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With the depletion of carbon-based energy resources and the consideration of global warming,
renewable energy is considered a promising energy source for future energy. Solar energy has shown
the greatest potential to meet global energy needs with its ample source and free availability. Although
primitive photovoltaic work gets credited to the silicon-based works done in the bell lab, recently,
progress in the photovoltaic cell is significant. For example, many different types of solar cells have
appeared, which include dye-sensitized solar cells, quantum-based solar cells, polymer solar cells,
perovskite solar cells, etc. Here, we can point out the perovskite solar cell which reaches 25% efficiency
within a short period. According to the literature search done on the Web of science, the number of
publications on perovskite solar cells has increased exponentially within the last 10 years.

In addition to photovoltaic application, many research areas in utilization of solar energy have
been extensively exploited to form distinct disciplines. One of them, photocatalytic water splitting, has
molded a promising research pathway with exponentially increasing publications. Other fields
include fuel generation from carbon dioxide, nitrogen conversion, photodegradation of organic
and inorganic pollutants, and optoelectronic devices. Besides the fields mentioned, photoactive
nanomaterials have been used in other fields. Experimental and theoretical investigations of solar
energy conversion using various simulation software, from material design to reaction kinetics, lay
the groundwork to improve the efficiency of the above applications. Furthermore, the fundamental
study of photoactive nanomaterials in solar energy conversion, which is done through designing
advanced functional materials and advanced experimental techniques, focuses on light harnessing,
charge separation/recombination, and catalytic reaction kinetics.

Therefore, it is very important to deliver the recent research progress in the field of photoactive
nanomaterials to the scientific community. Thus, the scope of this Special Issue not only covers a basic
study of the solar energy conversion process with simulations but also targets certain applications
including environmental remediation, optoelectronic devices, and solar fuel generation. This Special
Issue includes six research articles and three review articles to focus on photoactive nanomaterials
from fundamental research on their applications. Three research works [1-3] reported recent emerging
materials, including 2D Bi,Se3 in optoelectronic applications, and discussed fundamental behaviors of
dyes in confined media. Another research work reported by Maxim et al. [4] explores the enhancement
of light harnessing in perovskite solar cells with embedded carbon quantum dots. Most of the articles
are focused on photocatalytic solar fuel generation. Hydrogen generation kinetics is studied via
silicon nanocrystals in aqueous media [5]. Nanocomposite-based photocatalysts including TiO,,
SrTiO3, and Polyaniline (PANI) are also reviewed to give quick updates regarding photocatalytic
water splitting [6-8]. Shabdan et al. updated with recent progress in a promising oxygen evolution of
WOs-based photo-catalysts [9].

Therefore, I think it is essential to present a Special Issue which provide recent research works on
photoactive nanomaterials, from fundamental studies to recent applications including optoelectronic
devices, perovskite solar cells, and photocatalytic water splitting.

Funding: This research was funded by Nazarbayev University FGRG grant number SEDS2020 016.
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Abstract: Due to the capability of utilizing light energy to drive chemical reactions, photocatalysis has
been widely accepted as a green technology to help us address the increasingly severe environment
and energy issues facing human society. To date, a large amount of research has been devoted to
enhancing the properties of photocatalysts. As reported, coupling semiconductors with metals is one
of the most effective methods to achieve high-performance photocatalysts. The excellent properties
of metal/semiconductor (M/S) nanocomposite photocatalysts originate in two aspects: (a) improved
charge separation at the metal-semiconductor interface; and (b) increased absorption of visible light
due to the surface plasmon resonance of metals. So far, many M/S nanocomposite photocatalysts
with different structures have been developed for the application in environmental remediation,
selective organic transformation, hydrogen evolution, and disinfection. Herein, we will give a review
on the M/S nanocomposite photocatalysts, regarding their fundamentals, structures (as well as
their typical synthetic approaches), applications and properties. Finally, we will also present our
perspective on the future development of M/S nanocomposite photocatalysts.

Keywords: nanocomposite photocatalyst; environmental remediation; selective organic
transformation; hydrogen evolution; disinfection

1. Introduction

Since the discovery of water splitting on a TiO, electrode under irradiation of ultraviolet (UV)
light by Fujishima and Honda in 1972, many semiconductors, such as CdS, ZnO, SrTiO3 and g-C3Ny,
have been demonstrated to exhibit photocatalytic properties and, through the efforts of researchers, the
application areas of semiconductor photocatalysts have been greatly extended [1-14]. Unfortunately,
due to fast charge separation and limited light absorption, the properties of semiconductor
photocatalysts are relatively unsatisfactory for practical application [15-17]. To improve the properties
of semiconductor photocatalysts, several strategies have been proposed by researchers, such as
doping, dye-sensitization, coupling, etc. [18-27]. However, each of these strategies has its own
pros and cons. Toward the strategy of doping, the band structures of semiconductor photocatalysts
could be modulated by the doping atoms to exhibit better properties for light absorption, but
the doped semiconductor photocatalysts could be more susceptible to photo-corrosion and the
charge recombination of the doped semiconductor photocatalysts could be aggravated at the defects
introduced by the doping atoms [19,21,27]. As for the strategy of dye-sensitization, although the
light-sensitive dyes can absorb light more efficiently and transfer the photoexcited electrons to the
semiconductor photocatalysts, the light-sensitive dyes are susceptible to chemical corrosion, resulting
in the poor stability of dye-sensitized semiconductor photocatalysts [24-26]. Coupling, as a strategy
with a relatively short history, has aroused great interest among researchers since its very beginning.

Nanomaterials 2019, 9, 359; doi:10.3390 /nan09030359 3 www.mdpi.com/journal /nanomaterials
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When coupled with metals, especially the noble metals, the properties of semiconductor photocatalysts
can be considerably improved due to the enhanced charge separation at the metal-semiconductor
interface and the enhanced visible light absorption caused by the surface plasmon resonance (SPR) of
metals [28-30]. Except for the high cost of noble metals, the main drawback of the coupling strategy
used to be the poor control of the process of coupling semiconductors with metals. However, with
the development of nanotechnology, the coupling process now could be delicately controlled and
several new structures have been synthesized to improve the properties of metal/semiconductor (M/S)
nanocomposite photocatalysts [29,31].

Herein, we would like to review the M/S nanocomposite photocatalysts regarding their
fundamentals, structures (as well as their typical synthetic approaches), applications and
properties. Finally, we will also present our perspective on the future development of M/S
nanocomposite photocatalysts.

2. Fundamentals

2.1. Principles of Photocatalysis

As defined by the International Union of Pure and Applied Chemistry (IUPAC), photocatalysis is
“A catalytic reaction involving light absorption by substrate” [32]. When semiconductor photocatalysts
are irradiated by light with the photon energy larger than their band gap (BG) energy, the electrons
in the valence band (VB) will be excited into the conduction band (CB), leaving positive holes in
the VB. Because photocatalytic reactions are reactions happening at the surface of photocatalysts,
the photo-induced free charge carriers need first to diffuse into the active sites on the surface of
photocatalysts before they can induce photocatalytic reactions [33-35]. The photocatalytic process
is schematically presented in Figure 1. However, for a particular substrate, whether it can undergo
chemical reactions on the semiconductor photocatalysts depends on the relative positions between
its redox potentials and the band edges of semiconductor photocatalysts [36-38]. There are four
possibilities as follows:

(1) If the redox potential of the substrate is lower than the CB edge of the semiconductor
photocatalyst, then the substrate can undergo reductive reactions.

(2) If the redox potential of the substrate is higher than the VB edge of the semiconductor
photocatalyst, then the substrate can undergo oxidative reactions.

(3) If the redox potential of the substrate is higher than the CB edge or lower than the VB
of the semiconductor photocatalyst, then the substrate can undergo neither reductive nor
oxidative reactions.

(4) If the redox potential of the substrate is lower than the CB edge and higher than the
VB of the semiconductor photocatalyst, then the substrate can undergo either reductive or
oxidative reactions.
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Figure 1. Schematic diagram for the photocatalytic process.



Nanomaterials 2019, 9, 359

2.2. Mechanisms for the Enhanced Properties of Metal/Semiconductor (M/S) Nanocomposite Photocatalysts

As mentioned above, by coupling with different metals, the mechanisms for the enhanced
properties of M/S nanocomposite photocatalysts can be divided into two categories, i.e., the enhanced
charge separation at the metal-semiconductor interface and the enhanced visible light absorption due
to the SPR of metals.

2.2.1. Enhanced Charge Separation

The enhanced charge separation of M/S nanocomposite photocatalysts originates from the
electron transfer across the metal-semiconductor interface [31,39-41]. When a semiconductor is
coupled with a metal, which possesses a higher work function than that of the semiconductor (it is
the most common case for M/S nanocomposite photocatalysts), then the electrons will flow from
the semiconductor to the metal until their Fermi levels (i.e., Efy, and Egg) are aligned, leading to
the upward bending of the band edges in the semiconductor as revealed in Figure 2. Accompanied
with the band bending, a Schottky barrier (i.e., ¢sp in Figure 2) forms at the metal-semiconductor
interface [39]. As has been shown, the efficiency of electron transfer across the metal-semiconductor
interface increases with the height of the Schottky barrier [42]. In addition, the metals in M/S
nanocomposite photocatalysts not only act as the electron reservoir to enhance the charge separation of
the semiconductors, but also provide active sites for reductive reactions, hence dramatically improving

the properties of M /S nanocomposite photocatalysts [43].

CB }%

o

Semiconductor .

o
Figure 2. Enhanced charge separation at the metal-semiconductor interface.
2.2.2. Enhanced Visible Light Absorption

When coupled with metals such as Ag and Au, the SPR of metals could endow the M/S
nanocomposite photocatalysts with enhanced absorption toward visible light [44,45]. However, the
mechanism governing the SPR-enhanced visible light absorption of M /S nanocomposite photocatalysts
is still unclear [28,29,46,47]. So far, there exist three non-mutually exclusive mechanisms for the
explanation of the SPR-enhanced properties of M/S nanocomposite photocatalysts under visible light
irradiation, i.e., (a) SPR-induced electron injection from metals to semiconductors; (b) charge separation
induced by near-field electric field (NFEF); (c) scattering-enhanced light absorption.

Surface Plasmon Resonance (SPR)-Induced Electron Injection

Due to the SPR of metals such as Au and Ag, the energy of excited electrons in the metals can
be excited to the range between 1.0 and 4.0 eV above their Fermi levels. Then, the energetic electrons
will overcome the Schottky barrier at the metal-semiconductor interface and transfer to the CB of
semiconductors, leaving energetic holes in the metals, as schematically shown in Figure 3a. Thus, the
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hot electrons in the semiconductors will drive reduction reactions and the hot holes in the metals will
drive oxidation reactions.
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Figure 3. (a) SPR-induced electron injection; (b) Charge separation induced by NFEF;
(c) Scattering-enhanced light absorption.

Charge Separation Induced by Near-Field Electric Field (NFEF)

Under visible light irradiation, the SPR-excited hot electrons in the metal particles of M/S
nanocomposite photocatalysts will generate intense electric field in their proximity (i.e., NFEF), which
could be up to 100-10000 times larger than the electric field of incident light. Since the formation rate
of electron-hole pairs in the semiconductors of M/S nanocomposite photocatalysts is proportional
to the intensity of the NFEF (more specifically, | E1?), the generation of electron-hole pairs in M/S
nanocomposite photocatalysts can be significantly enhanced. The process of NFEF-induced charge
separation is schematically shown in Figure 3b.

Scattering-Enhanced Light Absorption

If the size of the metal particles in M /S nanocomposite photocatalysts is larger than 50 nm, the
SPR-excited metal particles can efficiently scatter the incident light, leading to the increase of the path
length of light through the M/S nanocomposite photocatalysts. Thus, the light absorption of M/S
nanocomposite photocatalysts will be improved due to the increased path length of light, resulting
in the enhancement of the properties of M/S nanocomposite photocatalysts. Figure 3¢ schematically
reveals the scattering-enhanced photon absorption mechanism.

3. Structures of M/S Nanocomposite Photocatalysts

Based on the morphologies and synthetic approaches, the structures of M /S nanocomposite
photocatalysts could be divided into six categories, i.e., the conventional structure, core-shell
structure, yolk-shell structure, Janus structure, array structure and multi-junction structure, which are
schematically shown in Figure 4.



Nanomaterials 2019, 9, 359

@ (b) (c)

(d)

(f) Semicol:'lduclor

Semiconductor
|

Figure 4. (a) Conventional structure; (b) Core-shell structure; (c) Yolk-shell structure; (d) Janus structure;
(e) Array structure; (f) Multi-junction structure.

3.1. Conventional Structure

The conventional structure of M/S nanocomposite photocatalysts refers to the structure, in which
the combination of semiconductor nanoparticles and metal nanoparticles is not delicately controlled.
So far, many approaches have been developed to synthesize M/S nanocomposite photocatalysts
with conventional structure, which include photoreduction, impregnation, deposition-precipitation,
chemical vapor deposition (CVD) etc. [48-51].

3.1.1. Photoreduction

Since some chemical compounds containing metal element can be reduced to metal under
irradiation, photoreduction is regarded as a facile approach to decorate semiconductor nanostructures
with noble metal. Typically, in the work of Yu et al., hydrothermally-synthesized TiO, nanosheets were
added to an aqueous solution of HpPtCls. Under stirring and the irradiation of ultraviolet (UV) light,
H,PtClg was reduced to Pt and deposited on TiO, nanosheets, leading to the formation of Pt-decorated
TiO, nanosheets [48].

3.1.2. Impregnation

During the impregnation process, the combination of noble metal and semiconductor
nanostructures is achieved through the attachment of noble metal precursor onto semiconductor
substrate due to the van der Waals force, coulomb force or some other interactions between them.
Typically, in the work of Lin et al., HyPtCls was added into a suspension of TiO, (B) nanofibers.
Then the solvent was evaporated under stirring. Then, the as-obtained powders were heated in a
reducing atmosphere to reduce H,PtClg absorbed on TiO; (B) nanofibers, leading to the formation of
Pt-decorated TiO, (B) nanofibers [49].

3.1.3. Deposition-Precipitation

Deposition-precipitation is also a facile approach to synthesize M /S nanocomposites. Typically,
in the work of Wu et al., TiO, nanoparticles were dispersed in an aqueous solution of chloroauric acid.
Then NaOH solution was added into the suspension to adjust the pH value to the desired level. After
stirring, the precipitates were filtered, washed and dried. Then, the as-obtained products were calcined
to form the Au-decorated TiO, nanoparticles [50].
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3.1.4. Chemical Vapor Deposition (CVD)

As is well known, CVD is a powerful approach in synthesizing nanostructure and is often utilized
to prepare metal-decorated nanostructures. Typically, in the work of Shi et al., HAuCly was vaporized
at a high temperature in a tube furnace. Then, the vapor was blown at the TiO, nanorod arrays at a
relatively low temperature with the carrier gas of nitrogen. Thus, the gold would deposit on the TiO,
nanorods, leading to the formation of Au-decorated TiO, nanorod arrays [51].

3.2. Core-Shell Structure

The core-shell structure was first developed to improve the quantum yield of quantum dots in the
1990s [52]. After that, the core-shell structure attracted great interest from researchers and its application
areas were greatly extended. In photocatalysis, M/S nanocomposite photocatalysts with core-shell
structure occupy an important position due to their outstanding photocatalytic properties [53]. Besides,
the enhanced charge transfer between metal and semiconductor, the core-shell structure can also
hinder the aggregation of particles and protect the metal core from undesired corrosion or dissolution
during the photocatalytic process.

The synthesis of core-shell M/S nanoparticles usually involves the coating of a semiconductor
layer on metal nanoparticles. For example, in the work of Sudeep, photocatalytic Ag@TiO, core-shell
nanoparticles were synthesized through controlled hydrolysis of titanium-(triethanolaminato)
isopropoxide (TTEAIP) on the surface of Ag nanoparticles. Briefly, TTEAIP and silver nitrate were
added into 2-propanol followed by stirring. Then dimethyl formamide (DMF) was added to the
solution. Next, the solution was heated and refluxed. During this process, silver nitrate was first
reduced to Ag nanoparticles by DMFE. Then, due to the interaction between Ag nanoparticles and
triethanolamine ligands, TTEAIP hydrolyzed on the surface of Ag nanoparticles, leading to the
formation of Ag@TiO, core-shell nanoparticles [54].

3.3. Yolk-Shell Structure

The yolk-shell structure originates from the pioneer work of Xia’s group as a variation of the
core-shell structure [55]. Under the efforts of researchers, the yolk-shell structure has shown promising
application in nanoreactors, drug delivery and lithium ion batteries [56]. Recently, some researchers
have also investigated the application of yolk-shell structures in photocatalysis [57-59].

The synthesis of yolk-shell structures usually needs a sacrificial template. In the work of Li et al.,
gold nanoparticles were first coated with a layer of SiO; by the hydrolysis of tetraethyl orthosilicate
(TEOS). Next, the SiO,-coated gold nanoparticles were coated with a layer of TiO, by the hydrolysis
of tetrabutyl titanate (TBOT). Then, the as-prepared gold nanoparticles were coated with a layer of
5iO; again to protect the TiO, layer during the calcination process. After calcination, the two SiO,
layers were removed by the etch of NaOH solution. Thus, the Au@TiO, yolk-shell nanoparticles were
prepared. The SiO; layers served as the sacrificial template during the synthetic process [57].

3.4. Janus Structure

Janus particles, as first described by de Gennes in 1991, refer to the particles with
anisotropic structure, which are composed of two distinct parts [60]. The dual nature of Janus
particles endows themselves with fascinating properties, such as unique surface properties,
controlled self-assembly behavior and response to multiple stimuli, etc. [61,62]. When applied in
photocatalysis, Janus nanoparticles composed of metal and semiconductor can also exhibit remarkable
photocatalytic properties.

Different from conventional structures, the synthesis of Janus structures needs delicate control
over the combination of two distinct parts. As demonstrated by the work of Seh et al., Au/TiO,
Janus nanoparticles were synthesized through controlled hydrolysis of titanium diisopropoxide
bis(acetylacetonate) (TAA) on the surface of gold nanoparticles. The reason for choosing TAA was that
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the hydrolysis rate of TAA was rather slow, which had a significant influence on the structure of the
products. Thus, during the slow hydrolysis of TAA in the alkaline suspension of gold nanoparticles in
isopropanol, TiO, combined with gold nanoparticles to form the Au/TiO, Janus nanoparticles [63].

3.5. Array Structure

Due to the promising application in nanodevices, the array structure has been widely researched
during the past few decades [64-66]. In photocatalysis, the array structure has also been utilized to
improve the photocatalytic properties of M/S nanocomposites [67].

The synthesis of array structures is mainly achieved through a template-assisted deposition
process. In the work of Wang et al., an anodic aluminum oxide (AAO) template with one side
deposited with a layer of gold and connected to a piece of aluminum foil was utilized as the working
electrode in an electrochemical cell. For the deposition of CdS, the working electrode was biased
to —2.5 V vs. standard calomel electrode (SCE) in the electrolyte of sulfur and cadmium chloride
dissolved in dimethyl sulfoxide (DMSO). For the deposition of Au, the working electrode was biased
to —0.95 V vs. SCE in commercial Au Orotemp 24. After alternate deposition of CdS and Au, the AAO
template was removed through chemical etching. Thus, photocatalytic Au/CdS nanorod arrays were
obtained [67].

3.6. Multi-Junction Structure

M/S nanocomposite photocatalysts with multi-junction structures are formed by sandwiching
metal nanoparticles between two semiconductors. Thus, the electron transfer process in multi-junction
M/S nanocomposite photocatalysts is very similar to that of Z-scheme photocatalytic systems in nature,
which could endow them excellent photocatalytic properties [68-70].

Take the pioneer work of Tada et al. for example. The CdS/Au/TiO, multi-junction nanoparticles
as the all-solid-state Z-scheme photocatalytic system were synthesized through a two-step deposition
process. In the first step, gold was deposited on the TiO, nanoparticles through an impregnation
process with chloroauric acid as the precursor. In the second step, cadmium sulfide was deposited
on the Au/TiO; nanoparticles through the UV-induced reaction of sulfur and cadmium perchlorate.
Thus, CdS/Au/TiO, multi-junction nanoparticles were prepared [71].

4. Applications and Properties of M/S Nanocomposite Photocatalysts

To date, the application areas of photocatalysis are mainly focused on environmental remediation,
selective organic transformation, hydrogen evolution and disinfection.

4.1. Environmental Remediation

The photo-excited electrons and holes in semiconductor photocatalysts as well as the associated
radicals possess high chemical activity, which can degrade pollutants to low- or non-hazardous
substances [72-75]. As reported, most of the researches in photocatalytic environmental remediation
were focused on degradation of organic pollutants such as Rhodamine B (RhB), Methylene blue (MB),
methyl orange (MO) and so on. To the best of our knowledge, the only inorganic pollutant that has
been involved in the research of photocatalytic environmental remediation is nitric oxide (NO). Table 1
lists some of the most representative M /S nanocomposite photocatalysts applied in environmental
remediation [51,59,71,76-100].
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Table 1. Metal/semiconductor (M/S) nanocomposite photocatalysts for environmental remediation.

