology. In this context, our group
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has optimized and adapted the sol-gel methods to engineer a high-efficiency hematite
photoanode, as described in the next section.

3. Polymeric-Precursor Solution-Based Method

The sol-gel method is an alternative approach to synthesizing functional nanomaterials,
such as powder, suspensions, and thin films. The term “sol-gel” generally consists of a
gradual transition from liquid precursors to a colloidal suspension, sol, and then to a
gel-like network to finally obtain inorganic polymers or ceramics [138,139]. These materials
have a wide range of applications that cover daily use, such as in windows and porcelain for
households, and advanced technologies, such as airplanes, rockets, smartphone batteries,
and catalysts for alternative energies.

Kakihana [140] divided sol-gel technology into the following three categories, accord-
ing to the precursor gel: (a) colloidal sol-gel; (b) inorganic polymeric gel, derived from
organometallic compounds; and (c) gel routes involving the formation of organic polymeric
glass. The last category that is also known as the polymeric precursor (PP) route, is based
on the formation of very stable and water-soluble metal-chelate complexes that react with a
polymerization agent (ethylene glycol) in a polyesterification reaction that is promoted by
mild heating [141,142]. As this step involves temperature, a volume reduction also occurs,
and a more viscous (polymeric) solution is obtained at the end of this process. One example
that has been widely employed in laboratories and industry is the Pechini methodology, in
which a rigid polyester matrix, which contains single or multi-cations that are uniformly
distributed, is formed [141].

In essence, all sol-gel or polymeric networks are broken during thermal treatment.
The cations are able to react and form metal oxide nanomaterials, either in powder form,
core-shell structures, or thin-film [143]. The PP route has advantages, such as its practicality,
adaptability, stoichiometric control, and facility for obtaining polymeric solutions or gels
of different viscosities [138,144,145]. However, despite this great versatility in preparing
nanomaterials in various physical forms and chemical compositions, this flexibility can
also compromise or benefit optoelectronic applications, as will be discussed in this section.

To design photoelectrodes for PEC devices, as the epitaxial growth of thin films
onto substrates, a systematic control over the polymeric precursor solution, its deposition
conditions, and the thermal treatment parameters are crucial to performance. One of the
invariable points observed in different films prepared from the PP method was morphology,
consisting of elongated grains with different diameters and lengths [76,146-150]. For
hematite films, XRD analysis has shown that the PP approach led to the formation of the
hematite phase with preferential orientation in the [110] axis vertical plane that possesses
a strong anisotropy in electronic conductivity, which is similar to nanorod or nanowire
morphology. As stated previously, this preferential orientation should facilitate the electron
collection for an improved PEC response.

Nevertheless, the photoelectrochemical activity is derived from multiple inherent
aspects of the material, among which optical absorption needs to be addressed. Hematite
films require over 400 nm thickness for effective photon absorption (~95% of 550 nm) of
the sunlight intensity [38]. A single deposition of the polymeric solution might result in a
film thickness of ~40-100 nm, depending on the viscosity and thermal treatment employed.
This means that at least four depositions must take place to obtain the optimized films. The
initial works on hematite films from PP were based on such grounds, including the group’s
results, shown in Figure 5. As expected, our studies showed that the photocurrent improved
with the film thickness that resulted from multiple depositions and/or by incorporating
modifiers, such as Si**, Zn?*, or Sn**. Still, the maximum values were only 35 pA cm ™2,
which was 0.3% of the theoretically predicted efficiency [150-152]. Some explanations for
the low response were discussed, particularly the photogenerated charge recombination
processes that were driven by the modifier segregation at the grain boundaries, which
might act as recombination sites, and at the hematite—electrolyte interface, creating surface
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states. Furthermore, the poor hematite adherence onto the FTO was due to stress release in
the thermal treatment that reduced the electron injection to the back-contact.

176]
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Figure 5. Timeline of significant breakthroughs in the synthesis of spin-coated hematite photoanodes
by the polymeric precursor method from 2009 to 2022. The deposition number is represented by
Dep #, and the J; 53y represents the photocurrent density obtained at 1.23 V vs. reversible hydrogen
electrode (RHE). Reprinted from Reference [151], Copyright 2009; Reference [152], Copyright 2016;
Reference [149], Copyright 2019; Reference [76], Copyright 2020; Reference [148], Copyright 2022,
with permission from Elsevier.

The thermal treatment is indispensable for the films prepared from the PP method
to obtain the oxide phase and to activate the material for further application. When a
polymeric solution is deposited onto the irregular substrate surface, the flexible polymer
creates a “soft carpet” and takes its surface shape. During the thermal treatment, the
elimination of organic compounds and the material crystallization induce a rearrangement
in the conformal feature, causing a decrease in the adhesion due to the creation of empty
regions (non-contact) and significant lattice strains at the hematite—FTO interface [148,153].
Thus, mismatches between the substrate and the thin film are common and not exclusive
to hematite, creating a “dead layer” at the back-contact interface [148,154]. The solvent
exchange and viscosity adjustment of the PP solution were hypothesized to mitigate this
issue from a different mechanism of conversion and rearrangement of the polymeric layer to
oxide during thermal treatment, as proven in Muche et al. [149]. Reducing the water content
and including ethanol in the PP solution has allowed multiple depositions of hematite thin
films with benchmark performance (from pA cm~2 to mA cm~2). The greater adhesion
of hematite on the FTO improved the electron injection to the back contact. However, the
successive deposition increases the number of grain—grain interfaces that would block the
electron pathway by increasing the charge recombination in bulk. So, hematite performance
could be improved even further if these issues are overcome.

A later approach of varying the viscosity of the precursor solution with ethanol
demonstrated that similar and higher photocurrent density could be obtained for both
pristine and Sn-modified hematite monolayers, with grains oriented in the [110] plane [76].
Interestingly, although this single deposition simplifies the fabrication process and reduces
the number of grain interfaces found in the previous study, the thickness remained at
130 nm, which is still far from the optimal value for hematite films. Moreover, the hematite
adhesion to the substrate diminishes as a side effect. The know-how of hematite synthesis
from the PP method and the impacts of those abovementioned modifications, encouraged
the development of another approach that involved the incorporation of a different modifier
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(Zr**) and the solvent exchange for a mixture of alcohols [148]. The zirconium content in
the polymeric precursor solution slightly modified the hematite grain morphology and
resulted in more particles connected to the FTO, to the detriment of the empty regions
obtained previously. As a result, the photocurrent response reached values that were
40 times higher than those in our first report (Figure 5).

Like hydrothermal synthesis, hematite films prepared by the PP method have shown
photocurrent values that are lower than the theoretical ones. Furthermore, some drawbacks
to overcome are the solid—solid FTO/hematite interface, the low absorption coefficient,
and hematite’s intrinsic defects. For this reason, in-situ doping and segregation strategies
have been utilized to increase the PEC performance in both methodologies, using element
modifiers, such as Sn, Zn, Si, Ge, and Ti [73,76,148,155]. It is worth mentioning that,
compared to columnar nanostructured films, the surface area of PP-derived films is smaller;
therefore, a small content of modifiers would probably be required to reach the best
performance. Moreover, the strategies that lead to element segregation have shown more
promising results, associated with a lower energy barrier between hematite grains, which
enhances the electronic transport of bare hematite [156]. However, when the modifier
segregates at the hematite surface exposed to the electrolyte, surface states are created,
demanding more overpotential to drive the water oxidation reaction. This behavior was
observed when Sn** and Zr** were employed as modifiers of the PP solution [76,148].
More importantly, PEC measurements in the presence of hole scavengers have shown that
the intrinsic defects or the creation of new ones significantly affect the electrodes. The
addition of cocatalysts or passivating agents is often needed to optimize the photoresponse.

The porous nature of the films, beneficial for catalysis, can also bring some drawbacks
that are associated with shunting recombination in the area where the substrate is in contact
with the electrolyte. To avoid this problem, the addition of an isolating underlayer of a few
nanometers—such as Ga; O3 [157], TiO; [158], SnO, [159], or even the deposition of a top
polymeric layer [61]—has been successfully explored. Our group’s latest work incorporated
the underlayer approach to the improved PP methodology [160]. Besides the latest advances
in PP methodology and its potential application for an industrial-scale implementation, its
optimization still represents a challenge related to interface engineering from nanoscale
(grain—grain interface and FTO-grain interface) to microscale (semiconductor—electrolyte
interface). The development of a simple method that accomplishes all requirements and
improves the overall efficiency by reducing the deficiencies in each interface and by mini-
mizing the photogenerated losses is still the holy grail in the design of efficient PEC devices.
To start walking in this direction, we explored different strategies that led to the best results,
bringing them together in a synthesis protocol to obtain nanostructured oxides that were
adaptable to receive modifications that acted in synergy toward performance improvement,
as illustrated in Figure 6.