Photocatalyst Structure Pollutant Light source Reference
Au/TiO, Conventional structure RhB Visible light [51]
Au/ZnO Conventional structure ~ RhB, phenol red, procion red Ultraviolet (UV) light [76]
Au/ZnO Conventional structure RhB UV light [77]
Ag/ZnO Conventional structure MB UV light [78]
Ag/ZnO Conventional structure RhB UV light [79]
Ag/ZnO Conventional structure RhB Simulated sunlight [80]
Au/TiO; Conventional structure MB, MO, p-nitrophenol Visible light [81]
Ag/ZnO Conventional structure RhB Visible light [82]

Au/TiOy, Pt/TiO,, Ir/TiO,  Conventional structure Azo dye UV light [83]
Ag/TiOy Conventional structure RhB, ciprofloxacin Visible light [84]
Cu/Cu,O Conventional structure RhB, MO, MB Visible light [85]
Bl/an;)o(irgeh(ax_stcl)s)muth Conventional structure NO Visible light [86]
Bi/(BiO),CO3 Conventional structure NO Visible light [87]
Bi/g-C3Ny Conventional structure NO Visible light [88]
Bi/ZnWOy Conventional structure NO Visible light [89]
Bi/BiOCl Conventional structure NO Visible light [90]
M@TiO; (M = Au, Pd, Pt) Core-shell structure RhB UV light, visible light [91]
Au@Cu0 Core-shell structure MO Visible light [92]
Au@Cuy0 Core-shell structure MO Visible light [93]
Au@CdS Core-shell structure RhB Visible light [94]
Au@TiO, Core-shell structure Acetaldehyde UV light, visible light [95]

Bi@Bi, O3 Core-shell structure NO Visible light [96]
Ag@Cu,O Core-shell structure MO Visible light [97]
Au@TiO, Yolk-shell structure RhB Visible light, simulated sunlight [59]
Cu@CuS Yolk-shell structure MB Simulated sunlight [98]
Au/ZnO Janus structure RhB UV light [99]
Au/ZnO Janus structure MO UV light [100]
CdS/Au/TiO, Multi-junction structure Methyl viologen (MV) UV light [71]

Due to the facile synthesis, more than half of the M/S nanocomposite photocatalysts listed in
Table 1 possess the conventional structure. In the work of Lin et al., through coupling ZnO nanofibers
with Ag, the as-synthesized Ag/ZnO photocatalysts exhibited much better properties for photocatalytic
degradation of RhB than pristine ZnO photocatalysts, which was revealed in Figure 5a [79]. As revealed
in Figure 5b, the properties of Ag/ZnO photocatalysts did not increase linearly with the Ag loading
content and reached a peak at the Ag loading content of 7.5 at%. In addition, the repeatability test
results in Figure 5¢ manifested the attenuation of the properties of Ag/ZnO photocatalysts was
negligible after three cycles. The excellent properties of Ag/ZnO photocatalysts originated from the
enhanced charge separation at the Ag-ZnO interface, which was evidenced by the photoluminescence
(PL) spectra in Figure 5d. Toward removal of NO, Li et al. synthesized Bi/A-BO photocatalysts
which could remove NO effectively under visible light illumination [86]. The remarkable properties
of Bi/A-BO photocatalysts originated from SPR of Bi which could absorb visible light effectively
and enhance the charge separation in A-BO. Li et al. also utilized electron spin resonance (ESR)
spectroscopy for in-situ investigation of the reactive species during the photocatalytic process. (For
detailed information about utilizing ESR spectroscopy to detect radicals, these two reviews, [101,102],
are recommended.) The results revealed superoxide radicals (O, ~*) radicals were the major active
species for photocatalytic NO oxidation.

For the M/S nanocomposite photocatalysts possessing the core-shell structure, their properties in
photocatalytic environmental remediation were in strong relationship with the metal core and shell
thickness. In the work of Zhang et al., the effect of Au, Pd and Pt cores on the photocatalytic activity of
M@TiO, (M = Au, Pd and Pt) core-shell nanoparticles for degradation of RhB was investigated [91].
As revealed in Figure 6, core-shell M@TiO, (M = Au, Pd and Pt) exhibited different photocatalytic
properties under the irradiation of UV light and visible light. Under irradiation of UV light, the
photocatalytic properties of core-shell M@TiO, (M = Au, Pd and Pt) followed the order P25 TiO, >
Pt@TiO, > Pd@TiO; > Au@TiO,, while under irradiation of visible light the photocatalytic properties
of core-shell M@TiO, (M = Au, Pd and Pt) followed the order Pd@TiO, > Pt@TiO, > Au@TiO, >
P25 TiO,. The results indicated the metal core had two impacts on the photocatalytic properties of
core-shell M@TiO, (M = Au, Pd and Pt), i.e., improving charge separation at the metal-TiO, interface
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and modulating light absorption of TiO,. In addition, Zhang et al. also demonstrated that the hydroxyl
radicals (*OH) generated on core-shell M@TiO, played a more important role than superoxide radicals
and holes in degradation of RhB under irradiation of UV light, while under the irradiation of visible
light holes generated on core-shell M@TiO; played a predominant role in degradation of RhB. The effect
of shell thickness on core-shell M/S nanocomposite photocatalysts was revealed by Kong et al. [93].
In their research, the properties of core-shell Au@Cu,O photocatalysts for degradation of MO varied
with the Cuy O shell thickness in the order 127 nm > 96 nm > 197 nm > 250 nm > 158 nm. Kong et al.
thought the nonlinear relationship between the properties of core-shell Au@Cu,O photocatalysts
and the shell thickness could be attributed to several factors, i.e., surface area, light absorption and
scattering, charge-carrier dynamics and core-shell interactions, which competed with each other.
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Figure 5. (a) Kinetics of the photodegradation of RhB by Ag/ZnO nanoparticles; (b) The degradation
rate constant versus the Ag loading content; (c) Photodegradation of RhB by Ag/ZnO nanoparticles for
three cycles; (d) PL spectra of the Ag/ZnO nanofibers with various Ag loading contents ((a) pure ZnO,
(b) 1 atom% Ag, (c) 3 atom% Ag, (d) 5 atom% Ag, (e) 7.5 atom% Ag, (f) 10 atom% Ag). Reproduced
from [79], with copyright permission from American Chemical Society, 2009.
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Figure 6. (a) Degradation of RhB by P25 and M@TiO, (M = Au, Pd and Pt) under UV irradiation;
(b) Degradation of RhB by P25 and M@TiO; (M = Au, Pd and Pt) under visible light irradiation.
Reproduced from [90], with copyright permission from American Chemical Society, 2011.

Compared with M /S nanocomposite photocatalysts possessing the conventional and core-shell
structures, there is less research on M/S nanocomposite photocatalysts with the yolk-shell, Janus and
multi-junction structures for environmental remediation. Wang et al. investigated the properties of
yolk-shell Au@TiO, photocatalysts for degradation of RhB [59]. In their research, they also introduced

11



Nanomaterials 2019, 9, 359

reduced graphene oxide (r-GO) into the TiO, shell. The results demonstrated the properties of
yolk-shell Au@r-GO/TiO, photocatalysts were better than yolk-shell Au@TiO, photocatalysts, which
indicated the charge separation in the TiO, shell increased with the electron conductivity of the TiO,
shell. In the work of Yao et al., the properties of Janus Au/ZnO photocatalysts were investigated for
degradation of MO [100]. The results demonstrated the properties of Janus Au/ZnO photocatalysts
for degradation of MO were higher than that of pristine ZnO photocatalysts and increased with the
size of Au nanoparticles under UV light illumination. In the pioneer work of Tada et al., multi-junction
CdS/Au/TiO, photocatalysts were synthesized as the all-solid-state Z-scheme photocatalysts for
the degradation of MV [71]. As revealed in Figure 7a, multi-junction CdS/Au/TiO; photocatalysts
exhibited much higher properties than CdS/TiO,, Au/TiO, and TiO, photocatalysts, which revealed
the charge separation caused by TiO, — Au — CdS Z-scheme electron transfer was more efficient than
that of the single- or double-component systems. The Z-scheme electron transfer was illustrated in
Figure 7b. Besides, Tada et al. pointed out that the properties of all-solid-state Z-scheme photocatalysts
could be further improved by modifying the energy band structures of the semiconductor components.
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Figure 7. (a) Photocatalytic reduction of MV by TiO,, Au/TiO,, CdS/TiO; and Au@CdS/TiO,
(CdS/Au/TiO,). Reproduced from [71], with copyright permission from Springer Nature, 2006;
(b) Schematic diagram of Z-scheme electron transfer. Reproduced from [68], with copyright permission

from John Wiley & Sons, 2014.
4.2. Selective Organic Transformation

Unlike the non-selective mineralization process in environmental remediation, photocatalysis
can also drive organic transformation processes to selectively synthesize valuable chemicals [103-105].
Compared with thermochemical synthetic process, the photocatalytic selective organic transformation
process often requires milder conditions and shorter reaction sequences and can exclude some
undesirable side reactions. Based on the reported research, the photocatalytic selective organic
transformation reactions can be divided into three categories, i.e., the oxidation reaction, reduction
reaction and coupling reaction [103]. In Table 2, some of the most representative M /S nanocomposite
photocatalysts applied in selective organic transformation are listed [106-120].

12
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Table 2. M/S nanocomposite photocatalysts for selective organic transformation.

Photocatalyst Structure Reaction Type Reactant Light Source Reference
Pt/TiO,, Pd/Ti0, ~ Conventional  Oxidation Benzene UV light [106]
structure reaction
. Conventional Oxidation Simulated
Au/TiO; structure reaction Benzene sunlight (1071
Pt/TiO, Conventional - Oxidation Benzene UV light [108]
structure reaction
Pt/TiO, Conventional OX1daF10n (substituted) UV light [109]
structure reaction Benzene
Au/CeO, Conventional Ox1daF ton Aromatic alcohols Visible light [110]
structure reaction
Core-shell, Oxidation
Pt@CeO, yolk-shell . Benzyl alcohol Visible light [111]
reaction
structure
Au/TiO, Janus structure Ox1da't ton Methanol UV light [112]
reaction
. Conventional Reduction . .
Ag/TiO, structure reaction Nitrobenzene UV light [113]
M/TiO, (M =P, Conventional Reduction Carbon dioxide . .
Pd, Rh, Ag and Au) structure reaction (COy) UV light [114]
P-Cu/TiO, Conventional - Reduction o, Visible light [115]
structure reaction
. Conventional Reduction Simulated
Ag/TiO, structure reaction €O, sunlight (el
. Conventional Reduction .
Ag/LayTipO7 structure reaction CO, UV light [117]
. Conventional Reduction Simulated
Pt/Ti0, structure reaction o, sunlight (8]
. Oxidation, .
Conventional A Benzylamine, benzyl - .
Au-Pd/ZrO, structure coupl'mg 2lcohol ete. Visible light [119]
reaction
. Conventional Coupling Todobenzene, - .
pd/siC structure reaction phenylboronic acid Visible light [120]

Towards the photocatalytic selective oxidation reactions, Yuzawa et al. investigated the effect of Pt
loading on the properties of Pt/TiO, photocatalysts for amination of benzene to aniline and unfolded
the reaction mechanism governing the photocatalytic amination process [108]. As revealed in Figure 8,
the conversion yield of Pt/TiO, did not increase linearly with the Pt loading content and reached a
peak at about 0.1 wt% Pt loading content, while the aniline selectivity of Pt/TiO, photocatalysts was
hardly influenced by the Pt loading content and remained about 97%. The mechanism governing the
photocatalytic amination process was clarified through ESR spectroscopy. First, the holes on the TiO,
surface oxidized an ammonia molecule to form a neutral amide radical, which then reacted with the
aromatic ring to form an intermediate, and afterwards the hydrogen of the intermediate was abstracted
by the active sites on the Pt surface, leading to the formation of aniline. Thus, it could be deduced that
the charge separation at the Pt-TiO, interface could significantly enhance the properties of Pt/ TiO,
photocatalysts for the amination of benzene. Zhang et al. investigated the properties of core-shell
and yolk-shell Pt@CeO, photocatalysts for oxidation of benzyl alcohol to benzaldehyde [111]. As
revealed in Figure 9, core-shell Pt@CeO, photocatalysts exhibited much higher benzaldehyde yield
and selectivity than yolk-shell Pt@CeO, photocatalysts. Zhang et al. attributed the unsatisfactory
properties of yolk-shell Pt@CeO, photocatalysts to the loose contact between the Pt core and CeO,
shell, which deteriorated the charge separation at the Pt-CeO; interface.
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Figure 8. (a) Conversion yield of Pt/TiO, versus the Pt loading amount; (b) Aniline selectivity of
Pt/TiO, versus the Pt loading amount. Reproduced from [107], with copyright permission from
American Chemical Society, 2013.
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Figure 9. Results of photocatalytic selective oxidation of benzyl alcohol to benzyl aldehyde over the
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Reproduced from [110], with copyright permission from The Royal Society of Chemistry, 2011.

As listed in Table 2, the photocatalytic selective reduction reactions mainly involve hydrogenation
of nitroaromatics and reduction of CO,. The investigation of Tada et al. on hydrogenation of
nitroaromatics demonstrated that the life time of electrons could also be prolonged by the charge
separation at the Ag-TiO, interface, leading to the enhanced properties of Ag/TiO, photocatalysts
for hydrogenation of nitrobenzene to aniline [113]. For better properties of photocatalytic reduction
of CO, to CHy, Xie et al. combined P25 TiO, with five noble metals, i.e., Pt, Pd, Rh, Ag and Au [114].
During the photocatalytic test, the properties of M/TiO, photocatalysts increased in the sequence of
Ag/TiO; < Rh/TiO; < Au/TiO, < Pd/TiO; < Pt/TiO,, which indicated the charge separation at the
metal-TiO, interface improved with the Schottky barrier height.

Towards the photocatalytic coupling reactions, Jiao et al. investigated the properties of Pd/SiC
photocatalysts for Suzuki coupling of iodobenzene and phenylboronic acid [120]. Under visible light
illumination, the conversion of iodobenzene and selectivity for the main product of Pd/SiC both
reached nearly 100%. Jiao et al. also evaluated the effect of photogenerated electrons and holes in
Pd/SiC on the Suzuki coupling process. After adding the electron-capturing agent (or hole-capturing
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agent) into the reaction system, the photocatalytic properties of Pd/SiC decreased dramatically, which
indicated both the photogenerated electrons and holes contributed to the Suzuki coupling process.

4.3. Hydrogen Evolution

As a significant process to convert solar energy into chemical energy, photocatalytic hydrogen
evolution has always been the hot spot in the research field of photocatalysis [47,121-123]. Table 3 lists
some of the most representative M /S photocatalysts for hydrogen evolution [48,63,67,124-144].

Table 3. M/S nanocomposite photocatalysts for hydrogen evolution.

Photocatalyst Structure Light Souce Reference
Pt/TiO, Conventional structure UV light [27]
PtNiy/g-C3Ny Conventional structure UV light [124]
Au/TiO,, Ag/TiO, Conventional structure Visible light [125]
Cu/TiO,, Ni/TiO,, CuNi/TiO, Conventional structure UV light [126]
Pt3Co/CdS, Pt3Co/ TiO, Conventional structure UV light [127]
Au/ZnO Conventional structure Simulated sunlight [128]
Au/MoS, Conventional structure Visible light [129]
Au/ZnO Conventional structure Visible light [130]
Au/CdS Conventional structure Simulated sunlight [131]
Ni/CdS Conventional structure UV light [132]
Pt/TiO;,, Au/TiOy Conventional structure Simulated sunlight [133]
SnRuy /TiO, Conventional structure UV light [134]
Au/CuO Conventional, core-shell structure Visible light [135]
Au@CdS Core-shell structure Visible light [136]
Au@TiO, Yolk-shell structure UV light [137]
Au@TiO, Yolk-shell structure UV light [138]
Au/TiOy Janus structure Visible light [63]
Au/Cds Array structure Visible light [67]
CdS/Au/ZnO Multi-junction structure UV light [139]
CdS/Au/MoS; Multi-junction structure Visible light [140]
CdS/Pt/ZnO Multi-junction structure Simulated sunlight [141]
CdS/M/TiO, (M = Au, Ag, Pt, Pd) Multi-junction structure Simulated sunlight [142]
CoOy /Ir/TazN5 Multi-junction structure Simulated sunlight [143]
Cry03/Rh/ (GajxZny)(N1.,Ox) Multi-junction structure Visible light [144]

For the M/S nanocomposite photocatalysts listed in Table 3, their properties for photocatalytic
hydrogen evolution achieved remarkable enhancement from the charge separation at the
metal-semiconductor interface and the SPR of the metal component. In the work of Bi et al., they
utilized Pt-Ni alloy nanoparticles to decorate g-C3Ny for saving the usage of Pt [124]. The results
revealed the PtNiy/g-C3Ny4 photocatalysts could exhibit comparable properties to that of Pt/g-C3Ny
photocatalysts, which provided a possible approach for developing M /S nanocomposite photocatalysts
with excellent properties as well as low cost. In the work of Ingram et al., the difference in the properties
of Ag/TiO; and Au/TiO, (TiO, was doped by nitrogen atoms, i.e., N-TiO,) photocatalysts for visible
light-driven hydrogen evolution was investigated, which shed light on more effective utilization of
SPR [125]. As revealed in Figure 10a, the SPR of Ag and Au was excited at the wavelengths of about
400 and 500 nm, respectively, while the absorption edge of N-TiO, was around 400 nm. Therefore, the
SPR of Ag was more efficient for exciting electron-hole pairs in N-TiO, than Au, which was supported
by the photocatalytic hydrogen evolution test results in Figure 10b.

Towards the core-shell and yolk-shell structure, Ma et al. investigated the effect of Au cores on the
properties of core-shell Au@CdS photocatalysts for hydrogen evolution [136]. As revealed in Figure 11,
under irradiation of visible light with wavelength > 420 nm, core-shell Au@CdS exhibited apparently
higher photocatalytic properties than pristine CdS, while under irradiation of visible light with
wavelength >500 nm, the photocatalytic properties of core-shell Au@CdS were only slightly higher
than pristine CdS. Thus, Ma et al. thought the radiative energy transfer from SPR-excited Au to CdS
was the main contribution to the enhanced photocatalytic properties of core-shell Au@CdS, rather than
the electron transfer from SPR-excited Au to CdS. In the work of Ngaw et al., the effect of Au content
on the photocatalytic properties of yolk-shell Au@TiO, for water splitting was investigated [137]. The
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photocatalytic properties of yolk-shell Au@TiO; also did not improve linearly with the Au content
under the irradiation of both visible light and UV light, and reached a peak at 2 wt% Au content. In
addition, Ngaw et al. ascribed the enhanced photocatalytic properties of yolk-shell Au@TiO; to the
void space and highly porous shell in yolk-shell Au@TiO,, which provided more active sites for H* ions
to be reduced and more channels for reactants to diffuse into and out of the photocatalytic particles.
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Figure 10. (a) Ultraviolet-visible extinction spectra of TiO,, N-TiO,, Ag/N-TiO, and Au/N-TiO,
samples. The inset shows difference spectra for Ag and Au (i.e., the Ag/N-TiO, or Au/N-TiO,
spectrum minus the N-TiO; spectrum); (b) Photocurrent responses (per macroscopic electrode area)
under visible light illumination. Reproduced from [124], with copyright permission from American
Chemical Society, 2011.
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Figure 11. Photocatalytic water splitting of core-shell Au@CdS and CdS nanoparticles under irradiation
of visible light with wavelength more than 420 nm and 500 nm, respectively. Reproduced from [133],
with copyright permission from John Wiley & Sons, 2014.

In the work of Seh et al., the properties of Janus Au/TiO; and core-shell Au@TiO, photocatalysts
for hydrogen evolution were compared and investigated [63]. As revealed in Figure 12a,b, Janus
Au/TiO; photocatalysts exhibited higher properties than core-shell Au@TiO, photocatalysts and the
properties of Janus Au/TiO, photocatalysts increased with the size of Au nanoparticles. Moreover,
Seh et al. attributed the enhanced charge separation in Janus Au/TiO;, photocatalysts to the
strong plasmonic near-fields localized closely to the Au-TiO; interface, which was supported by
the discrete-dipole approximation simulation results.
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Figure 12. (a) Hydrogen evolution through photocatalytic water splitting on Janus Au/TiO,,
core-shell Au@TiO,, amorphous TiO, and pristine Au nanoparticles; (b) Hydrogen evolution through
photocatalytic water splitting on Janus Au/TiO, with different Au nanoparticle sizes. Reproduced

from [63], with copyright permission from John Wiley & Sons, 2012.

As for the array structure, Wang et al. demonstrated the excellent properties of multi-segmented
Au/CdS nanorod arrays (NRAs) for photocatalytic hydrogen evolution [67]. As revealed in Figure 13a,
the activities of Au/CdS NRAs for hydrogen evolution increased with the number of Au-CdS segments
under irradiation of simulated sunlight. In addition, compared with pristine CdS NRAs, the activities of
Au/CdS NRAs for hydrogen evolution gained significant enhancement under irradiation of simulated
sunlight, which was presented in Figure 13b. Wang et al. attributed the excellent properties of Au/CdS
NRAs for hydrogen evolution to the charge separation at the Au-CdS interface under irradiation of
simulated sunlight.
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Figure 13. (a) Hydrogen evolution on the multi-segmented CdS/Au NRAs in the photoelectrochemical
cell under irradiation of simulated sun light. (I-V) SEM images of the side view of the CdS-Au NRAs.
(b) Comparison of the activities for hydrogen evolution on the CdS/Au NRAs and pristine CdS NRAs
under irradiation of simulated sunlight. Reproduced from [67], with copyright permission from John
Wiley & Sons, 2014.

Toward the multi-junction structure, Yu et al. demonstrated the excellent properties of
multi-junction CdS/Au/ZnO photocatalysts for hydrogen evolution [139]. To reveal the high
charge separation efficiency bought by the Z-scheme electron transfer, Yu el al. also synthesized
Au/CdS/ZnO photocatalysts by depositing Au on CdS/ZnO photocatalysts. As shown in Figure 14a,
the properties of multijunction CdS/Au/ZnO photocatalysts was 4.5 times higher than that of
CdS/ZnO photocatalysts, while the properties of Au/CdS/ZnO photocatalysts achieved only a
small enhancement compared with CdS/ZnO photocatalysts. The PL spectra in Figure 14b further
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confirmed the high charge separation efficiency due to the Z-scheme electron transfer in multi-junction
CdS/Au/ZnO photocatalysts.
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Figure 14. (a) Hydrogen evolution through photocatalytic water splitting on CdS/ZnO, Au/CdS/ZnO
and CdS/Au/ZnO, respectively. (b) PL spectra of ZnO, CdS/ZnO and CdS/Au/ZnO at a 270 nm
excitation wavelength. Reproduced from [136], with copyright permission from The Royal Society of
Chemistry, 2013.

4.4. Disinfection

In 1985, Matsunaga et al. first reported the photocatalytic inactivation of bacteria on the surface
of TiO, [145]. Since then, a lot of research has been devoted to the photocatalytic inactivation of
microorganisms such as bacteria, viruses, protozoa and so on [18,146-150]. Furthermore, due to the
nonexistence of secondary pollution, photocatalytic disinfection is a promising alternative approach
for water purification. Table 4 lists some of the most representative M /S nanocomposite photocatalysts
for disinfection [151-159].

Table 4. M/S nanocomposite photocatalysts for disinfection.

Photocatalyst Structure Bacteria Light Source Reference

Ag/g-C3Ny Conventional structure Escherichia coli UV and visible light [151]
Ag/TiO, Conventional structure Escherichia coli UV light [152]
Ag/TiO, Conventional structure Escherichia coli Sunlight [153]
Ag/TiO; Conventional structure Escherichia coli Simulated sunlight [154]
Cu/TiO, Conventional structure Escherichia coli UV and visible light [155]
Ag/BiOI Conventional structure Escherichia coli Visible light [156]
Ag/AgX (X =Cl, Br,I) Conventional structure Escherichia coli Visible light [157]
Ag/ZnO Conventional structure Escherichia coli Visible light [158]
Ag@ZnO Core—shell structure Vibrio cholerae Sunlight [159]

Taking into account the practical application of photocatalytic disinfection for water purification,
most of the light sources involved in the research are visible light as revealed in Table 4. Therefore, the
enhanced properties of M/S nanocomposite photocatalysts for disinfection are mainly attributed to the
SPR of the metal component. In the work of Shi et al., due to the SPR of Ag, the Ag/AgX (X =Cl, Br,
I) photocatalysts exhibited remarkable properties for the inactivation of Escherichia coli under visible
light illumination [157]. Shi el al. also evaluated the contribution of different photo-generated reactive
species to the disinfection process by adding scavengers into the reaction system. The results indicated
holes are the dominant reactive species over other reactive species such as electrons, *OH, H,O, and
SO on.

5. Conclusions and Perspectives

In this review, we demonstrate the properties of M/S nanocomposite photocatalysts in
relation to their structures for application in environmental remediation, selective organic
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transformation, hydrogen evolution and disinfection. Due to the enhanced charge separation at
the metal-semiconductor interface and increased absorption of visible light induced by the SPR
of metals, M /S nanocomposite photocatalysts usually exhibit much better properties than pristine
semiconductor photocatalysts.

For future development of M/S nanocomposite photocatalysts, our perspectives can be
summarized as the following four points:

(1) To date, most of metals utilized to combine with semiconductor photocatalysts are noble
metals, which are scarce in nature and expensive. To save the use of noble metals,
coupling semiconductors with alloys composed of noble and non-noble metals is highly
recommended. In addition, due to the non-linear relationship between the properties of M/S
nanocomposite photocatalysts and metal loading, precise control over the metal loading in the
M/S nanocomposite photocatalysts deserve further research.

(2) For more efficient utilization of SPR to enhance the properties of M/S nanocomposite
photocatalysts, the SPR excitation wavelength of the metal nanoparticles should overlap the
absorption edge of the semiconductor nanoparticles, which could be achieved by changing the
shape and particle size of the metal nanoparticles and modulating the band structure of the
semiconductor nanoparticles.

(3) Synergistic utilization of enhanced charge separation at the metal-semiconductor interface
and SPR of metals might endow the M/S nanocomposite photocatalysts with even better
properties under visible light illumination, because the SPR-induced charge separation in M/S
nanocomposite photocatalysts could be further enhanced by introducing another metal co-catalyst
with large work function to the M/S nanocomposite photocatalysts.

(4) Due to their intrinsic ability to prohibit particle agglomeration, the core-shell, yolk-shell
and array structures (especially the array structure) might be the ideal structures for M/S
nanocomposite photocatalysts. Therefore, there exists a strong demand for more facile synthesis
of these structures.
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Abstract: This review focuses on tungsten oxide (WO3) and its nanocomposites as photoactive
nanomaterials for photoelectrochemical cell (PEC) applications since it possesses exceptional properties
such as photostability, high electron mobility (~12 cm? V™! s71) and a long hole-diffusion length
(~150 nm). Although WOj3 has demonstrated oxygen-evolution capability in PEC, further increase
of its PEC efficiency is limited by high recombination rate of photogenerated electron/hole carriers
and slow charge transfer at the liquid-solid interface. To further increase the PEC efficiency of
the WOj3; photocatalyst, designing WO3 nanocomposites via surface-interface engineering and
doping would be a great strategy to enhance the PEC performance via improving charge separation.
This review starts with the basic principle of water-splitting and physical chemistry properties of WO3,
that extends to various strategies to produce binary/ternary nanocomposites for PEC, particulate
photocatalysts, Z-schemes and tandem-cell applications. The effect of PEC crystalline structure and
nanomorphologies on efficiency are included. For both binary and ternary WO3; nanocomposite
systems, the PEC performance under different conditions—including synthesis approaches, various
electrolytes, morphologies and applied bias—are summarized. At the end of the review, a conclusion
and outlook section concluded the WOj3; photocatalyst-based system with an overview of WO;
and their nanocomposites for photocatalytic applications and provided the readers with potential
research directions.

Keywords: WO3; nanocomposites; heterostructures; water-splitting; oxygen evolution

1. Introduction

The conversion of solar-emitted electromagnetic waves to useful forms of energy is a very
promising research area in the field of renewable energy production. Although roughly 32 x 10%* J of
solar energy reaches the Earth’s surface per year, only 0.001% of the incoming solar energy is used
for human needs [1]. The conversion of solar light to useful forms of energy is still challenging at
the scientific and engineering level in terms of energy production for the needs of human beings.
Even though there are many technologies for renewable energy [2], including solar cells, solar collectors
and solar fuel reactors (water-splitting), the major challenges we face are to improve efficiency and
stability in the conversion of solar energy to other energy forms. Currently, one of the popular research
technologies to tackle solar energy conversion is trying to convert photons into chemical energy [3] by
using artificial photoelectrochemical (PEC) processes.

Nanomaterials 2020, 10, 1871; doi:10.3390/nano10091871 29 www.mdpi.com/journal/nanomaterials
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Metal-oxide nanomaterials have been thoroughly studied for the conversion of solar energy to
hydrogen molecules due to their chemical and physical stability, optical and electronic properties,
easy fabrication and low cost. They have shown good properties for use in photoelectrochemical
devices such as TiO, [4-6], a-Fe,O3 [7-9], BiVO, [10-12], ZnO [13-15] and WO3 [16-18]. On the above
properties of semiconductor materials, both suitable bandgap positions to generate hydrogen and
oxygen gases and the ability to absorb a reasonable portion of the solar light spectrum are critical
for water-splitting. However, a single metal-oxide photocatalyst cannot simultaneously satisfy all
the requirements for solar-to-hydrogen-driven systems since it encounters many problems (including
fast recombination of charge carriers, photo corrosion, instability in aggressive electrolytes, short
lifetime of charge carriers, improper bandgap or diffusion length of photogenerated electrons and
holes). As a result, most of the metal oxide semiconductors are not suitable to split water at the
visible light irradiation, which occupies 54% of whole solar spectrum since they either do not have
proper bandgaps or only absorb the UV light region. However, the problems stated above have been
successfully addressed by introducing heterojunctions, composite nanomaterials, coupling wide band
and narrow band materials, doping, surface-interface engineering, dye sensitization, etc.

Among the metal oxides, WO3 is a promising semiconductor for PEC water-splitting with
favorable properties. (These properties include: suitable bandgap (~2.6 eV), good chemical stability
under strong solar exposure, oxygen-evolution capability, long minority carrier diffusion length
(~500 nm~6 pm [19,20]), absorption of visible light (~12%) and low cost.) The conduction band energy
position of WOj3 is 0.25 eV, which is not suitable for reorientation of bonds of hydrogen atoms from
the aqueous phase to the gaseous (0 V vs. NHE). On the other hand, the valence band, located at
2.7 eV, is more positive than the oxidation potential of oxygen (1.23 V vs. NHE) and is suitable for
oxygen evolution. Although the WO3 photocatalyst suffers from some limitations such as sluggish
charge transfer [21], boosting charge separation can be achieved by modifying WO3 photoanode with
numerous materials including Ag nanoparticles [22] and Au plasmonic particles [23]. Many papers
have reported on using WO3 photoanodes for O, evolution study [24,25]. During the study of hydrogen
evolution from aqueous phase, various photoelectrochemical systems and configurations integrated
with WOj3 and its composites have been developed.

Among the published materials in this prospect, numerous amounts of work can be distinguished:
Jietal. reported a triple layer heterojunction BiVO4/WO3/SnO, material with a perovskite solar cell [26],
Liu. et al. prepared a WO3; photoanode with a tandem cell [27] and Lee used dye-sensitized solar cells
to produce hydrogen with bare WO3 photoanodes [28]. Zhang fabricated the WO3;@a—Fe,O3/FeOOH
photoanode, which exhibits a 120 mV negative shift in onset potential and yields a photocurrent density
of 1.12 mA/cm? at 1.23 V vs. reversible hydrogen electrode (RHE) [29]. Moreover, some systems use
free-particle WO3 heterostructures based on photochemical cell reactions. Despite the fact that WO3
cannot generate hydrogen, there are some publications where scientists show high photocatalytic
activity for CdS-WOj3 [30] and non-stoichiometric WO3_,/CdS heterostructures for efficient hydrogen
generation [31].

Thus, we have conducted a literature survey on the WO3-based photocatalytic system and found
a dramatic increase of publications recently (Figure 1). This indicates that the WOj3 is a very important
material for designing efficient photocatalytic systems. The analysis of scientific articles, reviews and
conference materials found in the authoritative database revealed few review papers in the use of
tungsten trioxide photocatalyst for water-splitting. As shown in Figure 1, the trend of the published
papers in the WO3 photocatalytic research is increasing exponentially. Therefore, in our opinion, it is
essential to present a review article to our scientific community with recent research progress of WO3 in
the photocatalytic water-splitting. Although there are some review papers that included the WO; and
their water-splitting applications, from the best of our knowledge, few papers have been specifically
focused on sole WO3/nanocomposites and their recent photocatalytic application.
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Figure 1. Statistics analysis from Web of Science indicates increase of recent publications in WO3
photocatalytic areas.

The primary focus of our review article is to deliver the recent progress of tungsten-based
photocatalytic systems that have been developed. More specifically, it discusses the morphology, crystal,
doping, surface-interface engineering effect of WOj3 on the heterostructured photocatalytic system,
and all of the results in different conditions including electrolyte, power, applied bias, morphology,
and synthesis approaches were tabulated for the researchers to check. Therefore, in this review, we try
to give comprehensive information on WOj3 including the physical chemistry property, crystal structure,
and nanomorphology along with their composites including binary and ternary structures used in the
particulate, PEC, Z-scheme and tandem configuration for effective water-splitting applications.

2. Basic Principles of the Water-Splitting Reaction

2.1. Thermodynamics of Water-Splitting

In the reaction of water-splitting, solar energy can be directly converted into chemical energy
form, hydrogen gas [32-34]. The hydrogen acts as a green energy carrier since it possesses high energy
density. When used in a fuel cell, water is the only byproduct.

As early as 1923, ]. B. S. Haldane, a British scientist, proposed a concept of photocatalytic hydrogen
production. Seeing that there is no naturally produced pure hydrogen on Earth, its resource is highly
abundant throughout the universe. Like fossil fuels, water or biomass can be utilized to produce
hydrogen or other chemical fuels. Hydrogen gas can be further used in hydrogen fuel cell-powered
vehicles, which are much more environmentally friendly than the commonly used nonrenewable
fuel options. Increasing the efficiency of water-splitting devices for hydrogen fuel production has a
potential to decrease its dependence on using fossil fuels and importation.

There are some other approaches for hydrogen production, however, the most environmentally
sustainable, “green” method is photocatalytic or photoelectrochemical water-splitting. The PEC
water-splitting works similarly to a solar cell. The main difference is that it converts solar energy to a
chemical bond instead of converting directly to electric power, which is beneficial to store energy for
later use. PEC consists of three main components: an anode, a cathode and an electrolyte (aqueous
media). At the anode, water is oxidized to generate oxygen via the oxygen evolution reaction (OER),
whereas at the cathode hydrogen ions are reduced into hydrogen gas via a hydrogen evolution reaction
(HER). Based on the configuration of the PEC cell, either the cathode or anode, or both, can be
photoactive semiconductors which absorb light. Furthermore, water can also split via connecting a
p—n junction solar cell in parallel with a photoelectrochemical cell. This process not only avoids the
complicated manufacturing process, but it also reduces the system’s cost [35]. Although extensive
research has been conducted using many semiconductor configurations, there is still so much that needs
to be done to reach the targeted efficiency and stability goals. For a particle-based photo catalytical
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system, the ideal solar to hydrogen (STH) efficiency should be 10% [36,37]. This efficiency brings
cheaper H; production.

In 1972, Japanese scientists, Fujishima and Honda first studied TiO, as a photonic material and
proved that water can be decomposed under UV-light exposure [38]. Since then, scientists have been
studying a variety of light-sensitive material, including all inorganic and organic dyes [39-41].

Decomposing water into H, and O, is an endothermic reaction thermodynamically (+237.2 kJ/mol).
This means that additional energy is required to perform the decomposition reaction (E-1):

AGP = —nFAE? = +237.2 kJ/mol H, 1)

where:

F—Faraday’s constant (F = 96,485 C/mol),

n—Number of transferred electrons (n = 2)

AE%—standard potential of the electrochemical cell (AE® =1.229 V).

The amount of Gibbs free energy required to split a molecule of water into hydrogen and oxygen
is AG = 237.2 kJ/mol, which is corresponded to AE0 ~ 1.23 eV per electron, transforming the Nernst
equation under standard conditions. This means a minimum energy of 1.23 eV per electron should be
supplied by the photocatalyst. This process can be written in the following two half-reactions (E-2;
E-3; E-4):

Water oxidation: H,O + 2h* — % O, +2H* (HER) 2)
Water reduction: 2H* + 2e~ — H, (ORE) 3)
H,0 — % O, + Hy AG = +237.2 kJ/mol )

The bandgap (Eg) is the main parameter that defines the light-harvesting ability of an absorber.
Photons alone with energies higher than the bandgap can excite electrons in the valence band to
the conduction band. The excess energy or the difference in the energy of the absorbed photon and
the band gap energy (E-Ey), is lost as phonons. The absorption coefficient of the semiconducting
materials is another parameter which shows how efficiently a photocatalyst can harness the solar
spectrum. One crucial point that needs to be taken into consideration as quantifying the optimal
minimum band gap value is the intrinsic loss (Ejoss), associated with the solar energy conversion
process. These losses are connected with the fundamental loss caused by thermodynamics because of
non-ideality (kinetic losses) in the conversion process [35,38]. The former loss results from the second
law of thermodynamics. In fact, the following equation shows how bandgap energy (Eg) corresponds
to the change in internal energy, which is related to the change in Gibbs energy (E-5):

AG = AU + PAV — TAS (5)

where U, P, V, T and S indicate the internal energy, pressure, volume, temperature and entropy,
respectively. When the semiconductor absorbs photons, increasing excited states can be created in
addition to ground states, increasing the entropy of the ensemble. The change in entropy or ASyy,
occurs because there are existing excited states along with the ground states. A volume change (AVpix)
is also caused by the mixture of excited and ground states. However, this is not true for the ideal
chemical system (AVp,ix = 0). Thus, the band gap energy should be greater than the available work
under ideal conditions (Gibbs energy change per electron), at least Ejoss = TASyix with a minimum
of 0.3-0.5 eV. In reality, Ejss reaches higher values (roughly 0.8 eV) as a result of kinetic losses and
due to non-ideality (overpotential at the anode and cathode, reduction in resistance at the electrolyte,
electron-hole pair recombination). Therefore, in order to maximize the chemical conversion efficiency,
materials commonly used as photoelectrodes in PEC cells require a band gap of 2.0 to 2.25 eV [35,38].

When UV and/or visible sunlight shine onto a semiconductor photocatalyst, the semiconductor
absorbs photons and excites electrons from the semiconductor’s valence band to its conduction
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band, leaving a hole in the valence band, i.e., electron-hole pairs (Figure 2a). This is the so-called,
“photo-excited” semiconductor phase. The bandgap is the difference between the maximum valence
band energy and the minimum conduction band energy. Ideally, semiconductors have a bandwidth
greater than 1.23 V as well as a more negative conduction band relative to the water reduction potential
and a more positive valence band relative to the water oxidation potential.
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Figure 2. (a) Schematic illustration for WOs-particle-based photocatalyst system; (b) principle of
photoelectrochemical water-splitting.

A typical one-step PEC configuration for water decomposition consists of either a photoanode
or a photocathode. N-type tungsten trioxide is mostly represented as a photoanode and the basic
principles of such cell can be depicted in Figure 2b. Process of PEC water decomposition is initiated
via accepting light photons by photoactive materials. Then, this step is accompanied by generating
excitons (electron-hole pairs) inside semiconductors. Photogenerated holes on the surface of WO3
can oxidize water while electrons flow to the Pt electrode to produce hydrogen (Figure 2b). Due to
the improper positioning of the conduction and valence bands with respect to the potentials of water
reduction and oxidation, external bias voltage is used to separate excitons.

Another thermodynamic precondition is the position of the band edges. For the oxidation reaction
to occur, holes move from the photoelectrode to the interface between the semiconductor and the
solution freely. The top edge of the valence band must be more positive than the oxidation potential
of Op/H,O as seen in Figure 2b. Likewise, the reduction reaction happens if the bottom edge of the
conduction band is more negative than the reduction potential of H*/H,.

Figure 3 shows the band structure and bandgap values of some semiconductors [42]. While wide
band gap (Eg > 3 eV) photocatalyst can harvest only UV light (a small portion of the solar spectrum,
less than 4%), its band gap can be easily engineered to absorb the visible light range via metal and
nonmetal doping. Furthermore, narrow bandgap materials (e.g., WO3, Fe;O3) are not able to drive the
water reduction and oxidation reactions at the same time since their bandgap energy positions are not
properly positioned to the water redox potentials. Therefore, they are commonly used to construct
tandem cell structures for the water-splitting reaction.
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Figure 3. Bandgap positions of typical semiconductors for water-splitting. Reproduced from [42], with
permission from MDPI, 2016.

2.2. Device Requirements and Calculation of Their Efficiency

Various types of overall water-splitting techniques include: particulate systems [43], Z-schemes [44-46]
and photoelectrochemical cells [46]. The photoelectrodes of PEC water decomposition such as a
photoanode and a cathode electrode are made up of photocatalysts. However, fabrication of stable
photoelectrodes under the influence of strong sunlight is still a challenging one in PECs. Right now,
it is preferred to fabricate the film via direct growth on the photoelectrode, which provides a relatively
stable photoactive films.

In order to design an efficient and affordable solar hydrogen production PEC system, the electrode
requires low cost materials with the capability of efficient light harnessing and long term stability.

To date, large band gap semiconductors (UV-active specifically) and metal oxides have been
extensively investigated for the photocatalytic water-splitting studies due to their robustness and
suitable band gap energy positions. One challenge to using these materials is the limitation of solar
light harnessing to a small portion of the solar spectrum.

The following formula helps us calculate the theoretical maximum photocurrent Jimax, which is
proportional to the solar-hydrogen conversion efficiency (STH):

Tax = q f ®y [1 - exp(-ond)] d ®)

where A, q, d and x;, represent wavelength, electron charge, sample thickness and absorption coefficient
under the photon flux of the AM 1.5 G solar spectrum, respectively. Considering the conversion,
reflection and other losses, obtaining the goal of 10% STH conversion efficiency is very challenging.

The following efficiencies are usually reported for PEC cells. They are STH conversion efficiency,
applied bias photon-current efficiency (ABPE), external quantum efficiency and internal quantum
efficiency (IQE) or absorbed photons to current efficiency (APCE).

STH efficiency is commonly used to evaluate PEC device performance and is expressed in the
following way:

STH = [(H, production rate) x (Gibbs free energy per Hy)J/([incident energy]) 7)
The E-8 formula can be applied to calculate ABPE:
ABPE = [Jph X (1.23 = Vp)]/Piotal ®)

where Jpp is the photocurrent density as a bias Vj, is applied and Py, is the total incident solar
light power.
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External quantum efficiency defines the photocurrent generation per incident photon flux under a
certain irradiation wavelength. Solar-to-hydrogen conversion efficiency can be evaluated via applying
the external quantum efficiency data over the total solar spectrum in a two-electrode system. However,
applying external quantum efficiency data obtained in a three-electrode system under a bias to estimate
solar-to-hydrogen conversion efficiency is not considered to be a valid method. However, it is still
considered to be a useful approach for finding PEC cell material properties. The external quantum
efficiency (EQE) is expressed by equation (E-9):

EQE = (Jph X he)/(Pmono X A) (C)]

where ]ph is the photocurrent density, h is Planck’s constant, c is the light speed, Pmono is the power of
calibration and monochromatic illumination, and A is the wavelength of monochromatic light.

3. WO3 and Its Nanocomposites for Particle-Based Photocatalytic Systems

3.1. Half Reaction Systems

Nowadays, the pursuit for highly efficient photocatalytic materials to produce hydrogen fuel under
the exposure of light photons is still in the active stage. In a photoelectrochemical cell, it is required to
create sufficient voltage between the anode and cathode to perform the water decomposition reaction.
However, most of wide bandgap semiconductor materials are not able to respond to the visible part of
the spectrum. Absorption of ultraviolet radiation alone is an undesirable property of photocatalyst
operating in terrestrial conditions. One of the exciting ways to solve the above contradictions is the
creation of photocatalytic systems consisting of a series of photocatalysts. That is why researchers try
to use photochemical systems, where water can be decomposed using colloid particles without any
external voltage. Many papers have reported [47] that hydrogen can be generated, even though the
efficiency is very low. Evolution of oxygen is difficult because it requires process of four electrons and
four H* transfers.

Under solar illumination, although photoexcited electrons and holes are produced, they simultaneously
experience recombination and back reaction, which are competitive processes of photogeneration.
Hence, most works focus only on half reactions where either H, or O, evolution is possible in the
presence of sacrificial electron donor or acceptor.

C4S/WOj3 photocatalysts produced a high hydrogen evolution rate of 369 umol/gh with lactic acid
as an electron donor [30]. Further modification of C4S/WO3; with Pd particles increased the hydrogen
evolution rate to 2900 umol/gh, 7.9-fold higher than for C4S/WOs.

Furthermore, the surface plasmon resonance (SPR) effect of non-stochiometric WO;_, was
demonstrated [31] from C4S/WOj3_y heterostructures photocatalysts via photoinduced electron injection
for hydrogen evolution. The non-elemental metal plasmonic material WO;_, has intense SPR in the
visible/NIR region (Figure 4b). Free electrons in the conduction band of WO;5_, can be generated
from oxygen vacancies that are results of chemical reduction during synthesis. Further excitation of
electrons can happen by SPR and then they can become hot electrons for the hydrogen generation as
shown in Figure 4a. Photo-excited electrons on CdS inject into conduction band of WO5_, so that the
SPR of the photocatalyst WO3_y is stable and some hot electrons participate in hydrogen evolution
reactions (Figure 4c).

In addition, to choose the photoanode material for the half-reaction of water-splitting, attention
should be paid to the selection of the electrolyte. For sulfide semiconductors and composites,
a NapS/NaySO3 mixture is used as an absorbing hole agent. In type II heterojunctions, for example,
WO3-NS/C4S-NR, with high conductivity, WO3 provides efficient charge collection and, therefore,
reduces the rate of space charge recombination, which leads to the accumulation of holes in cadmium
sulfide. An electrolyte based on Na;S/NaySO3 provides fast hole collection, which allows the
half-reaction to occur without degradation of the photoanode [48]. The effect of some electrolyte
solutions on the oxidative half-reactions of WO3-based photoanodes was studied on [49]. James C.
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Hill and Kyoung-Shin Choi studied photo-oxidative processes in chloride solutions, acetate solutions,
phosphate solutions, perchlorate solutions, sulfate solutions and solutions with K* and Li* cations.
The electrodeposited porous WOj3 layers were used as a photoanode. The results show that the
presence of acetate and chloride ions suppressed the release of O,. In a phosphate solution, the
release of O, and the formation of peroxides was the main result of photooxidation. The oxidation
of water in perchlorate electrolytes was accompanied by the release of O, and the formation of
peroxides. In this case, the photocurrent density in such a system was lower in comparison with
phosphate electrolytes. The authors also showed that cations have a significant effect on the efficiency
of conversion of the photocurrent to O,. For example, Li* ions adsorbed on the surface of WOj3 serve
as blockers of water oxidation centers, while K* ions increase oxygen evolution in perchlorate, sulfate
and phosphate solutions.
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Figure 4. (a) Graphic illustration of charge transfer for CdS/WO;_, composite; (b) DRS spectra of
WO;_y, CdSand CdS/WO5_y_10; (c) hydrogen generation for CdS nanowires, WO3_, and CdS/WO5_4_19
composites in 20 vol% lactic solution under illumination. Reproduced from [31], with permission from
Elsevier, 2018.