The first and most essential step involves the FTO cleaning process (1), which removes
any surface impurities. The as-cleaned substrate is directly used in some syntheses, such as
hydrothermal. However, the compact film formed by the PP synthesis is more susceptible
to poor adherence on the inhomogeneous FTO surface. Better surface uniformity was
obtained when the substrate was subjected to thermal treatment, improving the interaction
of the polymeric solution further deposited. Therefore, a 1 h thermal treatment at 550 °C is
adopted for the cleaned substrates (bare FTO), except when it is desirable to cover it with an
underlayer (modified FTO), because the underlayer covering from simple methodologies
usually involves a thermal treatment. A typical PP solution preparation (2) begins with
the dissolution of citric acid in the solvent, which is optimized as water for the hematite
synthesis. Then, a metal precursor is added in the 1:3 ratio of citric acid. After complete
homogenization, the system is heated at 60-70 °C, and ethylene glycol is added to initiate
the polymerization. A pristine polymeric stock solution is obtained after 30 min and can
be directly used to prepare hematite films, or a concentration step can be performed. By
reducing 50% of the initial volume, a pristine polymeric gel is obtained, in which modifier
incorporation can be achieved with a rapid homogenization. The pristine or modified
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polymeric gel is allowed to cool down to 25 °C, at which point a viscosity adjustment
is made by adding ethanol and isopropanol (1.5:1). The resulting pristine or modified
precursor solutions need to be stored (in a refrigerator, 7 °C) for at least 24 h before use to
obtain reproducible films. The spin-coating deposition (3) from 100 pL of the precursor
solution and rotation conditions of 500 rpm for 5 s and 7000 rpm for 30 s ensure uniform
coverage for solutions with different viscosities. A mild drying in a hot plate initiates the
solvent evaporation and film adhesion to the substrate, which is completed in the following
air thermal treatment, at 550 °C; this eliminates the polymeric chain and promotes the
crystallization of the nanostructured oxide. The hematite film is then treated in a nitrogen
atmosphere at 750 °C to activate it for PEC applications.

1) FTO cleaning process

Ll I

Ll I

S / [:> Bare
= =) ) [ et o
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Figure 6. Main steps of the thin film preparation from the polymeric precursor method, optimized to
receive different modifiers, minimizing the electron loss at the interfaces. Fluorine-doped tin oxide
(FTO) glass substrate corresponds to the commercial substrate; modified FTO represents any chemical
surface modification, such as an underlayer coating prior to photocatalyst deposition; solution
preparation shows the common hematite synthesis as an example of nanostructured oxide that can be
obtained from polymeric precursor route; and modifier addition denotes any element different from
those present in the solution preparation that is employed for some optoelectronic improvement.

The above-mentioned protocol exemplified for hematite film preparation can be ex-
tended to various materials and applications. Even so, as the focus of this perspective is on
nanomaterials in alternative energy production, it was necessary to consider the suitable
film adhesion and thermal treatment to activate it for PEC. In this sense, we hope that
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this methodology can serve as a basis for other researchers to prepare thicker materials,
maintaining the good optoelectronic properties achieved so far.

4. Outlook

The development of different approaches for hematite photoanodes has led to sig-
nificant advances in the design of functional materials for PEC devices. This perspective
has highlighted the progress that has been achieved in preparing hematite photoanodes
by hydrothermal and sol-gel synthesis, which has impacted their PEC performance. Di-
verse strategies have been devoted to understanding the charge-carrier mechanism of the
hematite photoanode, which is directly influenced by the preparation technique.

Hydrothermal synthesis shows excellent potential in preparing functional materials,
and hematite is not an exception. Creating successful design methodologies must consider
the solid-liquid interfacial tension, the surface free energy, the ionic strength, the point
of zero charge (PZC), and the thermodynamic equilibrium. By employing hydrothermal
synthesis, it is possible to control morphology and particle sizes, as well as the growth
orientation and the crystal structure, which directly influences the PEC performance. Exper-
imental results have shown that the morphology depends on the hydrothermal temperature,
the ionic strength controller and the concentration of the dopant. Among all the possible
resultant morphologies, 1D nanorod morphology has shown remarkable results, which
reinforce its ability to overcome hematite electronic drawbacks. The nanorod length and
diameter can be tuned by modifying the synthesis time. However, the PEC results of these
arrays of hematite photoanodes have demonstrated that other strategies must be employed
to improve these performances, such as element doping and segregation, thermal treat-
ments, or cocatalyst addition. Creating new pathways to control these modifications in
a scalable and straightforward methodology might be the main challenge in considering
hydrothermal synthesis for industrial applications.

The systematic control over the stoichiometry in the polymeric precursor approach
enables the synthesis of modified hematite heterostructures with excellent reproducibility.
Although this approach is widely applied for coating manufacturing, which implies a
simple technology transfer for PEC applications, the PEC performance of hematite pho-
toanodes is relatively low due to the high number of interfaces that provoke electron losses.
Although different reports have shown the same grain morphology that can vary in size
according to the employed solvent or by adding an element, our group has demonstrated
that a particular strategy of adding an element can also modify the grain shape and improve
the charge collection. As the adhesion to the substrate directly affects the PEC response,
this point represents one of the biggest issues to address going forward. Our latest efforts
to successfully mitigate those problems aligned with identifying the atomic position of the
elemental addition and its role in the overall hematite performance is the way towards
achieving the predicted benchmark efficiency.

Indeed, the high surface area, film thickness, and nanostructures provided by hy-
drothermal synthesis are some critical advantages for designing highly efficient photoan-
odes, which is reflected in the current photocurrent benchmark. Although the benchmark
for the hematite photoanodes synthesized by the PP route is inferior to those obtained by
the hydrothermal route, the recent strategies summarized in this perspective have opened
the possibility of increasing their PEC response. In both cases, we believe that a fine-tuned
control of the thermal treatment and a deeper understanding of its impact on the defect
chemistry and substrate integrity can help us to go further. A broader scope of the surface
states is essential to creating effective strategies for designing photoanode electrodes. In
this sense, using in-situ and in-operando techniques could be the key. In the race to de-
velop functional photoelectrodes for low-cost commercial PEC devices, hydrothermal and
polymeric precursor routes are both the leading fabrication methods that scientific and
industrial communities must pursue over the coming years.



Nanomaterials 2022, 12, 1957 15 of 21

Author Contributions: Investigation, I.R.-G., B.M. and K.C.B.; resources, B.M., K.C.B. and LR.-G;
writing—original draft preparation, I.R.-G. and K.C.B.; review, revision and editing, I.R.-G., ].B.S.J.
and FL.S. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge CNPq, CAPES, and FAPESP (Grants: 13/07296-2, 2019/06654-9
and 17/02317-2). EL.S. and K.C.B. acknowledge FAPESP (Grant 17/11986-5) and Shell and the
strategic importance of the support given by ANP (Brazil’s National Oil, Natural Gas, and Biofuels
Agency) through the R&D levy regulation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations. Framework Convention on Climate Change the Paris Agreement | UNFCCC. Available online: https:/ /unfccc.
int/process-and-meetings/the-paris-agreement/the-paris-agreement (accessed on 19 January 2022).

2. COP26 The Glasgow Climate Pact. Available online: https://ukcop26.org/wp-content/uploads/2021/11/COP26-Presidency-
Outcomes-The-Climate-Pact.pdf (accessed on 21 January 2022).

3.  Kerstine, A; Julian, W. COP26—Glasgow Climate Pact Decided in Overtime with Weakened Coal Pledge. Available online:
https:/ /www.cleanenergywire.org/news/cop26-glasgow-climate-pact-decided-overtime-weakened-coal-pledge (accessed on
20 January 2022).

4. Minakshi, M.; Higley, S.; Baur, C.; Mitchell, D.R.G.; Jones, R.T.; Fichtner, M. Calcined chicken eggshell electrode for battery and
supercapacitor applications. RSC Adv. 2019, 9, 26981-26995. [CrossRef] [PubMed]

5. Sharma, P.; Sundaram, M.M.; Watcharatharapong, T.; Jungthawan, S.; Ahuja, R. Tuning the nanoparticle interfacial properties and
stability of the core—shell structure in Zn-doped NiMoOy @AWO,. ACS Appl. Mater. Interfaces 2021, 13, 56116-56130. [CrossRef]
[PubMed]

6. Ng,KH, Lai, S.Y,; Cheng, C.K,; Cheng, Y.W.; Chong, C.C. Photocatalytic water splitting for solving energy crisis: Myth, fact or
busted? Chem. Eng. |. 2021, 417, 128847. [CrossRef]

7. Pinaud, B.A.; Benck, J.D.; Seitz, L.C.; Forman, A.].; Chen, Z.; Deutsch, T.G.; James, B.D.; Baum, K.N.; Baum, G.N.; Ardo, S.; et al.
Technical and economic feasibility of centralized facilities for solar hydrogen production via photocatalysis and photoelectro-
chemistry. Energy Environ. Sci. 2013, 6, 1983-2002. [CrossRef]

8.  Nikolaidis, P.; Poullikkas, A. A comparative overview of hydrogen production processes. Renew. Sustain. Energy Rev. 2017,
67,597-611. [CrossRef]

9. Von Zuben, T.; Moreira, D.; Germscheidt, R.; Yoshimura, R.; Dorretto, D.; de Araujo, A.; Salles, A., Jr.; Bonacin, J. Is hydrogen
indispensable for a sustainable world? A review of H; applications and perspectives for the next years. . Braz. Chem. Soc. 2022, 1-20.
[CrossRef]

10. International Energy Agency. World Energy Outlook 2021. Available online: https://www.iea.org/reports/world-energy-
outlook-2021 (accessed on 20 April 2022).