The effect of tungsten trioxide layers on hydrogen reduction processes also demonstrates positive
dynamics. When combining Cu, O with WO3, a semiconductor p-njunction is created and that generates
the conditions for the rupture of photogenerated excitons. Thus, in the CuyO/WOj3 heterostructure,
an enhancement of the half-reaction of reduction is demonstrated in comparison with the sole
Cu,0O photocatalyst.

3.2. Z-Schemes

Z-scheme photocatalysts for overall water-splitting are a combined system involving two photon
excitation processes (Figure 5) [50]. The two—photon excitation system was proposed by Bard et al.
in 1979 which mimicked natural photosynthesis [51]. A Z-scheme is composed of one H; evolution
photocatalyst and another O, evolution photocatalyst with electron mediator. Most of Z-scheme
construction was demonstrated using Pt co-catalyst loaded SrTiO3, TaON, CaTayO, N and BaTayO,N
for hydrogen evolution and Pt/WOj3 for oxygen evolution. Photocatalytic activity depends on pH level,
concentration of electron mediator and type of co-catalysts. For example, Hideki Kato showed that pH
level affects photocatalytic activity of Z-scheme consisting of Pt/SrTiO3Rh-WO3-FeCl; system [52].
The pH value was adjusted using sulfuric and perchloric acids between 1.3 and 2.5. It was shown that
the best photocatalytic activity was achieved at pH 2.4 and subsequent increasing of pH led to decrease
of the activity. The sulfate ions-induced formation of [Fe(H;0)5(SO4)]* species around pH 2.4. Under
48 h of solar illumination, the Z-scheme generated both 890 and 450 umol H; and O, respectively.

Yugo Miseki reported a Z-scheme system with an oxygen evolution photocatalyst of
PtO/H-Cs-WO3 [53]. The Z-scheme water-splitting efficiency with PtOx/H-Cs-WO3 was 3-fold
higher than that of using PtO,/WOj3. Adding Cs* ions to the PtO,/WOj significantly improved the
oxygen evolution rate. IO3~ ion was used as an electron acceptor in this work. The apparent quantum
yield at 420 nm was 20% which is the best index among photocatalysts using the 103~ redox.
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Another Z-scheme, containing g-C3Ny—WOj3 photocatalysts, demonstrated enhanced Hj
evolution [54]. The high photocatalytic activity is most likely due to direct electron transfer from WOj3
to g-C3Ny in the Z-scheme.

One Z-scheme system consisting of graphitic nitrite g-C3Ny and WOj3; nanocomposites
modified with co-catalyst Ni(OH), showed the highest hydrogen production rate of 576 umol/(g.h).
Photogenerated electrons and holes are efficiently separated by combination of g-C3Ny and Ni(OH)y.
The electron spin resonance (ESR) technique used DMPO (5,5-dimethyl-1-pyrroline N-oxide) as a
trapping agent of €02~ and ¢OH radicals to register the change of the active oxidizing species in
aqueous systems. As a result, the Z-scheme charge separation mechanism explained the high hydrogen
production rate [55].
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Figure 5. Schematic illustration of photocatalytic water-splitting by Z-system. C.B.—conduction band;
V.B.—valence band; Eg—bandgap. Reproduced from [50], with permission from American Chemical
Society, 2010.

Recently, construction of Z-scheme using ZnO-WQO;_, nanorods was successfully synthesized by
the solvothermal method [56]. A high photocurrent value of 3.38 mA/cm? at 1.23 V vs. RHE, which is
3.02-fold higher than pure ZnO, was obtained by an effective Z-scheme charges-transfer process. Red
shift of optical absorption and better electrochemical performances were achieved by decoration of
ZnO nanorods with WO;_, nanoparticles.

Sayama et al. reported [57] a stoichiometric production of Hy and O, using a mixture of Pt-WOj3
and PtSrTiO3 (Cr-Ta-doped) in Nal media. The Pt-loaded SrTiO3; (Cr-Ta-doped) produced H; of
0.8 umol h™! from an aqueous Nal solution while the Pt-loaded WO3 produced O, at an initial rate
of 84 umol h™! in an aqueous NalOj solution under visible light (1 > 420 nm) separately. The Hy
evolution rate from the mixed photocatalyst system (1.8 umol h™!) was higher than that from Pt-S5rTiO3
(Cr-Ta-doped) alone (0.8 umol h1), indicating that addition of the Pt-WOj effectively reduced the
I0* iontoI™.

Even though the band position of WOj is suitable for O, evolution, doping WO3; with a metal can
shift the energy level. Wang [58] studied electronic properties of WO3 using density functional theory
(DFT) calculations with a hybrid calculation. Replacing W by Mo and Cr in the lattice can modify the
bandgap of WO3 and improve absorption of visible light. The effect of replacing O atoms by S anions
was simulated by substitution along the Z direction in the unit cell. The DFT results predicted that
there is a decrease in energy gap (2.21 eV) as well as a conduction band shift up, which is beneficial
for HER. The authors also tested the effect of doping WO3 with Ti, Zr and Gf metals, resulting in a
predicted upward shift of the conduction band like the case with S anions.

Mg-doped WO3 photocatalysts [59] have been studied experimentally. The conduction band
edge for p-type Mg-doped WO3 was —2.7 eV vs. Saturated calomel electrode (SCE) at pH 12, which is
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more negative than the reduction potential of H,. Hydrogen generation of 3 umol/gh was achieved by
doping WO3 with Mg (5-10 wt%). Doping has also been done using other metals, including Mo [59].

4. Heterostructured WO3 Nanocomposites for Photoelectrochemical Cell Systems

Photocatalytic activity of WO3 depends on the crystal structure, morphology and surface areas.
High surface areas of WO;3 usually increase the photo activity via providing more reaction sites.
The certain morphology increases electron mobility, thus demonstrates better photocatalytic activity.
For example, one dimensional WO3 demonstrates relatively high photoactivity relative to nanoparticles.
In the two dimensional WO3 nanomaterials, it is very important to have optimum grain size which
lead to high photoactivity. The crystal structure is critical for the photoactivity of WO3. Furthermore,
monoclinic structure of WOj offers different photocatalytic activity relative to other crystalline structure
including tetragonal, etc.

Anodization [60,61], solvothermal [56], hydrothermal [62,63], spin coating [64],
electrodeposition [65,66] and sol-gel [67] methods were used to fabricate different morphologies
and structures.

4.1. Crystalline Structure

Many research efforts have been performed to investigate the effect of crystal structure
on the tungsten photocatalytic activity. It was found that the monoclinic crystalline phase
demonstrated stronger oxidation activity than other crystal phases such as hexagonal and orthorhombic.
The monoclinic phase was found to be the most stable at room temperature [68-72]. Increase of the
temperature gradually transformed WO3-0.33H,0 from orthorhombic into anhydrous hexagonal and
a final stable form monoclinic (Figure 6a). As the temperature transited from 400 to 500 °C, the color
of the film turned into yellowish color obviously, which is corresponded to a red shift (Figure 6b).
The photocurrent density increases until 500 °C, then it starts to decrease (Figure 6¢). The monoclinic
structure of WOj3 at 500 °C showed the highest photoelectrochemical performance, on the contrary the
orthorhombic WO;3:0.33H,0 exhibited the lowest photocurrent density [68-70,73-75].
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Figure 6. (a) Crystal-unit cells for orthorhombic WO3-0.33H,O, hexagonal WO3 and monoclinic WOs3;
(b) absorption peaks of WOj3 films with/without heat treatment; (c) linear-sweep voltammetry of
WOj3 photoanodes at different temperatures under chopped illumination. Reproduced from [68],
with permission from American Chemical Society, 2016.
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Nayak et al. [76] used combination of a facile precipitation and solvothermal methods to fabricate
WO;3; nanowires. The precipitation method produced (Figure 7a—d) WO3-H,O nanoplates with an
orthorhombic phase, later the solvothermal approach was used to form WOj3; nanowires with a
monoclinic phase (Figure 7e-h). The photocurrent density obtained from WO3; monoclinic structure
was 21-fold higher than that of WO3-H,O orthorhombic phase. This enhancement was ascribed
to the presence of different phases between WO3-H,O nanoplates and WOj3; nanowires or the high
crystallinity of WO3 nanowires, which minimized the barrier of charge transfer at the interfacial charge
and enhanced the PEC performance.
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Figure 7. SEM images. (a) Stacked WO3-H,O square nanoplates synthesized at room temperature,
WOj3; nanowires evolving after (b) 3 h, (c) 6 h and (d) 12 h solvothermal treatment of WO3-H,O
nanoplates at 200 °C; (e-h) corresponding XRD patterns. Reproduced from [76], with permission from
American Chemical Society, 2017.

The effects of crystal phase on the photocatalytic performance has been broadly explored. Park
et al. [77] found that the annealing treatment reduced the surface disorder induced by water via
improvement of the crystallinity or oxygen deficiencies of WO3, led to enhancement of the PEC
performance. Zeng’s group explained the formation of peroxo species on the surface of WO3-H,O
as it has low degree of crystallinity. As the annealing temperature of WO3 reached 500 °C, highly
reactive (002) facets were formed to reduce defects, thus to minimize the recombination of electron—hole
pairs [75]. The same conclusion was obtained by Su’s group [72]. From the above studies, monoclinic
WO3; demonstrated higher PEC performance than that of as-prepared hydrated WOs.

Recent investigations demonstrated that with surface engineering certain crystal planes possess
preferences on the photoexcited electrons and holes, which lead to either preferential oxidation or
preferential reduction reactions [78]. Furthermore, photo—electrochemical efficiency has been improved
via exposing the high surface crystalline surface [79,80]. Among the three crystal planes or facets
of WO;3 which are (200) with 1.43 J/m?, (020) with 1.54 J/m? and (002) with (1.56 J/m?) facet of WOj3,
the crystal facet (002) showed preference for adsorbing the reaction species due to its highest surface
energy [81]. Wang et al. confirmed this via DFT calculations [82]. The dangling O atoms of the weakest
W-O bond on the (002) crystal plane of the monoclinic WOs3, offer plentiful active sites for H,O and
organic molecules through the hydrogen bond. Oxidization of water and degradation of organics on
the (002) easily occur via consuming photo-excited holes and generating active oxygen species, which
reduce the recombination of photogenerated carriers [83-85].

The morphology of the WOj films can be controlled by synthesis parameters such as synthesis
time, temperature and the amount of the capping agent [75]. HRTEM study revealed that annealing
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WO3-H,O plates transformed along with the (020) crystal face into WO3 plates with preferentially (002)
facet. At annealing 500 °C, the WO3 showed 1.42 mA cm~2 at 1.23 V vs. RHE, which is relatively high
current density. This is explained due to reduction of peroxo species on the surface of WO3. The high
energy crystal plane of WO3; nanoplate enhanced PEC water-splitting. Zhang et al. [83] compared
monoclinic WO3 nanomultilayers which has preferable (002) facet with that of WO3; nanorods and
found that WO3 nanomultilayers performed higher photocurrent densities than the WO3 nanorods.
These results were explained not by the specific surface area of WO3 nanorods, but the presence of highly
reactive (002) facets of WO3, which contributed to the improved PEC water-splitting performance.

In addition, increasing studies have been made investigating the effect of the (002) crystal plane of
2D monoclinic WO3 on PEC water-splitting.

To enhance the PEC water-splitting performance of WO3, most of studies have been focused on
engineering morphology, crystallinity, heterojunction, oxygen vacancy, doping and co-catalysts for
enhancement of photocatalytic hydrogen evolution.

According to the crystalline structure of WOs, it is confirmed that the monoclinic phase of WO3
demonstrated higher OER than the hexagonal or orthorhombic phases since it is the most stable phase
at room temperature and presence of highly reactive (002) facets.

4.2. Morphologic Effect

Various WO3 nanomaterials with different morphologies including nanorods [86], nanoflake [87],
nanotubes [88,89], nanoplates [90] and nanoparticles [91,92] were synthesized by various methods
to provide active sites for catalysis. It was found that morphology change of WOj3 can significantly
influence photocatalytic activity.

Ma and other authors [93] obtained nanoplates of WO3 by topological method using Na, WO,
and HBF, and mentioned that intrinsic crystal lattice of tungsten acid plays important role to obtain
morphology of final products. The crystal lattice of HyWO,4 has (WOg) octahedra layers with normal
direction (010) and each layer is linked to each other via hydrogen bonds. That is why H, WO,
tends to form platelike nanocrystals with (010) direction. Another factor affecting morphology is
addition of directing agents for nucleation and crystal growth. Interaction of HyWO, crystal planes
and HBF, can be reason of formation plate morphology of WO3. Meng and others [94] synthesized
hierarchical structure using citric acid C¢HgO7 and found that (-COOH) functional groups affect
growth of nanoplate. They concluded [93,94] that uniform platelike morphology is favorable for gas
sensing because it has more active sides for absorption of gas molecules. In addition, much work was
done on WOj crystal growth using fluoroboric acid [95], polyethylene glycol (PEG) [96], polyvinyl
alcohol (PVA) [87].

Strategy of increasing active sides for suitable absorption of light is a way to enhance
photoelectrochemical performances of photocatalysts. For example, Jiao et al. demonstrated different
morphology of tungsten trioxide hydrate (3WO53-H,O) films which grown by hydrothermal method
using NapSOy, (NH4),50, and CH3COONHy as capping agents, respectively. Platelike, wedgelike
and sheet like nanostructures can be obtained as shown in Figure 8 [97]. From Figure 8e it can be seen
that sheet like nanostructures had the highest photocurrent density (1.15 mA/cm?) under illumination
and high photocatalytic activity for photodegradation of methanol. This was in good agreement with
UV-vis absorbance spectroscopy results (Figure 8d). The authors believe that the reason for high
current density of sheetlike morphology can be explained by the existence of small pores among sheets.
This may be beneficial for accelerating the interface electron kinetics between the sheet and electrolyte
due to its large active surface area.
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Figure 8. SEM images for WO; hydrate film with sheetlike nanostructures with (a) (NH4);SOy,
(b) NaySO4 and (c¢) CH3COONH, as capping agent; (d) absorption spectra of WOs3 films;
(e) current-potential scans of WOj3 films measured in darkness and under illumination in a 1-M
H,S0; electrolyte containing 0.1-M methanol. Reproduced from [97], with permission from American
Chemical Society, 2011.

Davidne et al. [98] reviewed WO3 nanostructures and studied the effect of morphology on
photocatalytic activity for decomposition organic dyes. Nanostructures such as nanoplate, nanoneedle,
nanorods and nanowire were obtained by hydrothermal method. It was found that photocatalytic
efficiency has good correlation with band gap, crystalline phase, morphology and oxidation state.
Nanoneedles with hexagonal structure showed the best photocatalytic efficiency in contrast to others.

Monoclinic nanorods showed higher photocurrent density than (2.09 mA/cm?) nanoplates
(1.61 mA/cm?) in the hydrogen evolution reaction (HER) [96]. Some results concluded that 1D structures
have high optical, electrical, photoconductivity properties and fast charge transportation [99-101].
Vertically oriented nanorods and nanoneedles have remarkable PEC results [65,66,102] due to high
interfacial contact area which improves redox contact area and efficient light scattering.

However, some authors believed that 2D nanostructures like nanoplates have higher specific
surface area than one-dimensional (1D) materials such as nanorods and nanowires. For example,
Su and others demonstrated better photoelectrochemical characteristics and optical properties of
WOj3; nanoflakes than WO3; nanorods [87]. Hammad et al. [103] fabricated WO5; nanorods (with a
diameter 7 nm, length up to 700 nm) and WO3 nanoplates with width 700 nm on fluorine-doped tin
oxide (FTO) substrate via hydrothermal treatment. Results of electrochemical spectroscopy showed
that nanoplates have better contact with substrate than nanorods which led to high photocurrent
density of 400 uA/cm? over 350 pA/cm?. Through changing concentration of HCI acid, Zhou et
al. [104] synthesized perpendicularly oriented WO3; nanorods and nanoplates at different amount of
acid. WO; nanoplate arrays also showed a superior photocurrent density of 1 mA/cm? at 1.6 V vs.
RHE than nanorods of 0.8 mA/cm?. A high photocurrent density may be related with a long carrier
diffusion length through 2D nanostructures comparing with 1D and efficient charge transportation
and separation. Contradictory results between 2D and 1D nanostructures allow them to conclude that
comparing different morphologies under different conditions do not give us true information. This is
because one morphology can show different results depending on its morphologic parameter such as
length, thickness and diameter.

In the aspect of photocatalytic efficiency evaluation in combination with morphology, WO3-BiVOy,
nanostructures have been mostly studied. Lee and others [65] fabricated WO3-BiVOy, TiO;-BiVOy,
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Fe,O3-BiVO, and SnO,-BiVO, nanostructures and showed that PEC characteristics of bare WO3
dramatically increased after modification with BiVO,4. The SEM and cross-sectional images of WO3
nanorods coated with BiVOy are presented in Figure 9. They concluded that pairing WO3 with BiVO,
creates very promising photoanodes for water oxidation than others.
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Figure 9. (a,b) Top and cross-section SEM images of the optimum BiVO4/70°-WO3; nanorods;
(c) expanded image of BiVO,4/WOj3 nanorods, (d) enhancement of photocurrent density of BiVO4/WO;
nanorods (70°) nanorods; (e) schematic illustration of BiVO4/WOj3 nanorods. Reproduced from [65],
with permission from Elsevier, 2016.

Improving PEC characteristics can be achieved by also using core-shell structures.
Spatial separation of photogenerated charges between the core and shell is beneficial, however,
excited charges stay inside and do not react with electrolyte. Nevertheless, fast transportation
of charges to surface can diminish shell thickness [105]. Rao et al. [106] synthesized core—shell
nanostructures of WO3-BiVOy to improve light absorption and charge separation. A photocurrent and
an incident photon-to-current conversion efficiency reached 3.1 mA/cm? and ~60% at 300—450 nm,
respectively at 1.23 V vs. RHE under simulated sunlight.

Enhanced PEC performance was obtained by designing yolk-shell-shaped WO3/BiVO,
heterojunction which produced a photocurrent density of 2.3 mA/cm? with the highest value of
~5.0 mA/cm? after adding a Fe-Ni co-catalyst at a bias of 1.23 V vs. RHE under AM 1.5 illumination
(100 mW/cm?) [107]. These noticeable photocurrent density results demonstrated that core-shell
structures may be potentially viable for photocatalytic applications.

Nanostructures with nanoporosity have shown a better PEC activity due to their large
specific surface areas, relatively higher light absorption rate and excellent charge collection
efficiency [108-110]. A high surface area of porous nanostructures makes them promising electrode
materials for electrochemical surface reactions [111-113]. Furthermore, the nanoporous structure
creates the depletion layer and reduced diffusion distance to the photoelectrodes/electrolyte interface,
which diminish recombination of electrons and holes [114-116]. Song et al. [117] used versatile
foaming-assisted electrospinning method to produce mesoporous WO3 nanobelts which enhanced the
PEC water-splitting performance compared with the as-prepared WO3 nanofiber and WO3 nanobelt
samples. Shin etal. [114] used a laser ablation method to produce tree-like nanoporous WO3 photoanode
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for a photoelectrochemical water-oxidation performance. Both SEM and TEM image in Figure 10, show
1D treelike morphology with a thickness ~3.2 um and many clusters with nanoporous with average
size of ~60 nm. The photocurrent density of treelike porous structures was 9-fold higher (1.8 mA/cm?
at 1.23 V vs. RHE)) than dense WO3;. A quantum efficiency (QE) or incident photon-to-electron
conversion efficiency (IPCE) was 70% at 350-400 nm.

Figure 10. (a) SEM image of the WOj3; photoanode; (b) TEM image of the nanoporous WOj clusters, the
inset: a high resolution TEM image; (c,d) schematic illustrations of charge transport/transfer processes.
Reproduced from [114], with permission from Royal Society of Chemistry, 2015.

Fujimoto et al. [115] synthesized porous BiVO, using the auto combustion method. Adding
oxidizing agent NH;NOj3 and subsequent decomposition of organic additive after heating allowed to
create porous film with small crystalline BiVO, nanoparticles during the synthesis. The optimized
WO3/BiVO; film produced a maximum IPCE value of 64% at 440 nm with photocurrent density of
3.43 mA cm? at 1.23 V vs. RHE (under one sun illumination).

Finally, it is obvious that different morphologies as a factor of synthesis method produce different
PEC results and play an important role in configuration of water-splitting devices. However, it is
hard to conclude that one morphology is more beneficial than others. In fact, other factors such as
substrate on which the structure is grown, electrolyte, capping agents and, etc. may be cause of change
in photocatalytic activity.

4.3. Binary Structures of Hierarchical Architectures Based on WO3 Semiconductors

As mentioned above, single photocatalysts cannot satisfy all the requirements needed for
water-splitting PEC systems. Therefore, scientists focus most of their attention on creating different
kinds of heterostructure architectures from different various materials such as metal oxide/metal
oxides [47,118-120], metal oxide/metals [92,121-123] and metal oxide/inorganic compounds [124] to
create efficient systems for various spheres. Mixing several materials is a method commonly used
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to improve separation of charge carriers, photoelectrode stability, absorption of visible light, suitable
carrier diffusion length and effective surface charge transfer.

4.3.1. Metal Oxide/Metal Oxide Binary Heterostructures

The sensitivity of TiO; can also be obtained by modification the surface using semiconductor
photocatalyst with a smaller bandgap as WO3 [125-127]. A WO3/TiO, photocatalytic system was
published in 1998 [128]. The photocatalytic activity of WO3 coated with TiO, was tested for the
oxidation of water using iron (III) acceptor. It was also found that iron (III) ion is preferred more than
iron (II) ion as an electron acceptor for oxygen evolution.

Amorphous «-TiO; can be used to passivate the surface of WO3 based nanostructured photoanodes.
For example, Yang and et al. [129] demonstrated high photocurrent with 1.4 mA/cm? at 0.8 V in 0.1-M
NaySOy electrolyte using WO3; nanoflakes coated amorphous «-TiO, films. Passivation of WO3 by
o-TiO; was realized through the O>~W®* bonding at contact surface between WO3 and «-TiO,. Hence,
passivation of surface allows to decrease recombination and improve PEC oxidation.

Hierarchical WO3/TiO; composites for hydrogen evolution was fabricated by Momeni [130]
using the anodization method. TiO; nanotubes with a diameter ranged 80-110 nm were modified
by WOj3. Controlling the concentration of the Na,WOj, solution allowed them to achieve the highest
amount of Hy, with 2.14 mL/cm? under 120 min of solar illumination, which is approximately
3.02-fold higher than bare samples with TiO, nanotubes (0.71 mL/cm?). It also showed increase of
photocurrent value from 0.81 to 1.61 mA/cm? after modification proved the effectiveness of the coupled
WO3/TiO; system. The anodization method was also successfully used to prepare the hybrid WO53/TiO,
nanotube photoelectrodes [131] which showed better photo conversion efficiency, STH efficiency and
H, generation.

Many other studies highlighted that coupled WO3-TiO, systems have better characteristics.
For example, the highest photocatalytic activity of nanocomposites particles for degradation of
Rhodamine B [60,61], decomposition of 1,4-dichlorobenzene (DCB) aqueous solution [132] and azo
dyes [133], for effective catalytic oxidation cyclopentene to glutaraldehyde [133] were obtained.

The effectiveness of photocatalysts was also attained by engineering morphology and specific
surface area of the material since electron-hole transfer occurs on the surface. According to some
studies, although electron-hole pairs can be generated in volume, they can annihilate before they reach
the surface due to the low diffusion length.

Most of authors have shown that dual heterostructures of WOz and BiVO, are effective for driving
water oxidation reactions [64,134,135]. BiVO, is an n-type semiconductor-like WO5; which has a
bandgap around 2.4 eV [26,136]. The theoretical solar-to-hydrogen efficiency using this material (9.8%)
is more than that of WOj3 (4.8%)-based systems. Despite the fact that BiVOy is a direct semiconductor
unlike WO3, it has a poor charge transport and a short hole-diffusion length (~60 nm). Coupling WO3
with BiVOy decreases recombination of photogenerated charge carriers and improves the efficiency of
overall water-splitting systems. A dynamic of photogenerated carriers and effective charge separation
of WO3-BiVOj, heterojunctions was explained by Grigioni using femtosecond transient absorption
spectroscopy [137]. They determined the position of the WO3 conduction bands (+0.41 V vs. RHE) and
BiVOj, (+0.02 V vs. RHE) by testing the photocatalytic reduction of thionine. The charge separation
mechanism of BiVO4-WO3 system is shown in Figure 11a. When comparing the flat band position
of BiVOy in the WO3-BiVO,4 composite, a shift of 170 mV is observed. This shift was explained by
electron equilibrium between the two materials due to a Fermi level shift. Photoelectrons transfer
from BiVO, to WO3 while holes localize in BiVOy, so it is possible to separate photogenerated charge
carriers spatially (Figure 11b).
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Figure 11. (a) Diagram of the band edge positions of pure WO3 and BiVO, and (b) for a WO3-BiVOy,
composite under solar irradiation. Reproduced from [137], with permission from American Chemical
Society, 2015.

The morphology of WO3 and the decoration method with BiVOy are also very important issues.
Chae et al. synthesized mesoporous WOj films followed by a coating of BiVOy to research particle
sizes and shapes, as well as the effects of the photoanode thickness. Large nanoplates showed a high
injection efficiency while nanospheres enhanced the charge-separation efficiency [138]. Pihosh et al.
synthesized WO3-BiVO, vertically oriented nanorods by combining the glancing-angle deposition and
normal physical sputtering techniques [66]. The photocurrent density achieved 3.1 mA/em? at 1.23 V
RHE under illumination of one sun. A nanopillar morphology of WO3-BiVO, photoanodes fabricated
by electrostatic spraying method also produced a photocurrent up to 3.2 mA/cm? [139]. An enhanced
photocurrent density of 4.55 mA/cm? was achieved by using a WO3-BiVO, photoanode [65]. Deposition
of BiVO, nanodots on WO3; nanorods had an increased photon to hydrogen efficiency of 80% at
1.23 V vs. RHE, which is higher than the theoretical efficiency for bare BiVO,. Rao et al. fabricated
WO;-BiVOy core shell nanowires and showed that the photoanodes demonstrated a 1,1, X 1s¢p up to
53%. A combination of BiVO, with more conductive WOj leads to effective charge carrier separation
and the photocurrent achieved 3.1 mA/cm? at 1.23 V vs. RHE.

Iron is an abundant and important metal in the earth’s crust, so its use is considered economically
viable. Oxidation of iron can lead to formation of the known hematite phase x-Fe,O3 which has
semiconductor properties. It has good stability in most electrolytes pH > 3 and has a narrow bandgap
(~2.2 eV) which can absorb 40% of the solar spectrum. Although hematite electrodes are well
studied for PEC system, photoconversion efficiency is still lower than the theoretical value due to
low hole mobility (~2—4 nm). Moreover, poor electrical conductivity, high recombination rate of
electron-hole pairs [140] and the slow kinetics of oxygen evolution [141] limits its use. Some studies
focus on binary heterostructures with WO3-hematite a-Fe,O3 photoanodes [142]. A photocurrent of
1.66 mV/cm? was observed at 1.23 V RHE, while the photon to current efficiency was 73.7% at 390 nm.
Schematic illustration of WO3-Fe,O3 composite nanosheets and bandgaps are shown in Figure 12a.
The optical absorption measured by a UV-vis diffuse reflectance spectroscopy was found to be improved
for the composite WO3; and Fe,O3 material (Figure 12b). Luo published enhanced electrochemical
characteristics of a WO3@Fe,O3 photoelectrode compared to bare WO3; and Fe,O3 [143]. Effective
photoelectrochemical splitting of seawater with Fe;O3/WOj3; nanorods was achieved by Li et al. [144].
Although optical absorption is promising, the photocurrent of Fe;O3/WO3-based photoanodes is
still low.
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Figure 12. (a) WO3-x-Fe,;O3 nanocomposites and its band diagram for PEC water-splitting (b) UV-vis
absorption spectra of WO3@Fe;O3. Reproduced from ref [142], with permission from John Wiley and
Sons, 2016.

4.3.2. Metaloxide/Inorganic Compounds Heterostructures

The heterostructures formed from WO; and sulfur components have narrow bandgaps.
For example, antimony sulfide, SbySs3, (1.7-1.9 eV), bismuth sulfite, Bi;S3, (~1.3 eV) and tungsten
disulfide, WS;, (~1.3 eV) [145] are very effective. For example, Zhang [146] synthesized WO3/Sb,S3
heterostructures via a simple hydrothermal method to improve PEC performances. Tungsten trioxide
nanorods and nanoplates were synthesized by controlling the concentration of acid and tungsten
precursor along with subsequent growth of Sb,S3 nanoparticles. It was demonstrated, that WO3/Sb,S3
heterostructures have better electrochemical and optical characteristics than pristine WOs.

A high photocurrent of 5.95 mV/em? was achieved using a three-dimensional WO3/Bi,S3
heterojunction [147]. Bi,S3 is also a n-type semiconductor with bandgap 1.3 eV and has more
negative conduction band edge than WO3. A WO3/Bi,S; heterojunction was fabricated by combining
of hydrothermal method, SILAR (successive ionic layer absorption and reaction) process and CBD
(chemical bath deposition). Relatively high light absorption, small electron transfer impedance and
high charge carrier were proved by UV-vis, EIS (Electrochemical Impedance Spectroscopy) and
Mott-Shottky methods.

Despite the fact that the WO3 bandgap energy is not suitable for hydrogen evolution, it is
still useful for solving problems such as high electron-hole recombination rates and poor electrical
conductivity of some photocathodes [145]. A study of WO3@WS, core-shell nanostructures fabricated
by plasma assisted sublimation was published by Kumar et al. [145]. The highest achieved cathodic
photocurrent was 16.2 mA/cm? for WS, at 0.3 V vs. RHE. Sulfurization of the WOj3 surface forms a
WS; layer with a rich defect structure, resulting in a high catalytic activity.

4.3.3. Metal Oxide/Plasmon Particle Systems

The plasmonic effect induced by noble metal particles plays an important role in decorating
photoelectrodes. Photoactivity of photocatalysts can be increased by enhancing light scattering and
SPR [148,149]. Moreover, noble metals play a role as a co-catalyst for OER due to good electrical contact
between the metal and semiconductor [150,151]. Altering the surface properties of WO3 photoanodes
with plasmonic nanoparticles Au and Ag has shown enhanced visible light absorption and high
photocurrent density [152]. Hu showed a high faradic efficiency of 94% for WO3@Au composites [149].
Enhanced photocurrent density and morphology of heterostructure is presented in Figure 13a,b.
Modified WO;3 by plasmonic Ag and Pt nanoparticles showed enhanced photocurrent of 1.13 mA/cm?
at 1.23 V vs. RHE under AM 1.5G illumination in a 0.2 M NaySOy solution, which is nearly 3.32 times
that of bare WO3 [153]. The photocurrent density for binary systems are represented in Table 1.
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Figure 13. (a) Current -potential curves of WO3@Au composite with HAuCly concentrations of 8,
24 and 240 umol in 0.1-M NaySOy electrolyte and (b) SEM images of WO3@Au composites. Reproduced
from ref [149] with permission from Springer Nature, 2016.

Table 1. Photocurrent densities of binary heterostructures.

J (mA/cm?)/STH

. P (%)/Gas
Photoanodes Methods Morphology  Electrolyte Potential (mW/em?) Evolution Ref
(mL/cm?)
. 0.1-M 0.8 vs. SCE
WO3/TiO, Solvothermal Nanoflake NaSO, (145 vs. RHE) 100 14 [129]
M 0.7 vs.
WO;/TiO, Anodization Nanotubes NaOH Ag/AgCl 100 1.6 [130]
(1.7 RHE)
. - 0.6 Vvs. SCE 2
WO;/TiO, Anodization Nanotubes 1-M KOH (1.62 RHE) 100 13.1%/16.2 [131]
Solvothermal 1-M
WO3_,/ZnO method Nanorods NapSO; 1.23 vs. RHE 100 3.38 [56]
Glancing-angle Vertically 05-M
WO3/BiVO, deposition/ oriented A 1.23 vs. RHE 100 3.1 [66]
o NaySOy4
electrodeposition nanorods
. . 0.7 Vvs.
WOS/BIVO, Electrolsnt:;t:sgraymg Nano;;ztrured 1\?35-5% Ag/AgCl 100 21 [139]
P 29P4 (144 vs. RHE)
1.23 vs.
. ) 05-M Ag/AgCl
WO3/BiVO, Layer-by-layer Film N2SO4 (1817 vs. 100 2.78 [134]
RHE)
05-M 1.23 Vvs.
WO3/BiVO, Spin coating Film NSO Ag/AgCl 100 1.2 [64]
22¥% 1.817 vs. RHE
. Pulsed 0.1-M
WO3/BiVO, clectrodeposition Nanorods NapSOs 1.23 vs. RHE 100 4.55 [65]
0.6 Vvs.
WO/BiVO,  Anodic oxidation Na“f"i{"”"“s Kﬁ% Ag/AgCl 100 02.01 [135]
m 2854 (1.21 vs. RHE)
WO3/BiVO. Electrospinnin, Nanofibers 0.5-M 1.23 vs. RHE 100 2.8 [154]
T pinning NaS0, &V :
0.5-M
WO3/Fe, 05 Solvothermal Nanosheets 1.23 vs. RHE 100 1.66 [142]
NaySOy
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Table 1. Cont.

J (mA/em?)/STH
P (%)/Gas

Photoanodes Methods Morphology  Electrolyte Potential (mW/cm?) Evolution Ref
(mL/cm?)
WO3/Fe, O Hydrothermal Nanorods 01-M 1.23 vs. RHE 100 1 [144]
3/Fe, O3 ydra T] rods NaSO, 23 vs.
WO;/Fe, O Sol-gel Fil 0.1-M 1.23 vs. RHE 100 0.7 [67]
3/Fe, O3 ol-ge ilm NaOH 23 vs. .
Nanoplate/ 1-M p
WO3/Sb,S; Hydrothermal nanorods H,S04 0.8 vs. RHE 100 1.79 [146]
. Nanorods/ 0.1-M ;
WO3/BiyS3 CBD nanoplates NapSOs 0.9 vs. RHE 100 5.95 [147]
0.1-M 4
WOs/Au Hydrothermal Nanoplate NagSO, 1.23 vs. RHE 100 15 [149]

4.4. Ternary Systems for Efficient Water Decomposition

A typical heterojunction between two dissimilar semiconductors comes to equilibrium without
any external electric field. The result shown above is a potential difference that appears at the
interface as an internal electric field. This field accelerates charge carrier drift and decreases the
number of electron—hole recombination, improving the semiconductor’s photocatalytic activity [155].
The exploitation of multilayer structures in photocatalysis is considered more beneficial. An illustration
of the advantages of a cascade transition of charge carriers is well explained in numerous works [156]
and [157]. The authors of [156] work investigated the photocatalytic properties of a composite of CdS,
TiO; and tungsten trioxide. Since, TiO, has the conduction band edge which is between conduction band
edges of CdS and WOj3, in such ternary composites electronic transitions are cascading. After generation
of excitons in CdS, electrons easily migrate to TiO, and WOj of potential difference as shown in
Figure 14.
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Figure 14. Schematic representation of a comparison of electronic transition processes in binary and
ternary hybrid. Reproduced from [156], with permission from American Chemical Society, 2011.

In addition to ternary composites made only of semiconductor materials, there are also ternary
structures based on semiconductors and metal complexes. An example of such ternary photocatalysts
can be photonic heterostructure of CdS-Au-WOs3. Cui et al. reported, that Au nanoparticles deposited
between WO3 and CdS leads to form heterostructure which had photocatalytic properties superior to
similar two-phase systems. It was thought that such amelioration caused by a synergistic integration
of photon absorption with effective electron transfer in the heterostructure [62]. The use of doping
elements—or modification by particles such as CdS quantum dots [158] in usual two-component
heterojunctions—is also referred to as a ternary structure. Doping elements such as Yb [159] and Mo
have been shown to suppress charge carrier recombination during photocatalysis [160], improving the
efficiency of reactions. In ref. [161], high photocurrent density was achieved by doping active materials
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to make bilayers WO3/MoBiVOy (BiV(95Mo0(504). The photocurrent of the Mo-doped content
increased by a factor of 3 and 1.5 relative to pristine photoanodes based on WOj3; and BiVO,/WO3,
respectively. Another promising way to create performable photocatalysts is a combination of a
catalyst with heterostructures. Some examples of such formations are materials which obtained by
the deposition of catalytic coatings NiOOH [162] and FeOOH [163] on the surface of two-phase WO3
structures. The deposited materials suppress both the degradation of the photoactive material and
the Faradic losses [164], accelerating the photoelectrochemical reaction processes. Shouli Bai et al.
also combined catalyst layers with a heterojunction by depositing NiFe bimetallic complexes onto a
WOg3/Fe,05 surface [165]. Their strategy increased the photocurrent density of the ternary photoanode
system to 3.0 mA cm~2, which, according to Shouli Bai, is 5 and 7-fold higher relative to that of
pristine WO3 and «-Fe,Oj3 structures, respectively. The role of the catalyst here is to improve the
absorption of holes accumulated on the electrode surface. In another study, the deposition of CoPd
bimetallic nanoparticles onto the surface of WO3/a-Fe,O3 photoanodes causes a cathode shift of the
initial potential, increasing the photocurrent density from 0.15 to 0.5 mA/cm? during water oxidation
at 1.23 V relative to RHE when illuminated with AM 1.5 G [166]. Substitution of iron oxide with
cadmium sulfide in heterostructures based on WOj3 also makes it possible to sensitively increase the
photoresponse of electrodes during water decomposition. In [167] work preparation of such ternary
compositions conducted via three simple hydrothermal, impregnation and photo-assisted deposition
steps. Thus, authors obtained rodlike structures with a performance of photocurrent at the level of
5.85 mA/cm? at 1.23 V (vs. RHE). Sun with co-workers explain this phenomenon by creation a larger
built-in potential at interface WO53/CdS formed via impregnating appropriate CdS onto surface of
WO;. This drives transport of electrons from CdS to WO5; with improvement of exciton separation.
In this case, not the entire charge is torn well enough. Part of the charge recombines due to the
weak involvement of holes in the valence band of cadmium sulfide in the process of water oxidation.
Decoration surface of WO3/CdS heterojunctions with Co-Pi co-catalyst advances the transfer kinetics of
charge advanced which is positive to suppression of charge recombination. In this case, the mechanism
of improving charge transfer to the sites of redox half-reactions is also achieved by adding phosphate
anions to the electrolyte. In fact, the use of various electrolytes, such as glycerol-water mixture [168],
in its effect on the parameters of the transferred charges between photocatalytic coatings and a split
liquid. Varieties of compositions of working electrolytes and a list of structural heterojunctions, as
well as geometric schemes that receive the influence and influence of all this on the photoresponse
of PEC systems are shown in Table 2. It is known that tungsten trioxide is widely used as the
primary semiconductor material in three transient systems in photocatalysis. Therefore, numerous
of recent works dedicated to photoinduced dye degradation processes [169] and the direct splitting
of water [170,171] were carried out with exploiting WOs. Liu formed an effective three-component
photoanode based on tungsten trioxide nanosheets synthesized by hydrothermal method and decorated
with Zn,BiyS34y quantum dots via layer-by-layer adsorption [172]. In obtained core/shell structure of
ZnyBiS3.,/WOs3, surface Zn,BiyS3, served as a protective layer for tungsten trioxide. Comparable
photocatalytic studies conducted under visible light irradiation in 0.1-M NayS and 0.1-M NaySO;
aqueous solution at pH ~9 showed that Zn,BiyS3.,/WO3 composite has higher photocatalytic activity
then BiyS3/WOs.structure. The photocurrent density was 7 mA/cm? at a bias voltage of —0.1 V.
This attributed to the involvement of ZnS nanostructures with high photocatalytic properties [173].
Designing semiconducting heterocomposites via a surface—interface engineering approach showed
high effectiveness for enhancing exciton separation/transportability and photoelectrochemical features.
The photoactive layer of 2D BiVOy-layer/WOj3 array modified with cobalt phosphate studied for oxygen
evolution and showed 1.8 mA/cm? at 1.23 V vs. RHE in a phosphate buffer under an AM1.5G sun.
The result is 5 and 12-fold higher than that of bare WO3 and BiVO, photoanodes, respectively [174].
Morphology of WO3 nanostructures affects to charge separation ability in the active layer and to charge
collection efficiency in the WO3/BiVOy, heterojunction. The low-dimensional nanosphere WO3 layer
showed higher photocatalytic efficiency than the platelike or rodlike ones [71].
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There are three different component systems with different morphology in which the hierarchy
of the band structure observed for effective water-splitting. The main types of morphology include
multi-heterojunction-based photocatalysts composed of WO3 nanorods, Pt nanoparticles and TiO,
nanoparticles [175], hierarchical heterostructures with core and double shells [176], rectangular
AgIn(WOy), nanotubes which showed excellent photocatalytic properties for decomposing water
to evolve Hj [177] and linked porous structures such as WOj3/porous-BiVO,/FeOOH [178]. Special
attention should be paid to the three-component system made on spiral WO3 nanostructures decorated
with doped Mo and BiVO, nanoparticles [179]. Based on the assertions that 1D structures charge
carriers go straight to the terminals or half-reaction centers [180], Xinjian Shi et al. used a spring
morphology with an increased surface area while retaining the properties of 1D structures. As a
result of the successive deposition of these structures onto conductive glass, a spiral heterocomposite
WO3/(W, Mo)-BiVO, with a length of 5.5 um was obtained and the photocurrent density exceeded
3.9 mA/cm?. The process of making triple transitions is possible using various techniques, such
as electrochemical reduction-oxidation technology [181], a hybrid synthetic method, including
electrodeposition and hydrothermal treatment [182], a solvothermal-calcination process [183], an
electrostatic-driven self-assembly correlated with ion-exchange process [162] and a polymer complex
method [184]. Jun Lv et al. obtained photoactive LiCr(WO,),. After heat treatment at 700 °C for
5 h, crystal structures of tungstate were obtained, consisting of alternating layers of WO and CrOg
octahedra lying on the YZ plane. The WOg octahedra are connected by separating edges, leading to
the appearance of unrelated zigzag rows along the Y-axis. On the other hand, CrOg octahedra not
related to each other. Photocatalytic tests of LiCr(WO,), showed that the release of H, proceeds upon
irradiation with visible light up to 540 nm [184]. Reaching the rest of the visible spectrum remains the
goal. Ji Hyun Baek et al. developed a photoanode based on BiVO,/WO3/SnO; using a simple method
of applying layers on conductive glass to obtain a thin double-heterojunction coating on the order of
320 nm. A characteristic feature of BiVO,/WO3/SnO; is the large bandwidth of visible light, which
allowed the researchers to combine the photoanode with a perovskite solar cell into a tandem PEC
system. This allowed the reaction to split water without applying a bias voltage [26]. In general, the
development of PEC cells using independent absorbents of incident light is a promising direction, so
the next section will deal tandem hydrogen production systems.

4.5. WO3-Based Tandem PEC Cells

Two strategies can produce tandem cells for photoinduced water-splitting. One strategy used is
to increase the capture of photons is a tandem system of a photoanode and photocathode with n- and
p-conductivities of active layers, respectively. The splitting of water under light irradiation in this type
of PEC cell occurs as a result water oxidation by photogenerated holes on the photoanode surface.
Meanwhile, reduction to molecular hydrogen is initiated by electrons on the photocathode surface.
At the same time, negative charge carriers generated in the photoanode are directed under the action
of the field, to positively charged carriers in the photocathode material, where they recombine. Robert
Coridan et al. investigated the photocatalytic properties of Si/WOj3 heterojunctions and Si/ITO/WO3
arrays in a core-shell manner [185]. The operation of the tandem structure depends not only on the
bandgap of the semiconductors used but also on the alignment of the strip edge and the state of
the electrical connection between photo absorbents. When a mismatch of conductivity levels and
valence levels of semiconductors included in tandem circuits occurs, low efficiencies of PEC hydrogen
evolution cells [186]. A similar effect was observed in the work of Heli Wang et al. in which they
combined n-type tungsten trioxide and hematite nanorod metal oxides with p-GalnP,. It was found
that even when photo electrodes are illuminated with a source with a power of 1 W/cmz, a photocurrent
appears but the density values of which are rather weak. This is due to low electron mobility of in the
hematite layers, short hole-diffusion length, and insufficient potential difference between the levels
of the conduction band and valence semiconductors, which help reduce charge recombination [187].
Geometrical optimization of the morphology of the active layers of photoelectrodes refers to an increase
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the density of short circuit current [188]. Investigating the PEC properties of the tandem structure of
WO3/5i, Zhuo Xing et al. concluded that it was necessary to add an intermediate layer between p and
n semiconductors to reduce the number of recombinations of photoinduced charges. In [189], metal W
served as an intermediate layer, resulting in a WO3/W/Si ternary structure demonstrated an increase in
the photogenerated current density by a factor of 10 compared to the WO3/Si structure.