11.  Gondal, I.A.; Masood, S.A.; Khan, R. Green hydrogen production potential for developing a hydrogen economy in Pakistan. Int.
J. Hydrogen Energy 2018, 43, 6011-6039. [CrossRef]

12.  Skjanes, K. H, production from marine and freshwater species of green algae during sulfur deprivation and considerations for
bioreactor design. Int. |. Hydrogen Energy 2008, 33, 511-521. [CrossRef]

13.  Miller, E.; Randolph, K.; Peterson, D. The HydroGEN Consortium: Foundational early stage water-splitting research supporting
diversification of the domestic hydrogen supply chain. Curr. Opin. Electrochem. 2018, 12, 196-201. [CrossRef]

14. Dinh, H.N.; Weber, A.; Mcdaniel, A.; Boardman, R. HydroGEN: A Consortium on Advanced Water Splitting Materials; National
Renewable Energy Laboratory (NREL): Golden, CO, USA, 2017; pp. 1-14.

15. Ziani, A.; Al-Shankiti, I.; Khan, M. A; Idriss, H. Integrated photo-electrocatalytic (PEC) systems for water splitting to hydrogen
and oxygen under concentrated sunlight: Effect of internal parameters on performance. Energy Fuels 2020, 34, 13179-13185.
[CrossRef]

16. Walter, M.G.; Warren, E.L.; McKone, ].R.; Boettcher, S.W.; Mi, Q.; Santori, E.A.; Lewis, N.S. Solar water splitting cells. Chem. Rev.
2010, 110, 6446-6473. [CrossRef] [PubMed]

17.  Thongthep, P.; Moonmangmee, S.; Ponchio, C. Solar/photoelectrocatalytic cell development for Hy production and simultaneous
organic dye degradation. Mater. Sci. Semicond. Process. 2021, 124, 105597. [CrossRef]

18. Chen, Z.; Dinh, H.N.; Miller, E. Photoelectrochemical Water Splitting: Standards, Experimental Methods, and Protocols, 1st ed.; Springer:
New York, NY, USA, 2013; ISBN 978-1-4614-8297-0.

19. Bosserez, T.; Rongé, ]J.; van Humbeeck, J.; Haussener, S.; Martens, J. Design of compact photoelectrochemical cells for water

splitting. Oil Gas Sci. Technol. Rev. d'IFP Energies Nouv. 2015, 70, 877-889. [CrossRef]


https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://ukcop26.org/wp-content/uploads/2021/11/COP26-Presidency-Outcomes-The-Climate-Pact.pdf
https://ukcop26.org/wp-content/uploads/2021/11/COP26-Presidency-Outcomes-The-Climate-Pact.pdf
https://www.cleanenergywire.org/news/cop26-glasgow-climate-pact-decided-overtime-weakened-coal-pledge
http://doi.org/10.1039/C9RA04289J
http://www.ncbi.nlm.nih.gov/pubmed/35528606
http://doi.org/10.1021/acsami.1c16287
http://www.ncbi.nlm.nih.gov/pubmed/34783535
http://doi.org/10.1016/j.cej.2021.128847
http://doi.org/10.1039/c3ee40831k
http://doi.org/10.1016/j.rser.2016.09.044
http://doi.org/10.21577/0103-5053.20220026
https://www.iea.org/reports/world-energy-outlook-2021
https://www.iea.org/reports/world-energy-outlook-2021
http://doi.org/10.1016/j.ijhydene.2018.01.113
http://doi.org/10.1016/j.ijhydene.2007.09.040
http://doi.org/10.1016/j.coelec.2018.11.018
http://doi.org/10.1021/acs.energyfuels.0c02481
http://doi.org/10.1021/cr1002326
http://www.ncbi.nlm.nih.gov/pubmed/21062097
http://doi.org/10.1016/j.mssp.2020.105597
http://doi.org/10.2516/ogst/2015015

Nanomaterials 2022, 12, 1957 16 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jia, J.; Seitz, L.C.; Benck, ].D.; Huo, Y.; Chen, Y.; Ng, ]JW.D.; Bilir, T.; Harris, ].S.; Jaramillo, T.F. Solar water splitting by
photovoltaic-electrolysis with a solar-to-hydrogen efficiency over 30%. Nat. Commun. 2016, 7, 13237. [CrossRef] [PubMed]
Jiang, C.; Moniz, S.J.A.; Wang, A.; Zhang, T.; Tang, J. Photoelectrochemical devices for solar water splitting—Materials and
challenges. Chem. Soc. Rev. 2017, 46, 4645-4660. [CrossRef]

Joy, J.; Mathew, J.; George, S.C. Nanomaterials for photoelectrochemical water splitting—Review. Int. |. Hydrogen Energy 2018,
43,4804-4817. [CrossRef]

Bhatt, M.D.; Lee, ].S. Recent theoretical progress in the development of photoanode materials for solar water splitting photoelec-
trochemical cells. J. Mater. Chem. A 2015, 3, 10632-10659. [CrossRef]

Kou, S.; Yu, Q.; Meng, L.; Zhang, F; Li, G.; Yi, Z. Photocatalytic activity and photocorrosion of oriented BiVOy single crystal thin
films. Catal. Sci. Technol. 2020, 10, 5091-5099. [CrossRef]

Liu, X.; Gu, S.; Zhao, Y.; Zhou, G.; Li, W. BiVOy, Bi;WOg and Bi;MoOy photocatalysis: A brief review. J. Mater. Sci. Technol. 2020,
56, 45-68. [CrossRef]

Pei, L.; Yuan, Y,; Zhong, J.; Li, T.; Yang, T.; Yan, S.; Ji, Z.; Zou, Z. TazN5 nanorods encapsulated into 3D hydrangea-like MoS; for
enhanced photocatalytic hydrogen evolution under visible light irradiation. Dalt. Trans. 2019, 48, 13176-13183. [CrossRef]

He, Y,; Thorne, ].E.; Wu, C.H.; Ma, P.; Du, C.; Dong, Q.; Guo, J.; Wang, D. What limits the performance of TazN5 for solar water
splitting? Chem 2016, 1, 640-655. [CrossRef]

Kuang, Y.; Sun, K.; Sukrittanon, S.; Takabayashi, K.; Kamiya, I.; Lewis, N.S.; Tu, C.W. Enhancement of the performance of GaP
solar cells by embedded In(N)P quantum dots. Nano Energy 2015, 15, 782-788. [CrossRef]

Strandwitz, N.C.; Turner-Evans, D.B.; Tamboli, A.C.; Chen, C.T.; Atwater, H.A.; Lewis, N.S. Photoelectrochemical behavior of
planar and microwire-array Sil GaP electrodes. Adv. Energy Mater. 2012, 2, 1109-1116. [CrossRef]

Tournet, J.; Lee, Y.; Karuturi, S.K.; Tan, H.H.; Jagadish, C. III-V semiconductor materials for solar hydrogen production: Status
and prospects. ACS Energy Lett. 2020, 5, 611-622. [CrossRef]

Siddiqi, G.; Pan, Z.; Hu, S. III-V semiconductor photoelectrodes. In Semiconductors and Semimetals; Elsevier Inc.: Cambridge, MA,
USA, 2017; Volume 97, pp. 81-138.

Guan, X.; Chowdhury, EA_; Pant, N.; Guo, L.; Vayssieres, L.; Mi, Z. Efficient unassisted overall photocatalytic seawater splitting
on GaN-based nanowire arrays. J. Phys. Chem. C 2018, 122, 13797-13802. [CrossRef]

Hu, S.; Shaner, M.R,; Beardslee, J.A.; Lichterman, M.; Brunschwig, B.S.; Lewis, N.S. Amorphous TiO, coatings stabilize Si, GaAs,
and GaP photoanodes for efficient water oxidation. Science 2014, 344, 1005-1009. [CrossRef]

Yu, W.; Young, J.L.; Deutsch, T.G.; Lewis, N.S. Understanding the stability of etched or platinized p-GalnP photocathodes for
solar-driven H; evolution. ACS Appl. Mater. Interfaces 2021, 13, 57350-57361. [CrossRef]

Saxena, S.; Verma, A.; Biswas, N.K.; Khan, S.A; Satsangi, V.R.; Shrivastav, R.; Dass, S. Zr-W Co-doping in BiVO4—Synergistic
effect in photoelectrochemical water splitting. Mater. Chem. Phys. 2021, 267, 124675. [CrossRef]

Seabold, J.A.; Zhu, K.; Neale, N.R. Efficient solar photoelectrolysis by nanoporous Mo:BiVO, through controlled electron transport.
Phys. Chem. Chem. Phys. 2014, 16, 1121-1131. [CrossRef]

Tayebi, M.; Lee, B.-K. The effects of W/Mo-co-doped BiVO, photoanodes for improving photoelectrochemical water splitting
performance. Catal. Today 2021, 361, 183-190. [CrossRef]