Another possible way for general water-splitting without assistance is to combine photoelectrodes
with photovoltaic cells to form a tandem PEC/PV cell. In one study [190], organic molecules were used
as sensitizers in a tandem PEC, which is a powerful strategy for designing hydrogen evolution systems
since they allow large-scale modification of photoelectrodes by adjusting the dye redox potentials or
redox mediators.

In the tandem devices shown in Figure 15, the BiVO4/WOj; photoelectrode absorbs
short-wavelength photons and more extended wavelength absorbs by a dye/TiO; electrode [185-190].
This method offers better concession between device performance, complexity and stability [3].
In addition to scientific methods, when choosing materials, morphology and hierarchy of architecture,
engineering aspects related to the spatial and reciprocal arrangement of the physical elements of
tandem structures are also important. For efficient use of incident photons, Pihosh Y. and colleagues
produced a PEC-PV tandem system based on WO3; NRs/BiVO4+CoPi photoanode and an AlGaAsP
solar cell, which were placed at 45° relative to each other using a V-shaped stand [102]. This design
allows the passage of reflected light from the photoanode to the surface of the solar cell.

Porous ITO—
Dense ITO—
Porous ITO—

N ’
FTO/glass/hybrid cDBR

Figure 15. Schematic illustration of a PEC tandem system based on BiVO,/WOj3; and DSSC. Reproduced
from [191], with permission from Springer Nature, 2016.

Thus, the characteristic differences between ternary systems and binary systems are the
improvement of photocatalytic properties and corrosion resistance. As described above, tandem
structures provide an operating mode for photoelectrochemical processes in a wide range of the
radiation spectrum. It increases the number of components of the hydrogen evolution cells, which leads
to a complication of the assembly of heterostructures and to a high cost of the obtained layers. Therefore,
when choosing which or used components of tertiary composites, pay attention to postprocessing,
including thermal.
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Table 2. Photocurrent densities of ternary heterostructures.
Photocatalytic . e Photocurrent
Material Methods Morphology Electrolyte Potential Irradiation Density Ref
Combination of Hollow
. . 0.5V vs.
wet-chemical, microspheres 05M Ag/AgCl
WO3-Pt=CdS  photodeposition and ~ composed of Né SO (1.8 \%vs Vis light 0.16 pA/cm? [192]
hydrothermal small 274 'RHE) :
techniques crystallites
Combination of
electron beam
SnO,/WO3/ deposition and metal X 7 100 2
BiVO, otganic Planar film 0.5-M NaySO;  1.23 vs. RHE mW/em? 2.01 mA/em [193]
decomposition
technique
Combination of a 123V vs.
WO3/C3N hydrothermal . Ag/AgCl 100 2
//CoOx method with wet film 18V vs. mW/em? 5.76 mA/jem [170]
impregnation RHE)
0.618 V vs.
CuWO,-WO;3 electrodeposition film K(I)-Il -Ir’\é[) Ag/AgCl m‘i](/)omz 0.3 mA/cm? [194]
2004 (1.23 vs. RHE) ¢
WOs/(Er, spray coatin; clﬁirl;?;\};nnlicte 0.1-M 123V vs. 100 41=0.19mA [195]
W):BiVO, pray & KoHPO, RHE mW/cm? cm™2
structure
monoclinic
WOg3/(Er, . S 0.1-M 100 7.2 +0.39 mA
W):BIVO, spray coating clinobisvanite KoHPO, 2.3V vs. RHE mW/cm? em-2 [195]
structure
TiOy/WOs3/ brochosomes- 7 0.35V vs. 100 o
BiVO, hydrothermal like 0.5-M NaySOy4 RHE mW/em? 3.13 mA cm’ [196]
WOs/ electrospray worm-like o
FeyOs/Co(OH) deposition nanobars 0.1-M NaOH 1.23 vs. RHE 0.62 mA cm [197]
potassium 062V vs.
Ag-functionalized  electrophoretic thin film phosphate Ag/AgCl 0205mAcm™>  [198]
CuWO,/WO; deposition N (1.23 V vs.
buffer solution
RHE)
1.0 M of
drop-casting and Na;50, with
CuWOy/BiVOy . 0.1 M of 1.23 Vvs. 100 2
with Co-Pi thermal annealing nanoflakes sodium RHE mW/em? 2.25mA cm [199]
method
phosphate
buffer (pH =7)
BiVO4/WO5/SnO,
connected pH7
with o triple-layer phosphate 123V vs. 100 0
perovskite Spin-coating planar film buffer RHE mW/cm? 3.1 mA/em 201
solar cell electrolyte
tandem device
0.7 Vvs.
ZnWO,/WO3 Piezo-dispensing Spot Arrays O'li\fé\ng Os (?%Agsls 0.75 mA/cm? [200]
RHE)
0.1-M sodium
borate buffer
g Seeded-growth 123 Vvs. 100 2
b-Cu,V,07/WO3 approach (pH.B._Z) RHE MW/cm? 0.45 mA cm [201]
containing
0.1-M Na,SO3
0.5-M Na,SOy4 -3
CaMn;04/WO3 Spin-coating Thin film solution 1‘0131_\[]}2\15' 15 Xc:r(\)’z mA [202]
(pH 6)
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Table 2. Cont.

Photocatalytic . e Photocurrent
Material Methods Morphology Electrolyte Potential Irradiation Density Ref
Hydrothermal
method, chemical 100 1.13 -
PYWOs/Ag bath, photoassisted Nanorods mW/cm? mA/cm? [153]
electrodeposition
hydrothermal
method, successive
ionic layer d0.2-M .
WO.3/CdS/ adsorption and Nanorods NapS0,4-0.1-M 123V vs. 1.5-2 mA/cm? [203]
NiOOH . RHE
reaction, NaySO3
photo-assisted
electrodeposition
05M 1.23 Vs, 100 1.87
ZnWO,/WO3 hydrothermal Nanorods NaySO; RHE MW/em? mA cm-2 [204]
. drop-casting method,
WO3/BiVOy/ . g 123 Vvs. 100 -
710 atomic _l;.xyer Nanosheets 0.5-M NaySO4 RHE mW/em? 2.5-3.00 mA cm’ [205]
deposition
Au-surface/
- hydrothermal, 0.5 123V vs. 2
BiVO,/WO3/ sol-gel spin-coated, Nanospheres M NaySO4 RHE 1.31 mA/cm’ [63]
Au-bottom
hydrothermal
process Octopus . 55mV (vs. 2
WO,/C@Co0O and immersion tentacles-like 1.0-M KOH RHE) 10mA em [206]
method
mixed
layer deposition sgﬁie;)nuf)f
WO;@ZnWO, technique and nanosheets  0.35-M Na2S 123V vs. 100 ~1.57 mA/em? [207]
@ZnO hydrothermal RHE mW/cm
rocess and 0.25-M
P NaSO3
(pH = 13.4)
chemical bath 0.5-M Na,SOy4 1.23Vvs. 2
WO3/rGO/SbyS3 deposition nanoplates (pH-~7) RHE 1.20 mA/cm’ [208]
Electrodeposition, . 2
CupyO/CuO/WO; spin-coating Thin film 0V vs. RHE —1.9 mA/cm’ [209]
14V
. . versus
WOSBIVOY  pioctrodeposition . OMPOH 05N NaySO,  Ag/AgCl 100 mw 45mA cm™2 [210]
Co-Pi inverse opals cm
(0.67 V vs.
RHE)
WO;3/BiVOy/ Spin-coating, wet . R 1.23 Vvs. 100 » 2
TiO, chemistry platelike 0.1-M NaySOy4 RHE mW/em? 3.9 mA/cm’ [211]
. Electrospinning . -~ 15-20x10~2
TiO,/WO3/Pt technique fibers 0.2-M Na,SOy4 mA/cm? [212]
Hydrothermal
TiO,-TiCl;-WO; method + nanorods KOH 1.23V vs 100 3.86 mW/em? [213]
. NHE mW/cm
Electrodeposition

5. Conclusions and Outlook

The goal of research in the field of photoinduced decomposition of water is to develop high
performance photocatalytic systems with high STH efficiency. The transmission of the photocatalytic
systems from the field of laboratory research to the large scale production is a key point. The principle
of using semiconductor coatings based on tungsten trioxide for PEC cells is justified by the economic
aspects associated with the low cost of the material, as well as with its physicochemical properties.
Using nanotechnology and nanomaterials is a suitable method for addressing several of the issues
listed above. Metal oxide nanoparticles can be obtained by a wide range of physical and chemical
methods. They can be classified as top-down and bottom-up methods. Top-down approaches rely on
physical processes, such as abrasion or ball milling. Nano powders produced in this method usually
exhibit wide distribution sizes and their size, shape and morphology are difficult to control. In addition,
possible structural and surface impurities can have a significant effect on surface chemistry and the
catalytic properties of nanomaterials. Low-dimensional structures are most advantageous from the
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point of view of effective absorption of light with the generation of charge carriers, migration of charge
carriers to the surfaces of the material, which fit over the exciton lifetime, as well as possessing a fairly
significant semiconductor/electrolyte contact area. The mixing of semiconductors (i.e., the formation of
composites) is also an accepted strategy for the development of photocatalysts that respond to radiation
in the visible range. This strategy is based on a hierarchical architecture for connecting a wide-gap
semiconductor with a narrow-gap semiconductor with a more negative level of the conduction band.
Thus, the conduction of electrons can be introduced from a narrow-gap semiconductor into a wide band
semiconductor, leading to better absorption for the mixed photocatalyst. An additional advantage of
using composite semiconductor photocatalysts are that it reduces carrier recombination by facilitating
electron transfer crossing interface of particles. In photocatalyst composites, semiconductor particles
stay in electronic contact individually. For a successful combination of semiconductors, the certain
requirements are needed to be met: the conductivity level of the narrow-gap semiconductor should be
more negative than the level of the wide-gap semiconductor; the position of the conductivity level of
the wide-gap semiconductor should be more negative than the recovery potential; electron injection
should be quick. All of the steps can improve the characteristics of the material, as well as eliminate
the influence of its shortcomings on the process of splitting water under the action of light. In any
case, a review of the literature in this area indicates a special level of development in the field of
photoelectrochemistry for hydrogen evolution using active materials from pure tungsten trioxide
or in various compositions with it. However, so far, the complete and qualitative decomposition of
water and the generation of hydrogen under the influence of sunlight has a low rate, which indicates
insufficient feasibility of industrial use of existing technologies. Based on the current trend towards the
creative and experimental activity of researchers in this direction, the authors of this article express
deep confidence in the imminent achievement of quantum efficiency of PEC systems sufficient for
universal use in human life in the near future.
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Abstract: The growth of industrialization, which is forced to use non-renewable energy sources, leads
to an increase in environmental pollution. Therefore, it is necessary not only to reduce the use of
fossil fuels to meet energy needs but also to replace it with cleaner fuels. Production of hydrogen
by splitting water is considered one of the most promising ways to use solar energy. TiO; is an
amphoteric oxide that occurs naturally in several modifications. This review summarizes recent
advances of doped TiO,-based photocatalysts used in hydrogen production and the degradation of
organic pollutants in water. An intense scientific and practical interest in these processes is aroused
by the fact that they aim to solve global problems of energy conservation and ecology.

Keywords: titanium dioxide; photocatalysis; hydrogen evolution; photodegradation

1. Introduction

At present, hydrogen is regarded as the fuel of the future. Compared to carbon fuel, hydrogen is
considered a renewable and environmentally friendly source of energy. There are various methods
for producing hydrogen on an industrial scale. However, all known methods are characterized
by high energy consumption, which makes the process of hydrogen production on a large scale
disadvantageous. The production of hydrogen by photocatalytic water splitting is technologically
simple, and the outcoming gases are environmentally friendly.

TiO, is a wide-bandgap semiconductor. In nature, TiO; is usually found in three different crystalline
structures: rutile, anatase, and brookite. TiO; in anatase form is the most widespread photocatalyst
for hydrogen evolution [1]. However, it cannot be used in the spectrum of visible light, since its
bandgap (Eg) for different crystalline phases (anatase—3.2 eV, rutile—3.0 eV, and brookite—3.3 eV)
is in the UV region. Also, the efficiency of photocatalysis in addition to the bandgap depends on
many other factors [2]. In the 1970s, Fujishima and Honda studied the photoelectrochemical splitting
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of water, where a TiO,-based electrode demonstrated the ability to split water under the influence
of ultraviolet radiation [3]. Photocatalysis is a complex reaction consisting of the processes starting
from light absorption to generate charge carriers up to surface catalytic reactions due to which gas
is formed (Figure 1). This process only requires a photocatalyst (TiO,), which is not consumed
during the entire process, water, sunlight or ultraviolet radiation. During the absorption of light (>E)
by the photocatalyst, an excited electron (ez;) transfers from the valence band into the conduction
band. This transition of the electron leads to the generation of a positively charged carrier-hole (h;B)
in the valence band (Equation (1)). Also, these charge carriers can recombine among themselves
(Equation (2)) [4,5].
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Figure 1. The mechanism of photocatalytic water splitting on TiO;, based photocatalyst.
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Another important application of TiO,-based photocatalysts is based on their ability to discolor
and completely decompose organic dyes contained in water. In addition, there are a number of works
in which TiO,-based photocatalysts were used to neutralize harmful to the atmosphere gases [6-9].
Chemical stability, easy accessibility, nontoxicity and the ability to oxidize under the influence of
radiation, allow TiO,-based photocatalysts to solve the main global problems associated with pollution
of the environment and need for renewable energy [10,11]. Currently, TiO; as a photocatalyst is
commercially produced in powder form. The most common brand of TiO, based photocatalyst are
P-25 Degussa/Evonik, TiO, nanofibers from Kertak, TiO, Millennium PC-500, TiO, Hombikat UV-100,
Sigma Aldrich TiO,, TiO, PK-10, and P90 Aeroxide.

This paper aims to provide a brief overview of articles published starting from 2017 on new
research and developments of TiO, based photocatalysts with significant advances. In this review,
attention is also paid to the study on the mechanism of photocatalytic processes, factors affecting the
activity of photocatalysts, and new techniques used to increase the activity of TiO, based photocatalysts
during the splitting of water with the evolution of hydrogen and decomposition of organic compounds

utilized for water purification.

2. Factors Affecting the Efficiency of Photocatalysis and Techniques Used to Improve the
Efficiency of TiOz-Based Photocatalysts
2.1. Lifetime of Photogenerated Charge Carriers

The activity of photocatalysts strongly depends on the lifetime of photogenerated electron-hole
pairs. An important role is played by the rate at which charge carriers can reach the surface of
the photocatalysts. The results of spectroscopic studies show that the time intervals between redox
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reactions or recombination involving charge carriers are extremely short, resulting in a significant
reduction of the photocatalytic activity of TiO,. In the case of recombination of charge carriers in a
sufficiently fast interval (<0.1 ns), the photocatalytic activity of the semiconductor is not observed.
For example, the lifetime of electron-hole pairs of ~250 ns (TiO,) is considered relatively long [12].
Thus, it can be concluded that a high recombination rate and barriers, that prevent the transfer of
charge carriers to the semiconductor surface, reduce photoactivity, despite the high concentration of
initially photogenerated pairs. In this regard, to avoid their recombination, it becomes necessary to use
cocatalysts in order to increase the lifetimes of electrons and holes.

2.2. The Particle Size of Photocatalyst

Compared to microparticles, TiO, nanoparticles have, generally, a higher photocatalytic
activity [13,14]. This is due to the small diameter of the nanoparticles, in which the charge requires
minimal effort to transfer to the surface. If the particle size decreases, the distance that photogenerated
electrons and holes need to travel to the surface where the reactions take place is reduced, thereby
reducing the probability of recombination. For TiO, photocatalyst microparticles, the penetration
depth of UV rays is limited and amounts to about ~100 nm. This means that the inner part of the
TiO, photocatalyst microparticle remains in a passive state. [15]. Figure 2 shows the scheme of light
absorption by nano- and microparticles of TiO,. This is one of the reasons for the increased interest in
nanosized particles of TiO;.

10 nm »l

"‘?f'

Figure 2. Light absorption by micro- and nanoparticles of TiO,.

As shown in Figure 2, a decrease in the particle size of the photocatalyst to nanoscale facilitates
the absorption of light by the entire volume of particles. However, there is a limitation regarding the
minimum sizes to which it is desirable to reduce the particles of the photocatalyst, due to the onset of
quantum effects. They become significant at particle sizes less than 2 nm for both anatase and rutile,
and finally, this leads to a change in the bandgap. An increase in the size of the photocatalyst crystals
leads to a decrease in the recombination of the electron-hole pair at the defects of the crystal lattice and
to an increase in photocatalytic activity. For example, in [16], nanoparticles with a size of 25 nm were
found to be more productive than nanoparticles of 15 nm. On the other hand, the bandgap is directly
proportional to the size of the photocatalyst crystals. That is why it is necessary to find the optimal
crystal size of TiO; and control it in the process of its obtaining.

To increase the photoactivity of TiO, in the visible region of the spectrum, the spectral region of
its absorption should be expanded. There are several approaches for sensitizing TiO, to visible light:
doping with cationic and anionic elements or metal nanoparticles. Elements of the 3d- and 2p-groups
are often used as additives to reduce the value of the bandgap of the photocatalyst [17,18].

2.3. Doping with Cations

The essence of cationic doping is the introduction of metal cations into the crystal structure of TiO,
at the position of Ti** ions. Rare-earth, noble, and transition metal cations can be used [19]. Doping
with cations significantly expands the absorption spectrum of TiO,, increases the redox potential of

69



Nanomaterials 2020, 10, 1790

the formed radicals, and increases quantum efficiency by reducing the degree of recombination of
electrons and holes. The nature and concentration of the dopant change the charge distribution on
the TiO, surface and affects the process of photo corrosion and photocatalytic activity [20]. However,
an increase in the absorption of visible light does not always lead to an increase in the activity of
the photocatalyst. As a result of doping with cations, a certain number of defects appear in the TiO,
structure, which can act as charge recombination centers, this leading to a decrease in photocatalytic
activity even under the influence of UV light.

In [21], Kryzhitsky et al. show the change in the activity of photocatalytic properties of rutile and
anatase forms of nanocrystalline TiO, depending on the nature of metal-based dopants. According to
the results of the study, it is found that doping does not significantly change the bandgap of rutile,
while in the case of doping anatase with iron and chromium, its bandgap narrows significantly. As a
result of doping with metals, the photocatalytic activity of anatase (A) increases in the following order:
A < A/Co < A/Cu < A/Fe. In the case of rutile (R), its photocatalytic activity decreases in the following
order: R > R/Co > R/Cu > R/Fe > R/Cr. According to the authors, the decrease in the photoactivity of
TiO, may be associated with the inhibitory effect of impurity cations.

2.4. Doping with Anionic Elements

Over the past few years, it has been shown that TiO, samples doped with nonmetallic elements
(nitrogen, carbon, sulfur, boron, phosphorus, and fluorine) in the anionic positions of TiO,, demonstrate
high photoactivity in the UV and visible regions of the solar spectrum [22,23]. Among all the anions,
carbon, nitrogen, and fluorine caused the most significant interest [24-26]. The substitution of oxygen
atoms to carbon leads to the formation of new levels (C2p) above the ceiling of the valence band of TiO,
(O2p), which reduces the bandgap and shifts the absorption spectrum. The inclusion of carbon in TiO,
can also lead to the formation of carbon compounds on the surface of the photocatalyst, which acts as
absorption centers of visible radiation [27].

Doping with nitrogen atoms is the most popular way to improve the photocatalytic performance of
TiO,. Introduction of nitrogen into the TiO; structure contributes to a significant shift of the absorption
spectrum into the visible region of the solar spectrum, a change in the refractive index, an increase
in hardness, electrical conductivity, elastic modulus, and photocatalytic activity in regard to visible
light [28,29]. Upon substitution of anions, a new level is formed above the valence band of TiO, [30].
As shown in Figure 3, the presence of nitrogen leads to a change of the bandgap Eg; (TiO2) > Eg
(N-doped TiO,), thus contributing to the absorption of photons of light with lower energy.
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Figure 3. Changes in the band gap of TiO, upon doping with nitrogen atoms.
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Doping with nitrogen in the oxygen position is difficult since the ionic radius of nitrogen (1.71 A)
is much larger than that for oxygen (1.4 A). Another auspicious element in the anionic positions of
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TiO; is fluorine atoms [31]. Unlike nitrogen, fluorine atoms easily replace oxygen due to the close ion
radius (1.33 A for F~ and 1.4 A for O?7). The increase in photocatalytic activity is mainly associated
with an improvement in the degree of crystallinity of TiO, due to doping with fluorine [32]. It has been
determined that crystallinity and the specific surface area also affect the photoactivity of TiO, [33,34].
The crystalline modification of TiO, in comparison with amorphous TiO, has significantly fewer defects,
which reduce the possibility of recombination processes and contributes to the efficient movement of
photogenerated charge carriers in the semiconductor. Since redox reactions occur on the surface of
TiO,, one of the main requirements for photocatalysts is the presence of a developed specific surface
area. However, the presence of a developed specific surface area implies a large number of defects in
the structure and a low degree of crystallinity and, as a result, reduces photocatalytic activity. Therefore,
to increase photocatalytic activity, it is important to find a balance between the above factors.

2.5. Doping/Loading with Metal Nanoparticles

The application of metal nanoparticles is another alternative approach to the modification of
photocatalysts. A review of the recent literature shows that metals (Co, Pt, Ag, Au, Pd, Ni, Cu,
Eu, Fe, etc.) significantly increase the photocatalytic activity of TiO, [35-37]. The low location of
the Fermi level of these metals compared to TiO; can lead to the movement of electrons from the
TiO, structure to metal particles deposited on its surface. This helps to avoid the recombination
of charge carriers, since the holes remain in the valence band of TiO,. This is also beneficial for
avoiding the recombination of charge carriers since the holes remain in the valence band of TiO;.
A number of conducted investigations indicate that the properties of these photocatalysts depend on
the dispersion of metal particles [38,39]. Enhanced photocatalytic properties of metals appear when
their size decreases <2.0 nm [40]. Despite the foregoing, too high concentration of metal particles can
block the surface of TiO, and prevent the absorption of photons, leading to a decrease in the efficiency
of the photocatalyst.

3. The Utilization of Photocatalysts Based on TiO,

3.1. Hydrogen Evolution

Hydrogen can be produced by using nanoscale TiO, based photocatalysts with various
morphologies in the form of nanowires, nanospheres, nanorods, nanotubes, and nanosheets [41]. Table 1
lists some TiO, nanocomposites with different structures, as well as their photocatalytic characteristics.

Table 1. TiO,-based photocatalysts with different structures utilized for hydrogen evolution under
splitting water mixtures.