Sivula, K.; Le Formal, F.; Gritzel, M. Solar water splitting: Progress using hematite (x-Fe;O3) photoelectrodes. ChemSusChem
2011, 4, 432-449. [CrossRef] [PubMed]

Mo, R;; Liu, Q.; Li, H.; Yang, S.; Zhong, J. Photoelectrochemical water oxidation in «-Fe,Oj3 thin films enhanced by a controllable
wet-chemical Ti-doping strategy and Co-Pi co-catalyst modification. J. Mater. Sci. Mater. Electron. 2019, 30, 21444-21453.
[CrossRef]

Klahr, B.; Hamann, T. Water oxidation on hematite photoelectrodes: Insight into the nature of surface states through in situ
spectroelectrochemistry. J. Phys. Chem. C 2014, 118, 10393-10399. [CrossRef]

Le Formal, F; Sivula, K.; Grétzel, M. The transient photocurrent and photovoltage behavior of a hematite photoanode under
working conditions and the influence of surface treatments. J. Phys. Chem. C 2012, 116, 26707-26720. [CrossRef]

Barroso, M.; Mesa, C.A.; Pendlebury, S.R.; Cowan, A ].; Hisatomi, T,; Sivula, K.; Gratzel, M.; Klug, D.R.; Durrant, ].R. Dynamics
of photogenerated holes in surface modified «-Fe,O3 photoanodes for solar water splitting. Proc. Natl. Acad. Sci. USA 2012,
109, 15640-15645. [CrossRef]

Li, J.; Chen, H,; Triana, C.A.; Patzke, G.R. Hematite photoanodes for water oxidation: Electronic transitions, carrier dynamics,
and surface energetics. Angew. Chem. Int. Ed. 2021, 60, 18380-18396. [CrossRef]

Grave, D.A; Ellis, D.S.; Piekner, Y.; Kolbach, M.; Dotan, H.; Kay, A.; Schnell, P.; van de Krol, R.; Abdi, EE,; Friedrich, D.; et al.
Extraction of mobile charge carrier photogeneration yield spectrum of ultrathin-film metal oxide photoanodes for solar water
splitting. Nat. Mater. 2021, 20, 833-840. [CrossRef]

Kment, S.; Sivula, K; Naldoni, A.; Sarmah, S.P,; Kmentova, H.; Kulkarni, M.; Rambabu, Y.; Schmuki, P.; Zbofil, R. FeO-based
nanostructures and nanohybrids for photoelectrochemical water splitting. Prog. Mater. Sci. 2020, 110, 100632. [CrossRef]
Ferraz, L.C.C.; Carvalho, WM,; Criado, D.; Souza, FL. Vertically oriented iron oxide films produced by hydrothermal process:
Effect of thermal treatment on the physical chemical properties. ACS Appl. Mater. Interfaces 2012, 4, 5515-5523. [CrossRef]

Li, C.; Wang, D.; Gu, J.; Liu, Y,; Zhang, X. Promoting photoelectrochemical water oxidation on Ti-doped Fe,O3; nanowires
photoanode by O, plasma treatment. Catalysts 2021, 11, 82. [CrossRef]


http://doi.org/10.1038/ncomms13237
http://www.ncbi.nlm.nih.gov/pubmed/27796309
http://doi.org/10.1039/C6CS00306K
http://doi.org/10.1016/j.ijhydene.2018.01.099
http://doi.org/10.1039/C5TA00257E
http://doi.org/10.1039/D0CY00920B
http://doi.org/10.1016/j.jmst.2020.04.023
http://doi.org/10.1039/C9DT02588J
http://doi.org/10.1016/j.chempr.2016.09.006
http://doi.org/10.1016/j.nanoen.2015.06.003
http://doi.org/10.1002/aenm.201100728
http://doi.org/10.1021/acsenergylett.9b02582
http://doi.org/10.1021/acs.jpcc.8b00875
http://doi.org/10.1126/science.1251428
http://doi.org/10.1021/acsami.1c18243
http://doi.org/10.1016/j.matchemphys.2021.124675
http://doi.org/10.1039/C3CP54356K
http://doi.org/10.1016/j.cattod.2020.03.066
http://doi.org/10.1002/cssc.201000416
http://www.ncbi.nlm.nih.gov/pubmed/21416621
http://doi.org/10.1007/s10854-019-02525-0
http://doi.org/10.1021/jp500543z
http://doi.org/10.1021/jp308591k
http://doi.org/10.1073/pnas.1118326109
http://doi.org/10.1002/anie.202101783
http://doi.org/10.1038/s41563-021-00955-y
http://doi.org/10.1016/j.pmatsci.2019.100632
http://doi.org/10.1021/am301425e
http://doi.org/10.3390/catal11010082

Nanomaterials 2022, 12, 1957 17 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Guijarro, N.; Prévot, M.S.; Sivula, K. Surface modification of semiconductor photoelectrodes. Phys. Chem. Chem. Phys. 2015,
17, 15655-15674. [CrossRef] [PubMed]

Bedin, K.C.; Muche, D.N.F,; Melo, M.A; Freitas, A.L.M.; Gongalves, R.V,; Souza, FL. Role of cocatalysts on hematite photoanodes
in photoelectrocatalytic water splitting: Challenges and future perspectives. ChemCatChem 2020, 12, 3156-3169. [CrossRef]
Tamirat, A.G.; Rick, J.; Dubale, A.A.; Su, W.-N.; Hwang, B.-J. Using hematite for photoelectrochemical water splitting: A review
of current progress and challenges. Nanoscale Horiz. 2016, 1, 243-267. [CrossRef]

Ling, Y.; Li, Y. Review of Sn-doped hematite nanostructures for photoelectrochemical water splitting. Part. Part. Syst. Charact.
2014, 31, 1113-1121. [CrossRef]

Zhang, Y.; Ji, H.; Ma, W.; Chen, C.; Song, W.; Zhao, ]. Doping-promoted solar water oxidation on hematite photoanodes. Molecules
2016, 21, 868. [CrossRef]

Junior, J.B.S.; Souza, EL.; Vayssieres, L.; Varghese, O.K. On the relevance of understanding and controlling the locations of
dopants in hematite photoanodes for low-cost water splitting. Appl. Phys. Lett. 2021, 119, 200501. [CrossRef]

Malviya, K.D.; Klotz, D.; Dotan, H.; Shlenkevich, D.; Tsyganok, A.; Mor, H.; Rothschild, A. Influence of Ti doping levels on the
photoelectrochemical properties of thin-film hematite («-Fe;O3) photoanodes. J. Phys. Chem. C 2017, 121, 4206—4213. [CrossRef]
Scherrer, B.; Li, T.; Tsyganok, A.; Dobeli, M.; Gupta, B.; Malviya, K.D.; Kasian, O.; Maman, N.; Gault, B.; Grave, D.A; et al. Defect
segregation and its effect on the photoelectrochemical properties of Ti-doped hematite photoanodes for solar water splitting.
Chem. Mater. 2020, 32, 1031-1040. [CrossRef]

Uribe, J.D.; Osorio, J.; Barrero, C.A.; Girata, D.; Morales, A.L.; Devia, A.; Gomez, M.E.; Ramirez, ].G.; Gancedo, J.R. Hematite thin
films: Growth and characterization. Hyperfine Interact. 2007, 169, 1355-1362. [CrossRef]

Orlandi, M.; Mazzi, A.; Arban, G.; Bazzanella, N.; Rudatis, P.; Caramori, S.; Patel, N.; Fernandes, R.; Bignozzi, C.A.; Miotello, A.
On the effect of Sn-doping in hematite anodes for oxygen evolution. Electrochim. Acta 2016, 214, 345-353. [CrossRef]

Yan, D.; Tao, J.; Kisslinger, K.; Cen, J.; Wu, Q.; Orlov, A ; Liu, M. The role of the domain size and titanium dopant in nanocrystalline
hematite thin films for water photolysis. Nanoscale 2015, 7, 18515-18523. [CrossRef] [PubMed]

Warwick, M.E.A.; Kaunisto, K.; Barreca, D.; Carraro, G.; Gasparotto, A.; Maccato, C.; Bontempi, E.; Sada, C.; Ruoko, T.-P;
Turner, S.; et al. Vapor phase processing of «-Fe,O3 photoelectrodes for water splitting: An insight into the structure/property
interplay. ACS Appl. Mater. Interfaces 2015, 7, 8667-8676. [CrossRef] [PubMed]

Pyeon, M.; Ruoko, T.-P;; Leduc, J.; Gontilli, Y.; Deo, M.; Tkachenko, N.V.; Mathur, S. Critical role and modification of surface
states in hematite films for enhancing oxygen evolution activity. ]. Mater. Res. 2018, 33, 455—466. [CrossRef]

Shadabipour, P.; Hamann, T.W. Interface passivation to overcome shunting in semiconductor—catalyst junctions. Chem. Commun.
2020, 56, 2570-2573. [CrossRef] [PubMed]

Bai, S.; Chu, H.; Xiang, X.; Luo, R.; He, J.; Chen, A. Fabricating of Fe;O3/BiVO, heterojunction based photoanode modified with
NiFe-LDH nanosheets for efficient solar water splitting. Chem. Eng. J. 2018, 350, 148-156. [CrossRef]