Photocatalyst Structure Light Source Sacrificial Agents Evolution H; Ref.
Au/TiO, . 15 W fluorescent tubes N 1118 pmol h™!
PYTIO, microspheres (Amax = 365 nm) 25% vol. methanol 2125 umol h-1 [42]
TiOy nanofibers 300 W Xenon lamp 10% vol. methanol 3200 pmol h™! g’l [43]
Cu/TiO, nanorods 3?;3 Zv%z)(g rl\amm)p 20% vol. methanol 1023.8 pmol h™! [44]
TiO,/WOs5/Au nanofibers 300 W Xe arc lamp 35% vol. methanol 269.63 umol h™! [45]
II\\AA /I]g\i/rsfgt nanoparticles 300(;\/\/:(;(%0;‘;‘2“1}) 20% vol. methanol 670 umol h™! [46]
MoSe/TiOy nanoparticles (?E;ISC;E;?)%) 10% vol. methanol 4.9 pmol h™1 [47]
nanosheetsée 300 W xenon lamp with a
BCN-TiO, nanoparticles UV-cutoff filter 20% vol. triethanolamine ~ 68.54 ymol h™! g~! [48]
R (A > 420 nm)
TiO,/C3Ny double-shell microtubes 300 W xenon lamp 20% vol. methanol 10.1 mmol h™! g’l [49]
ZnS@g-C3Ny/TiO, nanospheres 300 W Xenon lamp 10% vol. triethanolamine 422 pmol h™' g~! [50]

(A > 400 nm)

P. Melian et al. [42] demonstrated that loading of nanosized TiO, microspheres with Au and
Pt metals increases the hydrogen evolution twice. In the case of using Au, the maximum hydrogen
evolution was determined at 1.5 wt.% content of Au in the sample with the yield of hydrogen
1118 umol h™!, while for Pt its optimal content in the sample was 0.27 wt.% with the yield of hydrogen
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2125 umol h™!. The excess of dopants may result in decrease of photocatalyst activity due to possible
complete coverage of TiO, surface, thus, hindering the light to be absorbed. A literature review also
showed that the difference in the optimal ratio for each metal could be associated with the formation of
recombination centers on the semiconductor surface by metal particles [51,52].

A positive effect on the rate of H, production was found when using sacrificial agents acting as
electron donors (hole scavengers) during photoreforming, in which the hydroxyl radical is consumed
by the sacrificial agents. In general, there are two types of sacrificial reagents: organic and inorganic
based electron donors. Among organic electron donors, the most effective are water-alcohol mixtures,
in particular, methanol > ethanol > ethylene glycol > glycerol [53-59]. However, an increase in the
concentration of the sacrificial agent does not always lead to an increase in the yield of hydrogen.
Y.-K. Park et al. [60] showed that the rate of hydrogen evolution also increases depending on the
concentration of methanol (Figure 4a). At low concentrations, the rate of hydrogen formation in
solutions is proportional to the concentration of methanol, while at higher concentrations, it approaches
to a constant value [61]. Nevertheless, after adding a certain amount of methanol and ethanol, a further
increase in its concentration leads to a decrease in the rate of hydrogen evolution (Figure 4b). The
yield of hydrogen during photoreforming has a maximum output during 80-90 min and after it
decreases. This is due to the formation of a significant amount of methane and ethane, during which
photogenerated electrons (eEB) and holes (h;B) are consumed [54].
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Figure 4. (a) Rate of hydrogen evolution from photocatalysis of aqueous methanol solution on Ag/TiO,
photocatalysts. This figure is reprinted from [60], with permission from Elsevier, 2020; (b) H, production
patterns for 24.47 M (100% v/v) of methanol and 17.06 M (100% ©/v) of ethanol. This figure is reprinted
from [54], with permission from Elsevier, 2015.

The amount of dopant also has a significant effect on the efficiency of light absorption by the
photocatalyst and on its photocatalytic activity. For example, Udayabhanu et al. [62] prepared
Cu-TiO,/CuO nanocomposites containing different amount of Cu. The color of the obtained samples,
depending on the concentration of Cu-TiO,/CuO (CUT) from 1 to 4 mol% (the samples were as
named CUT 1, CUT 2, CUT 3, and CUT 4) changes from light green to dark green (Figure 5).
To evaluate the photocatalytic activity of hydrogen production, scientists compared the activities
of obtained nanocomposites with conventional TiO,. Sunlight was used as the source of radiation,
and glycerol was chosen as a sacrificial agent. According to the results, the CUT 3 sample based on
Cu-TiO,/CuO possessed the highest yield of hydrogen (10.453 pmol h™! g~! of H, under sunlight and
4714 umol h™! g‘l of Hy under visible light). Nevertheless, this type of photocatalyst is effective only
for hydrogen production, since it has shown low efficiency in the decomposition of organic dye and
metal detoxification in water.
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TiO, cuT1 CUT2 cur3 CcuT4

Figure 5. Colour of synthesized pristine and Cu-TiO,/CuO composite nanopowders. This figure is
reprinted from [62], with permission from Elsevier, 2020.

The photocatalyst efficiency is affected not only by the nature of the alloying element but also
by its concentration. For example, X. Xing et al. in [63] demonstrated the dependence of the yield of
hydrogen on the light intensity and the concentration of the dopant. From Figure 6a, it is clear that
the increase of concentrations of each photocatalyst (pure TiO, and Au/TiO;) results in increase of the
rate of hydrogen production. However, the hydrogen generation rate for Au/TiO, photocatalyst at the
same light intensity is 18-21 times higher than that for pure TiO,. The explanation to this is that Au can
limit charge carriers’ recombinations and, what is more, the visible light absorption of photocatalyst is
enhanced by the localized surface plasmon resonance effect of Au nanosized particles. The influence of
the light intensity (from 1 to 9 kW/m?) and the duration of exposure on the rate of hydrogen generation
for Au/TiO, nanoparticles with a concentration of 1 g/L is also shown in Figure 6b.
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Figure 6. (a) Hydrogen evolution of pure TiO, nanoparticles and Au/TiO, nanoparticles at the same
light intensity of 5 kW/m?; (b) Hydrogen evolution in 1-9 kW/m? light intensities of 1 g/L. Au/TiO,
solutions. Both figures are reprinted from [63], with permission from Elsevier, 2020.

The photocatalytic properties of the material can be improved by creating composites based on
different photocatalysts. For example, E.-C. Su et al. [64] obtained a composite photocatalyst based on
Pt/N-TiO,/SrTiO3-TiO; in the form of nanotubes using a two-stage hydrothermal process (SrTiOj is
also a photocatalyst with a bandgap of 3.2 eV with a perovskite-type structure [65]). The obtained
results showed that this composite photocatalyst is able to operate under sunlight with the rate of
hydrogen evolution up to 3873 umol/h/g.

In practice, photocatalytic reactions are mainly carried out at room temperature. It is found that
increasing temperature has a positive effect on the activity of some photocatalysts, which makes it
relevant to develop new photocatalysts based on the anatase form of TiO, with a thermostable phase.

3.2. Photodegradation

Organic dyes are used on a large scale in modern industries. Wastewater polluted with such
substances subsequently leads to environmental problems [66,67]. This is due to the fact that most
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organic dyes consist of biodegradable aromatic structures and azo-groups. Adsorption and catalytic
oxidation remain the most effective among the methods for treating wastewater from dyes [68-70]. For
photocatalytic degradation of organic compounds, in most cases, TiO,, in the doped form, is used.

Graphene has a large specific surface area and electrical conductivity. The presence of such
properties in graphene is of interest to scientists in the preparation of a graphene/nano-TiO,-based
photocatalyst [71-73]. After irradiation of a TiO,-based photocatalyst, electrons move into the graphene
structure. Based on the author’s results [74], it helps to avoid recombination between charge carriers.
TiO,/graphene-based photocatalyst can be obtained by creating either a chemical bond between them or
via the approach of their mechanically mixing [75,76]. Due to existence of chemical bond, the electron is
transferred unhindered from the photocatalyst to graphene, reducing the probability of recombination.
This is the main explanation for the increased activity of the photocatalyst with graphene.

Composites based on TiO,/graphene attract scientists” attention not only as highly efficient
photocatalysts due to light absorption in a wide range and charge separation, but also taking in account
its high adsorption capacity to pollutants. However, TiO,/graphene-based composite produced by the
hydrothermal method cannot serve as an effective photocatalyst. The reason is the agglomeration of
graphene layers, which adversely affects the adsorption and photocatalytic properties. The solution to
this problem is described in [77], where graphene-based aerogel was used as an auxiliary material for
TiO, [78,79]. Aerogel was obtained by thermal reduction of graphene oxide. Table 2 lists some reports
on the use of composite TiO,/graphene based photocatalysts to remove various organic compounds
(pollutants and dyes) from water.

Table 2. Removal percentage of some organic pollutants by TiO,/graphene based photocatalysts.

Photocatalyst Organic Pollutant Light Source Irradiation Time Efficiency Ref.
TiO,@GO 2,4,6 trichlorophenol Me’(cl“lrw;‘mp 180 min 90% [80]
TiOy/Fe304/GO Methylene blue Halogen lamp 90 min 76% 181]
(500 W)

GO/TiO, . . UV lamp . o
nanotubes Perfluorooctanoic acid BW) 240 min 97% [82]
N-TiO/AgsPO,@GO Acid Blue 25 Halogen bulb (250 W) 20 min 98% [83]
Ag and rGO modified TiO, Tetrabromobisphenol A Xenon light (500 W) 80 min 99.6% [84]
N-doped graphene/TiO, Bisphenol A Mercury lamp (300 W) 60 min 100% [85]
3D polyaniline/TiO,/rGO hydrogel BPA Mercury lamp (500 W) 40 min 100% [86]

Before testing photocatalytic activity, it was necessary to saturate the materials in the dark
conditions. If saturation is not performed at dark conditions, a decrease in the concentration of the
target pollutant or the color intensity change of the used in experiment dye will be associated not only
with photocatalysis, but also with adsorption and photocatalytic degradation, so the effectiveness of the
photocatalyst will be incorrect. X. Sun et al. [77] compared two samples of a photocatalyst of the same
mass: hydrothermally obtained TiO,-reduced graphene oxide (rGO), and aerogel based on TiO,-rGO
(Figure 7a). As can be seen, despite the equal mass of both samples, the TiO,-rGO based aerogel has a
larger specific volume than that of the second sample. For further characterization of their adsorption,
both samples were used to adsorb methylene blue in the dark. During the experiment, the absorption
intensity was analyzed. The results showed that it took 2 min for TiO,-rGO based aerogel to achieve
adsorption saturation, while for TiO,-rGO powder, it took more than 10 min (Figure 7b). Figure 7c,d
demonstrates the color change of methylene blue, which proves the high absorption coefficient of
visible light by TiO,-rGO aerogels. According to the authors, the adsorption rate also affects the
efficiency of photocatalysts.

Photocatalytic activity directly depends on the number of active centers on the surface of the
photocatalyst. Photolithography is a block of technological processes of photochemical technology
aimed at creating the relief in the film, as well as a film of metal deposited on a substrate [87,88]. Using
this method, a group of scientists [89] managed to obtain TiO, films with lattice, square, and hexagonal
structures (Figure 8) and investigate the influence of a such surface textures on the photocatalysis.
Obtained results showed that the activity of photocatalyst in the form of a film is not improved by
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increasing the values of specific surface area. Surface texture also has an effect on mass transfer
during photocatalysis.

2min” 4min “%Bmin"10min
L T Cawl

Figure 7. (a) Photograph of 80 mg TiO,-reduced graphene oxide (rGO) powder (left) and aerogel (right);
(b) methylene blue (MB) dark adsorption results of the TiO,-rGO aerogel/powder; color changing
of MB solution during dark adsorption with TiO,-rGO powder (c), and aerogel (d). All figures are
reprinted from [77], with permission from Elsevier, 2020.

Figure 8. SEM images of (a) planar TiO, film; (b) grating-structured TiO, film; (c) square-structured
TiO; film; (d) hexagon-structured TiO, film. All figures are reprinted from [89], with permission from
Elsevier, 2019.

To evaluate the activity of photocatalysts, scientists conducted an experiment, in which the dye
degradation occurred in water as a result of its exposure with UV (254 nm) on methyl orange. As shown
in Figure 9, the microstructured TiO, films exhibit a more active photocatalytic activity than TiO, films
with a flat surface. According to scientists, this is due to the presence of reaction centers on the surface
of microstructured films. The highest photocatalytic activity was observed for TiO, films with a square
microstructure. The experimental results showed that the efficiency of photocatalysts is influenced not
only by the surface area, but also by the type of their microstructure. It was revealed, that the TiO, film
with a grating structure, despite its low specific surface area, possessed photoactive properties similar
to the TiO; film with a hexagonal structure [89].

A significant role during photocatalysis is played by the surface microstructure, which influences
the mass transfer of degradable organic compounds by the diffusion to the surface of the photocatalyst.
Tt is important to take into account the fact that the fluid flowing over the surface with protrusions
meets more resistance from the side of the walls, compared to the fluid flowing through the flat surface.
As a result, such protrusions can adversely affect the degradation efficiency of organic pollutants.

75



Nanomaterials 2020, 10, 1790

—s— Contrast MO

064 —e— Planar TiO, film
—— Grating-structured 110, film
—=+— Square-structured TiO, film

—&— Hexagon-structured TiO, film

6 8

4
Time (h)

Figure 9. Photocatalytic degradation of MO under ultraviolet light (254 nm) irradiation. C and C
represent the real-time and initial concentration of methyl orange solution. This figure is reprinted
from [89], with permission from Elsevier, 2019.

TiO, doped with Fe;Oj is one of the best-known effective photocatalysts. Due to the narrow
bandgap of Fe;Os (2.2 eV), its doping leads to a redshift of the light response of the photocatalyst.
The phenomenon of decreasing of photoactivity of TiO, based photocatalyst doped with non-metals
during heating, the high cost of some metals and the availability of Fe,O3 in large quantities increases
the attractiveness of Fe;O3 over other dopants [90]. J.-J. Zhang et al. [91] used Fe,O3 nanoparticles,
which served as a doping agent for obtaining the TiO,/graphene aerogel (GA) based photocatalyst
with a 3D structure (Figure 10). Due to the narrow bandgap (2.0 eV), Fe;O3 can easily generate
electron-hole pairs, thereby contributing to the photodegradation of rhodamine B even in visible light.
The results showed that the aqueous solution containing rhodamine B (RhB) was purified to 97.7%
(Figure 10 b). Fe304 can also be used as a doping agent for the photocatalysis [92]. For example, F.
Soltani-Nezhad et al. [93] presented a method for producing a GO/Fe304/TiO,-NiO-based photocatalyst,
which is able to efficiently degrade imidacloprid (pesticide).
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Figure 10. (a) The rate constants for the adsorption and the collective removal of rhodamine B (RhB)
over TiO,-GA and the Fe;O3-TiO,-GA composites; (b) stability of the Fe;O3-TiO,-GA (25%) composites
in the removal of RhB dye. Both figures are reprinted from [91], with permission from Elsevier, 2018.

To increase the efficiency of the process of degradation of organic pollutants by photocatalysis,
attempts have been made to combine radiation with ultrasonic cavitation. S. Rajoriya et al. [94]
reported the photodegradation of 4-acetamidophenol to 91% using Sm (samarium) and N-doped TiO,
photocatalysts, in which a combination of UV radiation, hydrodynamic cavitation, and ultrasound was
applied. In another work, the use of N and Cu-doped TiO,@CNTs in sono-photocatalysis for purification
of pharmaceutical wastewater is discussed [95]. The results showed that when using a commercial Xe
lamp (50 W) and ultrasound for pharmaceutical wastewaters treatment, the photocatalyst removal
efficiency within 180 min were 100, 93, and 89% for sulfamethoxazole, chemical oxygen demand, and
total organic carbon, respectively.
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The great interest in the use of ultrasonic action during photocatalysis is justified by the
enhancement of electronic excitations, which leads to an increase in the density of pairs of charged
particles. Under the influence of ultrasound, the aggregate photocatalysts are dispersed, contributing
to the rapid renewal and expansion of the boundaries of heterogeneous reactions, which improves the
mass transfer and the course of chemical reactions [96,97].

4. Conclusions

In this review, information on the main mechanisms of water splitting and decomposition of
organic compounds by TiO,-based photocatalysts was collected and analyzed. The efficiency of TiO,
doping by various components, which significantly increases the photocatalytic activity, is shown.
In addition, other factors, such as the bandgap, charge carrier recombination, the use of sacrificial
agents, the size and type of photocatalyst structures, surface morphology, photocatalyst concentration
in solution, radiation source power, etc., which can affect the photocatalysis were analyzed. Despite
the reports of scientists on the development of effective photocatalysts capable of operating under
sunlight, their use is still not economically viable. Therefore, due to the growth of environmental
problems and the limited availability of hydrocarbon fuels, investigations in the field of hydrogen
production by “artificial photosynthesis” will undoubtedly increase.
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Abstract: This paper deals with the study of the optical properties of one-dimensional
SrTiO3/PAN-based photocatalysts with the addition of metal oxide particles and the determination
of their bandgaps. One-dimensional photocatalysts were obtained by the electrospinning method.
Particles of metals such as iron, chromium, and copper were used as additives that are capable
of improving the fibers” photocatalytic properties based on SrTiO3/PAN. The optimal ratios of
the solutions for the electrospinning of fibers based on SrTiO3/PAN with the addition of metal
oxide particles were determined. The transmission and reflection of composite photocatalysts
with metal oxide particles were measured in a wide range of spectra, from the ultraviolet region
(185 nm) to near-infrared radiation (3600 nm), to determine the values of their bandgaps. Thus,
the introduction of metal oxide particles resulted in a decrease in the bandgaps of the obtained
composite photocatalysts compared to the initial SrTiO3/PAN (3.57 eV), with the following values:
—3.11 eV for SrTiO3/PAN/Fe, O3, —2.84 eV for SrTiO3/PAN/CuO, and —2.89 eV for SrTiO3/PAN/Cr;0Os5.
The obtained composite photocatalysts were tested for the production of hydrogen by the splitting of
water-methanol mixtures under UV irradiation, and the following rates of hydrogen evolution were
determined: 344.67 umol h™! g‘1 for SrTiOs/PAN/Fe,03, 398.93 umol h~! g‘1 for SrTiO3/PAN/Cr,03,
and 420.82 pmol h™! g_1 for SrTiO3/PAN/CuO.

Keywords: electrospinning; SrTiOs; fibers; photocatalytic; water splitting; bandgap; hydrogen

1. Introduction

Photocatalysis is a well-researched method for renewable energy production in the forms of
solar energy and high-purity chemical fuel (H,, CHy/CH,OH) [1,2]. Photocatalytic water splitting
occurs upon the solar light irradiation of a semiconductor photocatalyst and results in the formation
of hydrogen (H;) and oxygen (O;) [3]. An advantage over conventional energy sources, like fossil
fuels, is the lack of carbon monoxide production, which, in light of ongoing climate change debates,
is a great benefit for the environment [4].

The material used in the photocatalytic system has to be chosen carefully. Strontium titanate
(SrTiO3) is a wide-gap semiconductor that belongs to the perovskite family of ternary oxides with
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an ABQOj structure [5]. At room temperature, it exhibits a cubic structure with a lattice parameter
a =3.9053 A [6]. Its attractive properties include strong catalytic activity, high chemical stability,
and the long lifetime of electron-hole pairs [5]. Due to the bandgap energy of 3.2 eV, photo-excitation
takes place with the use of light with a wavelength A less than 387 nm (UV light) [2,7], which accounts
for about 5% of solar energy [8]. The inherent gap edge positions can be modified by the implementation
of elemental doping in the original semiconductor material [5,9]. Doping with metal or non-metal
alloys can be applied to extend the activating spectrum, allowing the SrTiO3 photocatalyst to also be
used in the visible light region [7,9]. Metal ions implemented in the semiconductor material become
electron donors, enhancing the production of hydrogen [3,8,9]. Transition metal ions like Fe, Mn,
Cu, Ni, and Cr have been shown to modify the bandgap position of semiconductor materials [10-15]
without enhancing the formation of water, which is the case when noble metals (e.g., Rh, Pt) are
employed [3,9]. The switch towards the visible light region was also achieved by doping titanate-based
materials with Fe [9,16,17], Cr [5,18-20], and Cu [21,22].

The presence of metal in the semiconductor lattice alters electron-hole recombination. Since
the transfer of the trapped electron and hole to the semiconductor surface is required for
the photocatalytic reaction to occur, it is important that the metal ions are located near the surface of
the semiconductor for a more efficient charge transfer [9]. In addition, the effective separation of charges
is significantly affected by the specific surface area, which promotes the free diffusion of water [23],
as well as the high degree of crystallinity of photocatalysts, leading to a decrease in the number of
recombinations of photogenerated charges [24]. Moreover, for the successful use of photocatalysts
for the production of hydrogen by water splitting, it is necessary to develop and create inexpensive,
efficient, and stable photocatalytic systems, which can result in a decrease in the market price of
hydrogen [25].

In our previous work, we reported a low-cost synthesis and thorough characterization of SrTiO3
nanofibers (up to 350 nm in diameter) using the electrospinning method [26]. Here, we show that
the modification of this material using oxides of particles of iron (Fe), chromium (Cr), and copper
(Cu) results in a narrowing of the bandgap energy. The used metal oxides have different properties
for trapping and transferring electrons and holes. An increase in the efficiency of the hydrogen
evolution reaction from the water-alcohol mixture under visible light irradiation (A > 400 nm), without
disrupting the nanofibers, structure, or crystallinity of SrTiO3, was observed for all of the metal oxide
particles added to SrTiO3 nanofibers. The results of this work show that metal oxide particles added to
SrTiO3 nanofibers create visible-light-responsive photocatalysts, making them potent candidates for
the conversion of solar energy to fuel.

2. Materials and Methods

Strontium nitrate (Sr(NOj3),, 98%), titanium oxide (TiO,, 99%), and oxalic acid ((COOH),-2H,0,
98%) were purchased from Laborpharma (Almaty, Kazakhstan). Polyacrylonitrile (PAN, average
M.W. is 152000), dimethylformamide (99.8%), iron chloride (FeCls, 45% solution), copper oxide (CuO,
99.995% powder), and chromium sulfate (Cry(SOy)3, 99.99% powder) were purchased from Sigma
Aldrich (St. Louis, MO, USA). All chemicals were used without further purification.