Cai, J.; Li, S.; Li, Z.; Wang, J.; Ren, Y.; Qin, G. Electrodeposition of Sn-doped hollow x-Fe;O3 nanostructures for photoelectrochem-
ical water splitting. J. Alloys Compd. 2013, 574, 421-426. [CrossRef]

Kang, D.; Kim, TW.; Kubota, S.R.; Cardiel, A.C.; Cha, H.G.; Choi, K.-S. Electrochemical synthesis of photoelectrodes and catalysts
for use in solar water splitting. Chem. Rev. 2015, 115, 12839-12887. [CrossRef]

Li, Y;; Li, H.; Cao, R. Facile fabrication of pure «-Fe;O3 nanoparticles via forced hydrolysis using microwave-assisted esterification
and their sensing property. J. Am. Ceram. Soc. 2009, 92, 2188-2191. [CrossRef]

Zhang, Z.; Nagashima, H.; Tachikawa, T. Ultra-narrow depletion layers in a hematite mesocrystal-based photoanode for boosting
multihole water oxidation. Angew. Chem. Int. Ed. 2020, 59, 9047-9054. [CrossRef]

Zhang, Z.; Karimata, I.; Nagashima, H.; Muto, S.; Ohara, K.; Sugimoto, K.; Tachikawa, T. Interfacial oxygen vacancies yielding
long-lived holes in hematite mesocrystal-based photoanodes. Nat. Commun. 2019, 10, 4832. [CrossRef]

Tao, S.-M.,; Lin, L.-Y. Design of efficient Mn-doped «-Fe;O3/Ti-doped «-Fe;O3 homojunction for catalyzing photoelectrochemical
water splitting. Int. J. Hydrogen Energy 2020, 45, 6487-6499. [CrossRef]

Freitas, A.L.M.; Souza, FL. Synergetic effect of Sn addition and oxygen-deficient atmosphere to fabricate active hematite
photoelectrodes for light-induced water splitting. Nanotechnology 2017, 28, 454002. [CrossRef] [PubMed]

Annamalai, A.; Shinde, P.S.; Jeon, T.H.; Lee, H.H.; Kim, H.G.; Choi, W,; Jang, ].S. Fabrication of superior «-Fe;O3 nanorod
photoanodes through ex-situ Sn-doping for solar water splitting. Sol. Energy Mater. Sol. Cells 2016, 144, 247-255. [CrossRef]
Vayssieres, L.; Beermann, N.; Lindquist, S.-E.; Hagfeldt, A. Controlled aqueous chemical growth of oriented three-dimensional
crystalline nanorod arrays: Application to iron(III) oxides. Chem. Mater. 2001, 13, 233-235. [CrossRef]

Jang, J-W.; Du, C; Ye, Y.; Lin, Y,; Yao, X.; Thorne, J.; Liu, E.; McMahon, G.; Zhu, ].; Javey, A.; et al. Enabling unassisted solar water
splitting by iron oxide and silicon. Nat. Commun. 2015, 6, 7447. [CrossRef]

Li, Y.; Guijarro, N.; Zhang, X.; Prévot, M.S.; Jeanbourquin, X.A ; Sivula, K.; Chen, H.; Li, Y. Templating sol-gel hematite films
with sacrificial copper oxide: Enhancing photoanode performance with nanostructure and oxygen vacancies. ACS Appl. Mater.
Interfaces 2015, 7, 16999-17007. [CrossRef]

Ianasi, C.; Costisor, O.; Putz, A.-M.; Lazau, R.; Negrea, A.; Niznansky, D.; Sacarescu, L.; Savii, C. Low temperature superparam-
agnetic nanocomposites obtained by Fe(acac)3-SiO,-PVA hybrid xerogel thermolysis. Process. Appl. Ceram. 2016, 10, 265-275.
[CrossRef]


http://doi.org/10.1039/C5CP01992C
http://www.ncbi.nlm.nih.gov/pubmed/26030025
http://doi.org/10.1002/cctc.202000143
http://doi.org/10.1039/C5NH00098J
http://doi.org/10.1002/ppsc.201400051
http://doi.org/10.3390/molecules21070868
http://doi.org/10.1063/5.0066931
http://doi.org/10.1021/acs.jpcc.7b00442
http://doi.org/10.1021/acs.chemmater.9b03704
http://doi.org/10.1007/s10751-006-9450-y
http://doi.org/10.1016/j.electacta.2016.08.046
http://doi.org/10.1039/C5NR05894E
http://www.ncbi.nlm.nih.gov/pubmed/26499938
http://doi.org/10.1021/acsami.5b00919
http://www.ncbi.nlm.nih.gov/pubmed/25853179
http://doi.org/10.1557/jmr.2017.465
http://doi.org/10.1039/C9CC09597G
http://www.ncbi.nlm.nih.gov/pubmed/32010903
http://doi.org/10.1016/j.cej.2018.05.109
http://doi.org/10.1016/j.jallcom.2013.05.152
http://doi.org/10.1021/acs.chemrev.5b00498
http://doi.org/10.1111/j.1551-2916.2009.03193.x
http://doi.org/10.1002/anie.202001919
http://doi.org/10.1038/s41467-019-12581-z
http://doi.org/10.1016/j.ijhydene.2019.12.188
http://doi.org/10.1088/1361-6528/aa8b5d
http://www.ncbi.nlm.nih.gov/pubmed/29039357
http://doi.org/10.1016/j.solmat.2015.09.016
http://doi.org/10.1021/cm001202x
http://doi.org/10.1038/ncomms8447
http://doi.org/10.1021/acsami.5b02111
http://doi.org/10.2298/PAC1604265I

Nanomaterials 2022, 12, 1957 18 of 21

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Hamd, W.; Cobo, S.; Fize, J.; Baldinozzi, G.; Schwartz, W.; Reymermier, M.; Pereira, A.; Fontecave, M.; Artero, V.; Laberty-
Robert, C.; et al. Mesoporous «-Fe,Oj3 thin films synthesized via the sol-gel process for light-driven water oxidation. Phys. Chem.
Chem. Phys. 2012, 14, 13224. [CrossRef]

Muche, D.N.E; Carminati, S.A.; Nogueira, A.F.,; Souza, F.L. Engineering interfacial modification on nanocrystalline hematite
photoanodes: A close look into the efficiency parameters. Sol. Energy Mater. Sol. Cells 2020, 208, 110377. [CrossRef]

Gan, Y.X,; Jayatissa, A.-H.; Yu, Z.; Chen, X.; Li, M. Hydrothermal synthesis of nanomaterials. ]. Nanomater. 2020, 2020, 1-3.
[CrossRef]

Ndlwana, L.; Raleie, N.; Dimpe, K.M.; Ogutu, H.E; Oseghe, E.O.; Motsa, M.M.; Msagati, T.A.M.; Mamba, B.B. Sustainable
hydrothermal and solvothermal synthesis of advanced carbon materials in multidimensional applications: A review. Materials
2021, 14, 5094. [CrossRef] [PubMed]

Modan, E.M.; Plaiasu, A.G. Advantages and disadvantages of chemical methods in the elaboration of nanomaterials. Ann.
Dunarea Jos Univ. Galati. Fascicle IX Metall. Mater. Sci. 2020, 43, 53-60. [CrossRef]

Tekin, K.; Karagoz, S.; Bektas, S. A review of hydrothermal biomass processing. Renew. Sustain. Energy Rev. 2014, 40, 673-687.
[CrossRef]

Yang, G.; Park, S.-J. Conventional and microwave hydrothermal synthesis and application of functional materials: A review.
Materials 2019, 12, 1177. [CrossRef] [PubMed]

Su, J.; Guo, L. High aspect ratio TiO, nanowires tailored in concentrated HCl hydrothermal condition for photoelectrochemical
water splitting. RSC Adv. 2015, 5, 53012-53018. [CrossRef]

Kong, H.; Kim, H.; Hwang, S.; Mun, J.; Yeo, ]J. Laser-induced hydrothermal growth of iron oxide nanoparticles on diverse
substrates for flexible micro-supercapacitors. ACS Appl. Nano Mater. 2022, 5, 4102-4111. [CrossRef]

Zhang, Y.; Shi, J.; Cheng, C.; Zong, S.; Geng, J.; Guan, X.; Guo, L. Hydrothermal growth of Co3(OH),;(HPO,), nano-needles on
LaTiO;N for enhanced water oxidation under visible-light irradiation. Appl. Catal. B Environ. 2018, 232, 268-274. [CrossRef]
Vayssieres, L. On the aqueous stabilisation of crystalline metastable nanostructures. Int. J. Nanotechnol. 2007, 4, 750. [CrossRef]
Jianlin, L.; Qingliu, W.; Ji, W. Handbook of Nanoparticles; Aliofkhazraei, M., Ed.; Springer International Publishing: Cham,
Switzerland, 2016; ISBN ISBN 978-3-319-15337-7.

Macera, L.; Daniele, V.; Mondelli, C.; Capron, M.; Taglieri, G. New Sustainable, Scalable and One-Step Synthesis of Iron Oxide
Nanoparticles by Ion Exchange Process. Nanomaterials 2021, 11, 798. [CrossRef]

Noh, ].S.; Schwarz, J.A. Estimation of the point of zero charge of simple oxides by mass titration. J. Colloid Interface Sci. 1989,
130, 157-164. [CrossRef]

Vayssieres, L. Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions. Adv. Mater. 2003, 15, 464—466.
[CrossRef]

Vayssieres, L. On aqueous interfacial thermodynamics and the design of metal-oxide nanostructures. In Synthesis, Properties, and
Applications of Oxide Nanomaterials; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; pp. 49-78. ISBN 9780471724056.
Vayssieres, L.; Sathe, C.; Butorin, S.M.; Shuh, D.K.; Nordgren, J.; Guo, ]. One-dimensional quantum-confinement effect in «-Fe;O3
ultrafine nanorod arrays. Adv. Mater. 2005, 17, 2320-2323. [CrossRef]

Vayssieres, L.; Graetzel, M. Highly ordered SnO, nanorod arrays from controlled aqueous growth. Angew. Chem. Int. Ed. 2004,
43, 3666-3670. [CrossRef] [PubMed]

Vayssieres, L. Metal oxide rods and dots-based structures and devices: Cost-effective fabrication and surface chemistry control.
MRS Proc. 2009, 1209, 107. [CrossRef]

Wang, Y.; Rong, M.; Zheng, J.; Rui, Z. Morphology control of the hematite photoanodes for photoelectrochemical water splitting.
Int. J. Hydrogen Energy 2020, 45, 31667-31677. [CrossRef]

Bedin, K.C,; Freitas, A.L.M.; Tofanello, A.; Rodriguez-Gutiérrez, I.; Souza, F.L. Revealing the synergy of Sn insertion in hematite
for next-generation solar water splitting nanoceramics. Int. J. Ceram. Eng. Sci. 2020, 2, 204-227. [CrossRef]

Wang, J.; Perry, N.H.; Guo, L.; Vayssieres, L.; Tuller, H.L. On the theoretical and experimental control of defect chemistry and
electrical and photoelectrochemical properties of hematite nanostructures. ACS Appl. Mater. Interfaces 2019, 11, 2031-2041.
[CrossRef]

Li, C; Luo, Z.; Wang, T.; Gong, J. Surface, bulk, and interface: Rational design of hematite architecture toward efficient
photo-electrochemical water splitting. Adv. Mater. 2018, 30, 1707502. [CrossRef]

Kronawitter, C.X.; Zegkinoglou, I.; Rogero, C.; Guo, J.-H.; Mao, S.S.; Himpsel, E].; Vayssieres, L. On the interfacial electronic
structure origin of efficiency enhancement in hematite photoanodes. J. Phys. Chem. C 2012, 116, 22780-22785. [CrossRef]

Kim, S.; Mahadik, M.A.; Anushkkaran, P.; Chae, W.-S.; Choi, S.H.; Jang, ].S. A systematic study of post-activation temperature
dependence on photoelectrochemical water splitting of one-step synthesized FefOOH CF photoanodes with erratically loaded
ZrO,. Sustain. Energy Fuels 2021, 5, 3414-3427. [CrossRef]

Zhou, C; Zhang, L.; Tong, X.; Liu, M. Temperature effect on photoelectrochemical water splitting: A model study based on BiVOy,
photoanodes. ACS Appl. Mater. Interfaces 2021, 13, 61227-61236. [CrossRef] [PubMed]

Gottesman, R.; Peracchi, L.; Gerke, J.L.; Irani, R.; Abdi, EF; van de Krol, R. Shining a hot light on emerging photoabsorber
materials: The Power of rapid radiative heating in developing oxide thin-film photoelectrodes. ACS Energy Lett. 2022, 7, 514-522.
[CrossRef]


http://doi.org/10.1039/c2cp42535a
http://doi.org/10.1016/j.solmat.2019.110377
http://doi.org/10.1155/2020/8917013
http://doi.org/10.3390/ma14175094
http://www.ncbi.nlm.nih.gov/pubmed/34501183
http://doi.org/10.35219/mms.2020.1.08
http://doi.org/10.1016/j.rser.2014.07.216
http://doi.org/10.3390/ma12071177
http://www.ncbi.nlm.nih.gov/pubmed/30978917
http://doi.org/10.1039/C5RA06149K
http://doi.org/10.1021/acsanm.2c00049
http://doi.org/10.1016/j.apcatb.2018.03.067
http://doi.org/10.1504/IJNT.2007.015468
http://doi.org/10.3390/nano11030798
http://doi.org/10.1016/0021-9797(89)90086-6
http://doi.org/10.1002/adma.200390108
http://doi.org/10.1002/adma.200500992
http://doi.org/10.1002/anie.200454000
http://www.ncbi.nlm.nih.gov/pubmed/15248268
http://doi.org/10.1557/PROC-1209-P01-07
http://doi.org/10.1016/j.ijhydene.2020.08.230
http://doi.org/10.1002/ces2.10062
http://doi.org/10.1021/acsami.8b16911
http://doi.org/10.1002/adma.201707502
http://doi.org/10.1021/jp308918e
http://doi.org/10.1039/D1SE00327E
http://doi.org/10.1021/acsami.1c19623
http://www.ncbi.nlm.nih.gov/pubmed/34914379
http://doi.org/10.1021/acsenergylett.1c02220

Nanomaterials 2022, 12, 1957 19 of 21

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Rodriguez-Gutiérrez, I.; Mourifio, B.; Freitas, A.L.M.; Costa, C.A.R; Pires, E.L.; Gongalves, R.V.; Vayssieres, L.; Souza, FL. On the
effect of thermal processing on Sn diffusion and efficiency enhancement in hematite/FTO photoanodes. ECS J. Solid State Sci.
Technol. 2022, 11, 043001. [CrossRef]

Kronawitter, C.X.; Zegkinoglou, I.; Shen, S.-H.; Liao, P.; Cho, L.S.; Zandi, O.; Liu, Y.-S.; Lashgari, K.; Westin, G.; Guo, J.-H.; et al.
Titanium incorporation into hematite photoelectrodes: Theoretical considerations and experimental observations. Energy Environ.
Sci. 2014, 7, 3100-3121. [CrossRef]

Engel, J.; Tuller, H.L. The electrical conductivity of thin film donor doped hematite: From insulator to semiconductor by defect
modulation. Phys. Chem. Chem. Phys. 2014, 16, 11374. [CrossRef]

Ito, N.M.; Carvalho, W.M.; Muche, D.N.F,; Castro, R H.R.; Dalpian, G.M.; Souza, FL. High temperature activation of hematite
nanorods for sunlight driven water oxidation reaction. Phys. Chem. Chem. Phys. 2017, 19, 25025-25032. [CrossRef]

Freitas, A.L.M.; Carvalho, W.M.; Souza, F.L. Enhanced water oxidation efficiency of hematite thin films by oxygen-deficient
atmosphere. |. Mater. Res. 2015, 30, 3595-3604. [CrossRef]

Mondal, P.; Anweshan, A.; Purkait, M.K. Green synthesis and environmental application of iron-based nanomaterials and
nanocomposite: A review. Chemosphere 2020, 259, 127509. [CrossRef]

Dhandole, L.K.; Anushkkaran, P.; Hwang, J.B.; Chae, W.-S.; Kumar, M.; Lee, H.-H.; Choi, S.H.; Jang, ].S.; Lee, ].5. Microwave-
assisted metal-ion attachment for ex-situ zirconium doping into hematite for enhanced photoelectrochemical water splitting.
Renew. Energy 2022, 189, 694-703. [CrossRef]

Wang, C.-T.; Lin, H.-S.; Wang, W.-P. Hydrothermal synthesis of Fe and Nb-doped titania nanobelts and their tunable electronic
structure toward photovoltaic application. Mater. Sci. Semicond. Process. 2019, 99, 85-91. [CrossRef]

Xiao, S.; Chen, H.; Yang, Z.; Long, X.; Wang, Z.; Zhu, Z.; Qu, Y.; Yang, S. Origin of the different photoelectrochemical performance
of mesoporous BiVO, photoanodes between the BiVO,4 and the FTO side illumination. J. Phys. Chem. C 2015, 119, 23350-23357.
[CrossRef]

Rodriguez-Gutierrez, I.; Souza Junior, ].B.; Leite, E.R.; Vayssieres, L.; Souza, FL. An intensity modulated photocurrent spec-
troscopy study of the role of titanium in thick hematite photoanodes. Appl. Phys. Lett. 2021, 119, 071602. [CrossRef]

Baldovi, H.G. Optimization of x-Fe,O3 nanopillars diameters for photoelectrochemical enhancement of x-Fe;O3-TiO; heterojunc-
tion. Nanomaterials 2021, 11, 2019. [CrossRef] [PubMed]

Su, J.; Wang, J.; Liu, C.; Feng, B.; Chen, Y.; Guo, L. On the role of metal atom doping in hematite for improved photoelectrochemical
properties: A comparison study. RSC Adv. 2016, 6, 101745-101751. [CrossRef]

Kay, A,; Cesar, I; Grétzel, M. New benchmark for water photooxidation by nanostructured o-Fe,Os films. J. Am. Chem. Soc. 2006,
128,15714-15721. [CrossRef]

Song, J.; Kim, T.L,; Lee, J.; Cho, S.Y.; Cha, J.; Jeong, S.Y.; An, H.; Kim, W.S,; Jung, Y.-S.; Park, ].; et al. Domain-engineered BiFeO;
thin-film photoanodes for highly enhanced ferroelectric solar water splitting. Nano Res. 2018, 11, 642—655. [CrossRef]

Wang, J.; Wang, M.; Zhang, T.; Wang, Z.; Guo, P;; Su, J.; Guo, L. Facile synthesis of ultrafine hematite nanowire arrays in
mixed water—ethanol-acetic acid solution for enhanced charge transport and separation. ACS Appl. Mater. Interfaces 2018,
10, 12594-12602. [CrossRef]

Jeong, LK.; Mahadik, M.A.; Hwang, ].B.; Chae, W.-S.; Choi, S.H.; Jang, ].S. Lowering the onset potential of Zr-doped hematite
nanocoral photoanodes by Al co-doping and surface modification with electrodeposited Co-Pi. J. Colloid Interface Sci. 2021,
581, 751-763. [CrossRef]

Liu, J.; Cai, Y.Y,; Tian, Z.F; Ruan, G.S; Ye, Y.X,; Liang, C.H.; Shao, G.S. Highly oriented Ge-doped hematite nanosheet arrays for
photoelectrochemical water oxidation. Nano Energy 2014, 9, 282-290. [CrossRef]

Ling, Y.; Wang, G.; Wheeler, D.A ; Zhang, ].Z.; Li, Y. Sn-doped hematite nanostructures for photoelectrochemical water splitting.
Nano Lett. 2011, 11, 2119-2125. [CrossRef]

Shen, S.; Guo, P; Wheeler, D.A.; Jiang, ]J.; Lindley, S.A.; Kronawitter, C.X.; Zhang, J.Z.; Guo, L.; Mao, S.S. Physical and
photoelectrochemical properties of Zr-doped hematite nanorod arrays. Nanoscale 2013, 5, 9867. [CrossRef] [PubMed]

Wang, J.; Su, J.; Guo, L. Controlled aqueous growth of hematite nanoplate arrays directly on transparent conductive substrates
and their photoelectrochemical properties. Chem. Asian J. 2016, 11, 2328-2334. [CrossRef] [PubMed]

Fu, Y; Dong, C.-L.; Lee, W.-Y.; Chen, J.; Guo, P.; Zhao, L.; Shen, S. Nb-doped hematite nanorods for efficient solar water splitting:
Electronic structure evolution versus morphology alteration. ChemNanoMat 2016, 2, 704-711. [CrossRef]

Fu, Y;; Dong, C.-L.; Zhou, Z.; Lee, W.-Y.; Chen, ].; Guo, P.; Zhao, L.; Shen, S. Solution growth of Ta-doped hematite nanorods for
efficient photoelectrochemical water splitting: A tradeoff between electronic structure and nanostructure evolution. Phys. Chem.
Chem. Phys. 2016, 18, 3846-3853. [CrossRef]

Subramanian, A.; Gracia-Espino, E.; Annamalai, A.; Lee, H.H.; Lee, S.Y.; Choi, S.H.; Jang, ].S. Effect of tetravalent dopants on
hematite nanostructure for enhanced photoelectrochemical water splitting. Appl. Surf. Sci. 2018, 427, 1203-1212. [CrossRef]
Dunn, HK.; Feckl, ].M.; Miiller, A.; Fattakhova-Rohlfing, D.; Morehead, S.G.; Roos, J.; Peter, L. M.; Scheu, C.; Bein, T. Tin
doping speeds up hole transfer during light-driven water oxidation at hematite photoanodes. Phys. Chem. Chem. Phys. 2014,
16, 24610-24620. [CrossRef]

Annamalai, A.; Sandstrom, R.; Gracia-Espino, E.; Boulanger, N.; Boily, J.-F; Miihlbacher, I.; Shchukarev, A.; Wagberg, T. Influence
of Sb>* as a double donor on hematite (Fe>*) photoanodes for surface-enhanced photoelectrochemical water oxidation. ACS Appl.
Mater. Interfaces 2018, 10, 16467-16473. [CrossRef]


http://doi.org/10.1149/2162-8777/ac6114
http://doi.org/10.1039/C4EE01066C
http://doi.org/10.1039/c4cp01144a
http://doi.org/10.1039/C7CP04827K
http://doi.org/10.1557/jmr.2015.353
http://doi.org/10.1016/j.chemosphere.2020.127509
http://doi.org/10.1016/j.renene.2022.03.025
http://doi.org/10.1016/j.mssp.2019.04.019
http://doi.org/10.1021/acs.jpcc.5b07505
http://doi.org/10.1063/5.0060483
http://doi.org/10.3390/nano11082019
http://www.ncbi.nlm.nih.gov/pubmed/34443850
http://doi.org/10.1039/C6RA22895J
http://doi.org/10.1021/ja064380l
http://doi.org/10.1007/s12274-017-1669-1
http://doi.org/10.1021/acsami.7b18534
http://doi.org/10.1016/j.jcis.2020.08.003
http://doi.org/10.1016/j.nanoen.2014.08.005
http://doi.org/10.1021/nl200708y
http://doi.org/10.1039/c3nr03245k
http://www.ncbi.nlm.nih.gov/pubmed/23974247
http://doi.org/10.1002/asia.201600888
http://www.ncbi.nlm.nih.gov/pubmed/27363594
http://doi.org/10.1002/cnma.201600024
http://doi.org/10.1039/C5CP07479G
http://doi.org/10.1016/j.apsusc.2017.09.042
http://doi.org/10.1039/C4CP03946G
http://doi.org/10.1021/acsami.8b02147

Nanomaterials 2022, 12, 1957 20 of 21

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Regue, M.; Ahmet, LY.; Bassi, PS.; Johnson, A.L.; Fiechter, S.; van de Krol, R.; Abdi, FF,; Eslava, S. Zn-doped Fe,TiOs
pseudobrookite-based photoanodes grown by aerosol-assisted chemical vapor deposition. ACS Appl. Energy Mater. 2020,
3, 12066-12077. [CrossRef]

Shen, S.; Kronawitter, C.X.; Wheeler, D.A.; Guo, P;; Lindley, S.A.; Jiang, J.; Zhang, ]J.Z.; Guo, L.; Mao, S.S. Physical and
photoelectrochemical characterization of Ti-doped hematite photoanodes prepared by solution growth. J. Mater. Chem. A 2013,
1,14498. [CrossRef]

Fu, Y;; Lu, Y.-R.; Ren, F; Xing, Z.; Chen, J.; Guo, P.; Pong, W.-F,; Dong, C.-L.; Zhao, L.; Shen, S. Surface electronic structure
reconfiguration of hematite nanorods for efficient photoanodic water oxidation. Sol. RRL 2020, 4, 1900349. [CrossRef]

Shen, S.; Zhou, J.; Dong, C.-L.; Hu, Y.; Tseng, E.N.; Guo, P; Guo, L.; Mao, S.S. Surface engineered doping of hematite nanorod
arrays for improved photoelectrochemical water splitting. Sci. Rep. 2015, 4, 6627. [CrossRef] [PubMed]

Shen, S.; Jiang, J.; Guo, P.; Kronawitter, C.X.; Mao, S.S.; Guo, L. Effect of Cr doping on the photoelectrochemical performance of
hematite nanorod photoanodes. Nano Energy 2012, 1, 732-741. [CrossRef]

Dalmaschio, C.J.; Mastelaro, V.R.; Nascente, P.; Bettini, ].; Zotin, ].L.; Longo, E.; Leite, E.R. Oxide surface modification: Synthesis
and characterization of zirconia-coated alumina. J. Colloid Interface Sci. 2010, 343, 256-262. [CrossRef] [PubMed]

Chen, X,; Fu, Y;; Kong, T.; Shang, Y.; Niu, F; Diao, Z.; Shen, S. Protected hematite nanorod arrays with molecular complex
co-catalyst for efficient and stable photoelectrochemical water oxidation. Eur. J. Inorg. Chem. 2019, 2019, 2078-2085. [CrossRef]
Mao, L.; Huang, Y.-C.; Fu, Y.; Dong, C.-L.; Shen, S. Surface sulfurization activating hematite nanorods for efficient photoelectro-
chemical water splitting. Sci. Bull. 2019, 64, 1262-1271. [CrossRef]

Shen, S.; Li, M.; Guo, L,; Jiang, ].; Mao, S.S. Surface passivation of undoped hematite nanorod arrays via aqueous solution growth
for improved photoelectrochemical water splitting. J. Colloid Interface Sci. 2014, 427, 20-24. [CrossRef]

Wang, M.; Wang, M.; Fu, Y.; Shen, S. Cobalt oxide and carbon modified hematite nanorod arrays for improved photoelectrochemi-
cal water splitting. Chin. Chem. Lett. 2017, 28, 2207-2211. [CrossRef]

Jeon, T.H.; Moon, G.; Park, H.; Choi, W. Ultra-efficient and durable photoelectrochemical water oxidation using elaborately
designed hematite nanorod arrays. Nano Energy 2017, 39, 211-218. [CrossRef]

Garba, Z.N.; Zhou, W.; Zhang, M.; Yuan, Z. A review on the preparation, characterization and potential application of perovskites
as adsorbents for wastewater treatment. Chemosphere 2020, 244, 125474. [CrossRef]

Znaidi, L. Sol-gel-deposited ZnO thin films: A review. Mater. Sci. Eng. B 2010, 174, 18-30. [CrossRef]

Kakihana, M.; Domen, K. The synthesis of photocatalysts using the polymerizable-complex method. MRS Bull. 2000, 25, 27-31.
[CrossRef]

Pechini, M.P. Method of Preparing Lead and Alkaline Earth Titanates and Niobates and Coating Method Using the Same to form
a Capacitor. U.S. Patent 3330697A, 11 July 1967.

Sunde, T.O.L.; Grande, T.; Einarsrud, M.-A. Modified pechini synthesis of oxide powders and thin films. In Handbook of Sol-Gel
Science and Technology; Springer International Publishing: Cham, Switzerland, 2016; pp. 1-30.

Dimesso, L. Pechini processes: An alternate approach of the sol-gel method, preparation, properties, and applications. In
Handbook of Sol-Gel Science and Technology; Springer International Publishing: Cham, Switzerland, 2016; pp. 1-22.

Danks, A.E.; Hall, S.R.; Schnepp, Z. The evolution of ‘sol-gel’ chemistry as a technique for materials synthesis. Mater. Horiz. 2016,
3,91-112. [CrossRef]

Tan, WK.; Muto, H.; Kawamura, G.; Lockman, Z.; Matsuda, A. Nanomaterial fabrication through the modification of sol-gel
derived coatings. Nanomaterials 2021, 11, 181. [CrossRef] [PubMed]

Prévot, M.S.; Jeanbourquin, X.A.; Bourée, W.S.; Abdi, F; Friedrich, D.; van de Krol, R.; Guijarro, N.; Le Formal, F,; Sivula, K.
Evaluating charge carrier transport and surface states in CuFeO, photocathodes. Chem. Mater. 2017, 29, 4952-4962. [CrossRef]
Fernandes, J.D.; Melo, D.M.; Zinner, L.; Salustiano, C.; Silva, Z.; Martinelli, A.; Cerqueira, M.; Alves Junior, C.; Longo, E,;
Bernardi, M.I. Low-temperature synthesis of single-phase crystalline LaNiO3 perovskite via Pechini method. Mater. Lett. 2002,
53,122-125. [CrossRef]

Bedin, K.C.; Mourifo, B.; Rodriguez-Gutiérrez, I.; Junior, ].B.S.; dos Santos, G.T.; Bettini, J.; Costa, C.A.R.; Vayssieres, L.; Souza, F.L.
Solution chemistry back-contact FTO/hematite interface engineering for efficient photocatalytic water oxidation. Chin. J. Catal.
2022, 43, 1247-1257. [CrossRef]

Muche, D.N.E,; dos Santos, TM.G; Leite, G.P.; Melo, M.A.; Gongalves, R.V.; Souza, F.L. Tailoring hematite/FTO interfaces: New
horizons for spin-coated hematite photoanodes targeting water splitting. Mater. Lett. 2019, 254, 218-221. [CrossRef]

Souza, FL.; Lopes, K.P,; Longo, E.; Leite, E.R. The influence of the film thickness of nanostructured «-Fe,O3; on water photooxida-
tion. Phys. Chem. Chem. Phys. 2009, 11, 1215. [CrossRef]

Souza, FL.; Lopes, K.P.; Nascente, P.A.P.; Leite, E.R. Nanostructured hematite thin films produced by spin-coating deposition
solution: Application in water splitting. Sol. Energy Mater. Sol. Cells 2009, 93, 362-368. [CrossRef]

Bellido-Aguilar, D.A.; Tofanello, A.; Souza, FEL.; Furini, L.N.; Constantino, C.J.L. Effect of thermal treatment on solid-solid
interface of hematite thin film synthesized by spin-coating deposition solution. Thin Solid Film. 2016, 604, 28-39. [CrossRef]
Kakihana, M. Invited review “sol-gel” preparation of high temperature superconducting oxides. J. Sol-Gel Sci. Technol. 1996,
6, 7-55. [CrossRef]

Selim, S.; Francas, L.; Garcia-Tecedor, M.; Corby, S.; Blackman, C.; Gimenez, S.; Durrant, ]J.R.; Kafizas, A. WO3/BiVO,: Impact of
charge separation at the timescale of water oxidation. Chem. Sci. 2019, 10, 2643-2652. [CrossRef] [PubMed]


http://doi.org/10.1021/acsaem.0c02190
http://doi.org/10.1039/c3ta13453a
http://doi.org/10.1002/solr.201900349
http://doi.org/10.1038/srep06627
http://www.ncbi.nlm.nih.gov/pubmed/25316219
http://doi.org/10.1016/j.nanoen.2012.05.013
http://doi.org/10.1016/j.jcis.2009.11.027
http://www.ncbi.nlm.nih.gov/pubmed/20031147
http://doi.org/10.1002/ejic.201801200
http://doi.org/10.1016/j.scib.2019.07.008
http://doi.org/10.1016/j.jcis.2013.10.063
http://doi.org/10.1016/j.cclet.2017.11.037
http://doi.org/10.1016/j.nanoen.2017.06.049
http://doi.org/10.1016/j.chemosphere.2019.125474
http://doi.org/10.1016/j.mseb.2010.07.001
http://doi.org/10.1557/mrs2000.176
http://doi.org/10.1039/C5MH00260E
http://doi.org/10.3390/nano11010181
http://www.ncbi.nlm.nih.gov/pubmed/33450938
http://doi.org/10.1021/acs.chemmater.7b01284
http://doi.org/10.1016/S0167-577X(01)00528-6
http://doi.org/10.1016/S1872-2067(21)63973-6
http://doi.org/10.1016/j.matlet.2019.07.068
http://doi.org/10.1039/b811946e
http://doi.org/10.1016/j.solmat.2008.11.049
http://doi.org/10.1016/j.tsf.2016.03.011
http://doi.org/10.1007/BF00402588
http://doi.org/10.1039/C8SC04679D
http://www.ncbi.nlm.nih.gov/pubmed/30996980

Nanomaterials 2022, 12, 1957 21 of 21

155.

156.

157.

158.

159.

160.

Park, J.; Yoon, K.-Y,; Kim, T.; Jang, H.; Kwak, M.-].; Kim, ].Y.; Jang, J.-H. A highly transparent thin film hematite with multi-element
dopability for an efficient unassisted water splitting system. Nano Energy 2020, 76, 105089. [CrossRef]

Soares, M.R.S.S.; Costa, C.A.R.R,; Lanzoni, E.M.; Bettini, J.; Ramirez, C.A.0.O.; Souza, FL.; Longo, E.; Leite, E.R. Unraveling the
role of Sn segregation in the electronic transport of polycrystalline hematite: Raising the electronic conductivity by lowering the
grain-boundary blocking effect. Adv. Electron. Mater. 2019, 5, 1900065. [CrossRef]

Zandi, O.; Beardslee, ].A.; Hamann, T. Substrate dependent water splitting with ultrathin o-Fe,O3 electrodes. J. Phys. Chem. C
2014, 118, 16494-16503. [CrossRef]

Annamalai, A.; Shinde, P.S.; Subramanian, A.; Kim, ].Y; Kim, J.H.; Choi, S.H.; Lee, ].S.; Jang, ].S. Bifunctional TiO, underlayer for
a-Fe,O3 nanorod based photoelectrochemical cells: Enhanced interface and Ti%* doping. J. Mater. Chem. A 2015, 3, 5007-5013.
[CrossRef]

Hu, Y.; Boudoire, F.; Mayer, M.T.; Yoon, S.; Graetzel, M.; Braun, A. Function and electronic structure of the SnO, buffer layer
between the «-Fe,O3 water oxidation photoelectrode and the transparent conducting oxide current collector. J. Phys. Chem. C
2021, 125, 9158-9168. [CrossRef]

Bedin, K.C.; Rodriguez-Gutiérrez, I.; Peregrino, L.R.P.; Vayssieres, L.; Souza, F.L. On electron loss lowering at hematite photoelec-
trode interfaces. J. Am. Ceram. Soc. 2022, accepted manuscript. [CrossRef]


http://doi.org/10.1016/j.nanoen.2020.105089
http://doi.org/10.1002/aelm.201900065
http://doi.org/10.1021/jp4116657
http://doi.org/10.1039/C4TA06315E
http://doi.org/10.1021/acs.jpcc.1c01809
http://doi.org/10.1111/jace.18460

	Introduction 
	Hydrothermal Synthesis 
	Polymeric-Precursor Solution-Based Method 
	Outlook 
	References