2.1. Electrospinning of SrTiOs/PAN-Based Fibers with the Addition of Metal Oxide Particles

SrTiO3 was obtained as described in [27]. A precursor for the electrospinning of fibers based
on SrTiO3; and metal oxide particles was prepared as follows: PAN was used to create the polymer
solution by its dissolution in dimethylformamide under constant stirring for 30 min. Then, SrTiO3
powder and FeCls, Cry(SOy)3, or CuO were added to the polymer solution at different ratios and
stirred until the mixture became homogeneous. The obtained suspension was used as a precursor
for obtaining fibers based on SrTiO3 with metal oxide particles by pulling under high voltage. Fiber
electrospinning was carried out at room temperature with a voltage of 16 kV and a flow rate of 1.5 mL/h.
The collector was located at a distance of 15 cm from the needle. Aluminum foil with a 20 cm diameter
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was used as a collector, which was replaced every 1.5 h throughout the entire process. The obtained
fibers were then thermally stabilized at 185 °C for 15 min and calcined at 500 °C for 30 min in an
argon medium. The resulting samples were designated as SrTiO3/PAN/Fe,03, SrTiO3/PAN/CuO,
and SrTiO3/PAN/Cr,03 depending on the added metal.

2.2. X-ray Diffraction Analysis of Samples

The X-ray diffraction (XRD) analysis was carried out on a Dron-4-type X-ray diffractometer (Omsk,
Russian Federation) with a range of rotation angles for diffraction unit detection from —100° to 168°.
The minimum step for moving the detection unit is 0.001°. The permissible connection of the detection
unit from a given rotation angle is + 0.015°. The transport rate of the goniometer is 820°/min. The main
error in measuring the pulse count of the X-ray measurement was not more than 0.4%.

2.3. Scanning Electron Microscope Characterization of the Surface Morphology of Samples

The surface morphology of the obtained photocatalytic fibers was studied using a Quanta 3D 200i
(Waltham, MA, USA) scanning electron microscope (SEM) under an accelerating 15 kV voltage.

2.4. Measurement of the Transmission and Reflection of SrTiO3/PAN Fibers with the Addition of Metal Oxide
Particles in a Wide Spectral Region from Ultraviolet (185 nm) to Near-Infrared Radiation (3600 nm)

The transmission and reflection measurements of photocatalytic fibers with the addition of metal
oxide particles in a wide spectral region, from ultraviolet (185 nm) to near-infrared radiation (3600 nm),
were carried out on a Shimadzu UV-3600 spectrophotometer (Moscow, Russian Federation) equipped
with three detectors: a photoelectron multiplier for operation in the ultraviolet and visible spectral
range, a semiconductor InGaAs, and cooled PbS detectors for near-infrared operation.

2.5. Investigation of the Activity of Photocatalysts Based on SrTiO3/PAN Fibers with the Addition of Metal
Oxide Particles

The activity of photocatalysts based on SrTiO3/PAN fibers with the addition of metal oxide
particles was tested by measuring the output of hydrogen during the water-methanol mixture splitting
under UV radiation. The mixture, containing a photocatalyst, water, and methanol in different ratios,
was loaded into a quartz tube reactor, which was previously purged with inert gas (argon) and
exposed to UV irradiation with a wavelength of 320 nm and a power source of 40 W. As a result of
the photocatalytic reaction of the water—-methanol mixture splitting, the evolved mixture of gases
was accumulated in a sealed sampler. The qualitative and quantitative composition of the evolved
mixture of gases was analyzed by gas chromatography on a Chromos 1000 chromatograph (Dzershinsk,
Russian Federation) with three packed 3 mm columns filled with NAX and PORAPAK Q phases,
allowing for the identification of the leading gases: hydrogen, nitrogen, oxygen, carbon monoxide,
and carbon dioxide.

3. Results and Discussion

3.1. The Synthesis of Fibers Based on SrTiO3/PAN with the Addition of Metal Oxide Particles and a Study of
Their Physicochemical Properties

To achieve a highly efficient photocatalyst based on SrTiO; fibers, it is necessary to create its
composites with metal oxide particles. The addition of metal oxide particles allows for a narrowing of
the bandgap of SrTiO3, leading to the possible use of a wide spectrum of visible light. It also contributes
to the improvement of redox reactions that occur during the absorption of light. The experimentally
selected optimal ratios of the solution components for obtaining fibers with the required characteristics
are 1:9:2:88 SrTiO3:PAN:FeCls:solvent, 0.5:10:1.5:88 SrTiO3:PAN:Cr,(SOy)3:solvent, and 1.5:8:2.5:88
SrTiO3:PAN:CuO:solvent.
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Figure 1 presents SEM images of the obtained polymer fibers based on SrTiO3/PAN with metal
oxide particles added. Polymer fibers based on SrTiO3/PAN with the addition of metal oxide particles
have a continuous cylindrical shape without defects and are randomly arranged. The samples have
the typical structure of fibers obtained by electrospinning, in which they are in contact with each other,
forming a three-dimensional polymer network [28]. The average diameter of the obtained fibers is
in the range from 200 to 400 nm, which is directly proportional to the viscosity of the solution used for
electrospinning and the high voltage applied [29]. According to the SEM images, the presence of metal
oxide particles and SrTiO3; does not affect the morphological characteristics of the forming polymer
fibers, which is also confirmed by the results obtained in [30], in which the effect of the composition of
the electrospinning solution on the diameters of such fibers was studied. For all types of obtained
fibers, the size of the agglomerates of SrTiO3; and metal oxides ranges from 1 to 4 pum.

Figure 1. SEM images of non-calcined polymer fibers based on SrTiO3/PAN (a) and their composites
with metal oxide particles: SrTiO3/PAN/Fe;O; (b), SrTiO3/PAN/Cr,03 (c), and SrTiO3/PAN/CuO (d).

The inclusion of metal oxides does not cause a corresponding change in the fiber diameter.
On the one hand, the metal particle addition increases the viscosity of the solution, but on the other hand,
this effect is balanced by an increase in the electrical conductivity of the initial solution, which contributes
to the formation of thinner fibers due to an increase in the charge density on the electrospinning jet,
and this, in turn, leads to an elongation of the jet along its axis [31,32].

To confirm the presence of metal oxide particles in the calcined fiber structure based on SrTiOs/PAN,
an XRD analysis of the samples was performed. Figure 2 presents the X-ray diffraction patterns of
calcined fibers based on SrTiO3/PAN and their composites with metal oxide particles.

Figure 2a shows that for calcined SrTiO3/PAN-based fibers, characteristic peaks are observed at
22.77°,32.41°,39.99°, 46.49°, 57.81°, 67.86°, and 77.17°, indicating the presence of perovskite-type
SrTiOg3 in the structure. These peaks are also present in the X-ray diffraction patterns for samples of
SrTiO3/PAN with the addition of metal oxide particles (Figure 2b), indicating the presence of SrTiO3
in each sample (JCPDS:35-0734). At the same time, for samples of SrTiO3/PAN with the addition of
metal oxide particles, peaks with a lower intensity are also observed: for Fe;O3, the characteristic
peaks are at 33.14°, 35.68°, 49.51°, 52.34°, and 54.07°; for Cr,O3, they are at 22.79°, 24.50°, 33.66°,
36.25°, 41.58°, 63.54°, and 65.24°; and for CuO, they are at 22.74°, 35.46°, 36.46°, 38.66°, and 52.32°
(Figure 2b). According to the XRD analysis, for the SrTiO3/PAN/Fe,O3 sample, the content of SrTiO3
in the fibers is 89.6 wt.%, while the content of Fe,Os is 10.4 wt.% (Figure 2b, black line). The crystal
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lattice parameter for SrTiOs is 3.9036 A (for the standard compound, it is 3.90010 A), indicating a good
crystallinity of the obtained samples of calcined fibers based on SrTiO3/PAN/Fe,O3. The crystallite
size of the SrTiO3/PAN/Fe,O3 composite is 740 A. Figure 2b (red line) presents the X-ray diffraction
pattern of calcined fibers based on SrTiO3/PAN/Cr,Os3; the content of SrTiO3 in the structure is
54.3 wt.%, while the content of Cr,Oj3 is 45.7 wt.%. The higher content of Cr,O3 compared to Fe;Oj is
associated with the molar masses and densities of Cr,(SO4)3 and FeCls, which were used as additives
in the process of electrospinning the composite fibers. The molar volume of Cry(SO4);3 is twice as high
as that of FeCl3, which is confirmed by the semi-quantitative analysis of the calcined fibers based on
SrTiO3/PAN/CryO3 and SrTiO3/PAN/Fe,05. The crystallite size for fibers based on SrTiO3/PAN/Cr,O3
is 840 10\, and the crystal lattice parameter for SrTiOj3 is 3.9036 A. According to the results of the XRD
analysis of the calcined fibers based on SrTiO3/PAN /CuO (Figure 2b, blue line), the content of SrTiO3
is determined to be 77.8 wt.%, and the content of CuO is 21.2 wt.% The crystallite size for the fiber
based on SrTiO53/PAN/CuQ is 760 A.
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Figure 2. X-ray diffraction patterns of calcined fibers based on SrTiO3/PAN (a) and SrTiO3/PAN with
the addition of metal oxide particles (b): SrTiO3/PAN/Fe;O3—1 (black line); SrTiO3/PAN/CuO—2
(blue line); SrTiO3/PAN/Cr,O3—3 (red line).

3.2. Investigation of the Transmission and Reflection Spectra of the Obtained Photocatalytic Fibers

The photocatalysis mechanism of SrTiOj3 is based on the formation of electron-hole pairs under UV
irradiation, where they have sufficiently high energy for the formation of radicals with a high oxidation
ability. To study the possible use of a wider spectrum, including visible light, for SrTiO3/PAN-based
photocatalysts with the addition of metal oxide particles, their transmission and reflection spectra
were determined. Analysis of the transmission spectra allows for the calculation of the bandgap
of SrTiO3-based photocatalysts with the addition of metal oxides. For crystalline semiconductors,
the following equation is valid for the relationship between the absorption coefficient and the incident
photon’s energy:

a(9)hd =B (hd — Egap)™ (1)

where Eg, is the optical bandgap, Bis a constant, 19 is incident photon energy, and o(v) is an absorption
coefficient, which is in accordance with the law of Beer-Lambert, equal to

®(9) = 2303Ab(N)/d (2

where d is film thickness and Ab(A) is the film absorption coefficient.

For a more accurate determination of «, a correction that accounts for the reflection spectrum for
the absorption coefficient must be made. To calculate the bandgap of SrTiO3/PAN-based photocatalysts
with the addition of metal oxide particles, it is necessary to rewrite Equation (1):

a(9) = B(ho)™ = DA(I/A = /A" 3)
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where Ag is the wavelength corresponding to the bandgap, & is the Planck constant, and c is the speed
of light.
Using the Beer-Lambert law, Equation (3) can be rewritten as follows:

Ab(A) = B(ho)™ = Vd/2303(1/A - 1/Ag)" + By 4

where B; is the constant that takes into account the reflection spectrum.

Using Equation (4), the optical bandgap can be calculated by fitting the absorption spectrum
without considering the film thickness. To determine the bandgap (Egap), the absorption coefficient’s
dependence on the incident radiation energy was plotted and a linear approximation was carried
out. Figure 3 presents the absorption and reflection spectra (Figure 3a) and a graph of the absorption
coefficient’s dependence on the incident radiation energy for SrTiO3/PAN-based photocatalysts with
the addition of metal oxide particles (Figure 3b).
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Figure 3. Absorption and reflection spectra (a) and values of the bandgap (b) of synthesized
composite photocatalysts: SrTiO3/PAN/Fe;O3—1 (black line); SrTiO3/PAN/CuO—2 (blue line); and
SrTiO3/PAN/Cry,O3—3 (red line).

As a result, the bandgap for SrTiO3/PAN-based photocatalysts with Cr,O3 particles added is
determined to be 2.89 eV (Figure 3b, red line). Thus, it is found that the addition of Cr,O particles to
SrTiOs-based fibers narrows the bandgap to 2.89 eV, making it possible to use a wide radiation spectrum.
The determined value of the bandgap for a SrTiO3/PAN-based photocatalyst with Cr,O3 particles
added can be explained by the occupied level of Cr>* cations, which is 1.0 eV above the valence band.
The bandgap of the SrTiO3/PAN-based photocatalyst with CuO particles added is 2.84 eV (Figure 3b,
blue line). The determined bandgap of the SrTiO3/PAN-based photocatalyst with the addition of
Fe, O3 particles is 3.11 eV (Figure 3b, black line). A high bandgap value for a photocatalyst with Fe,O3
particles added is associated with a low Fe;O3 content in calcined fibers, confirmed by XRD (Figure 1b,
black line). In turn, the calculated bandgap of the photocatalyst based on the initial SrTiO3/PAN fibers
without metal oxide particles added is 3.57 eV.

3.3. Investigation of the Activity of Photocatalysts Based on SrTiO3/PAN Fibers with the Addition of Metal
Oxide Particles by the Output of Hydrogen during the Splitting of Water—-Methanol Mixture

After determining the bandgaps of photocatalysts based on SrTiO3/PAN fibers with the addition
of metal oxide particles, their photocatalytic efficiencies in the splitting of water-methanol mixtures
with the production of hydrogen were studied. As seen in Table 1, the composition of the photocatalyst
significantly affects the efficiency of hydrogen evolution. As reported in previous work [26],
the photocatalytic hydrogen evolution rate from the splitting of the water-methanol mixture using
SrTiO3/PAN-based fibers at a 40W UV radiation is 305.96 pmol/h. In turn, the results of the measurement
of the average rate of hydrogen evolution during the splitting of the water—-methanol mixture at 400W UV
irradiation of the composite SrTiO3/PAN-based fibers with the addition of metal oxides are the following;:
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344.67 umol/h for the SrTiO3/PAN/Fe;O3 photocatalyst, 398.93 umol/h for the SrTiO3/PAN/Cr,O3
photocatalyst, and 420.82 pmol/h for the SrTiO3/PAN/CuO photocatalyst. The higher rates of hydrogen
evolution for photocatalysts based on SrTiO3/PAN fibers with metal oxides added are explained by
the fact that the optical, thermal, and electrochemical properties of metal oxide particles, which also
highly depend on their sizes, allow not only for a narrowing of the bandgap of the semiconductors
used as a photocatalyst but also for an improvement of their ultraviolet absorption ability.

Table 1. Comparison of the photocatalytic activity of different photocatalysts for producing hydrogen
by splitting mixtures of water and alcohol.

Parameters of Composition of The Output of Hydrogen,

Type of Photocatalyst the Process the Water Mixture pmol h-1 g1 Reference
SITiO3/PAN-based fibers ‘g)u‘:i tg;’eir;f 820//05) fgggﬁd 305.96 126]
StTiO3/PAN/Fe, Oy fibers ‘fuva\itg\r]elai‘t’;f' Sg(o);;ooéfwcalt{esroaﬁd 344.67 This work
STiOs/PAN/Cr,Os fibers ‘g)u‘ztlzj;’eiﬁf’ 820//05) fgggﬁd 398.93 This work

StTiO3/PAN/CuO fibers ?uva\itg\r]eiﬁ' Sg(o);;ooéfwcalt{esrgﬁd 420.82 This work
MoSe;,/TiO, Xe arc lamp 9? S/OO/OO(f) waaIEIQS roalrjld 49 [33]
StTiO3 doped with Cr and N 3023:’:;;‘;:;‘;;‘;‘?' 811855//°é fé‘g;g;d 106.7 [34]
o, ZWeebm meiwemd 2
om0, Oy Sl : 0

A comparison of the photocatalytic activity of different photocatalysts for hydrogen production
shows that the composition of the photocatalyst and the type and intensity of irradiation significantly
influence the intensity of hydrogen evolution. The rate of photocatalytic hydrogen evolution from
a water—organic alcohol mixture using SrTiO3/PAN-based fibers with the addition of metal oxide
particles during UV radiation with 40 W power is several times higher than that of reference
analogs [32-36]. Moreover, irradiation with a power of 300 to 400 W was used in these works, which is
not economically profitable, in contrast to lamps with a power of 40 W. In [34], TiO, doped with platinum
particles was used as a photocatalyst. The power of ultraviolet radiation was 125 W, and the rate of
photocatalytic hydrogen evolution using this photocatalyst with platinum was 523.71 umol/h, which
is still comparable to the hydrogen evolution rate for the SrTiO3/PAN/CuO-based photocatalyst, while
the cost and applied irradiation power required to conduct photocatalysis are much lower.

4. Conclusions

One-dimensional photocatalysts based on SrTiO3/PAN fibers with the addition of metal oxide
particles were obtained by the electrospinning method. A study of the transmission and reflection
spectra showed that the addition of Cr,O3, CuO, and Fe,O3 particles led to decreases in the bandgaps
of SrTiO3/PAN-based photocatalysts to 2.89, 2.84, and 3.11 eV, respectively. As a result of the addition
of metal oxide particles to the initial SrTiO3/PAN-based photocatalyst, the rate of hydrogen evolution
in the photocatalytic splitting of a water-methanol mixture increased to 344.67 umol h™! g~! for
the photocatalyst based on SrTiO3/PAN/Fe,O3, 398.93 pumol h™! g~! for the photocatalyst based
on SrTiO3/PAN/Cr,03, and 420.82 umol h™! g7 for the photocatalyst based on SrTiO3/PAN/CuO.
We believe that this article’s proposed approach for increasing the efficiency of photocatalysts by
the addition of non-expensive materials, allowing for a reduction in their bandgap, is a promising
method for the further development of technologies for efficient solar hydrogen production.
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Abstract: Hydrogen generation rate is one of the most important parameters which must be considered
for the development of engineering solutions in the field of hydrogen energy applications. In this paper,
the kinetics of hydrogen generation from oxidation of hydrogenated porous silicon nanopowders in
water are analyzed in detail. The splitting of the Si-H bonds of the nanopowders and water molecules
during the oxidation reaction results in powerful hydrogen generation. The described technology is
shown to be perfectly tunable and allows us to manage the kinetics by: (i) varying size distribution
and porosity of silicon nanoparticles; (ii) chemical composition of oxidizing solutions; (iii) ambient
temperature. In particular, hydrogen release below 0 °C is one of the significant advantages of such a
technological way of performing hydrogen generation.

Keywords: hydrogen generation rate; porous silicon nanopowder; nanosilicon oxidation; engineering
of silicon nanoparticles

1. Introduction

Hydrogen and fuel cell technologies have strong potential to play a significant role in new energy
systems [1]. In view of energy storage purpose, hydrogen can be easily converted into electricity and
heat. The amount of energy produced during hydrogen combustion is higher in comparison with any
other fuel of the same mass [2]. However, hydrogen cannot be considered as an alternative fuel but
rather an energy carrier requesting the consumption of a primary energy for its production. Due to
this fact, the number of power-to-gas pilot plants producing hydrogen from fluctuating renewable
power sources increases all over the world [3]. Besides, for the energy vector for electricity, mobility
and heat, hydrogen can be also used as a raw material for the chemical industry or for the synthesis of
various hydrocarbon fuels. Ongoing research is underway to develop environmentally friendly and
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economical hydrogen production technologies that are essential for the hydrogen economy. It ensures
the gradual transition from the actual energy economy to a cleaner and sustainable energy future [4].

Water is an important source of hydrogen within the concept of sustainable development.
The splitting of water molecules into hydrogen and oxygen can be performed by means of
“green” technologies. For example, water electrolysis constitutes a suitable pathway to hydrogen
production [1,5]. There are different technologies for electrolysis, including alkaline, proton-exchange
membrane and high-temperature solid oxide processes. They form a basis of the power-to-gas
systems converting excess electricity into hydrogen [3,5]. Water electrolysis is convenient to be used in
combination with photovoltaics and wind energy as well as in direct relation with the availability of
electricity [6-8].

The splitting of water molecules can also be provided by heat obtained from a nuclear reactor
or a concentrating solar system, such as a solar tower, solar trough, linear Fresnel system or dish
system [1]. The direct decomposition of water driven by heat can be released using thermocatalytic
processes [9]. The most promising and useful approach for large-scale hydrogen production is
based on thermochemical cycles—redox, sulfur-iodine, copper-chlorine and others [10]. However,
the thermal technologies require complicated industrial equipment and are not useful for small-scale
and portable applications.

Photocatalytic water splitting under visible light irradiation allows for obtaining hydrogen from
water with the use of sunlight in the presence of a suitable catalyst reducing the high activation energy
of water decomposition [11,12]. Photocatalysts are typically made of metal oxides, metal sulfides,
oxysulfides, oxynitrides and composites thereof. Titanium dioxide, cadmium sulfide and graphitic
carbon nitride are the most studied [13-15]. Metal ion implantation and dye sensitization are
very effective methods to extend the activating spectrum to the visible range [16]. In recent years,
many nanoparticles are synthesized by clean technologies utilizing plants and microbes. Water splitting,
based on these nanoparticles, provides a blueprint to sustain the clean energy demands [17]. However,
the number of visible light-driven photocatalysts is still limited, and there is no photocatalyst which
could satisfy all necessary requirements [1,11].

Water splitting can be also released in a biological way. The absorption of light by microalgae
or cyanobacteria results in the generation of hydrogen, known as biophotolysis [18]. Additionally,
hydrogen can be produced from CO and H,O, implementing the biological water gas shift reaction
catalyzed by photosynthetic and fermentative bacteria [19]. A high yield of hydrogen and a high
production rate can be reached using biomass or biomass-derived chemicals as raw materials.
The conversion of biomass is achieved through biological or thermochemical routes, such as
fermentation, reforming, gasification or pyrolysis [20,21].

An inexpensive and simple way of hydrogen production is also implemented by hydrolytic
systems. In particular, the reaction of water with metals is characterized by a redox potential below the
level corresponding to H* —H2 transformation [22]. During the chemical reaction, hydrogen is released,
and a metal hydroxide or oxide is formed. Among various available reactions, aluminum-water
reactions in either alkaline or neutral solutions are most commonly used [23-25]. However, the existence
of a solid oxide on the surface of aluminum particles prevents air and moisture from accessing the
underlying metal. The use of strong bases, the application of high temperature or the activation of the
aluminum metal [25-27] resolve this problem.

Metal hydrides are also efficient materials for the chemical decomposition of water. Indeed, in this
case, not only the hydrogen liberated by oxidation of the corresponding metal is released, but also the
hydrogen bonded in the hydride molecules. In particular, borohydrides are very promising materials,
due to their very high theoretical capacities of hydrogen content. For example, sodium borohydride
(NaBH4), lithium borohydride (LiBH4) and the ammonia-borane complex (NH3BH3) were widely
investigated [1,22,28-30].

Recent reports devoted to the hydrolysis of magnesium composites (MgH,, Mg-oxide, Mg,Si,
Mg-graphite, NdNiMg;5) [21-35] and sodium metal [36] have demonstrated considerable hydrogen
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generation capabilities. However, the successful utilization of these materials in hydrogen-based
energy systems is still quite expensive.

Silicon has also been investigated for hydrogen generation purposes [37]. Indeed, hydrogen
can be produced, for example, from the reaction between ferrosilicon, sodium hydroxide and water.
Further investigations showed the high potential and economic efficiency of the silicon-based hydrogen
fuel [38,39]. In strong contrast to oil and molecular hydrogen, the transport and storage of silicon
are free from potential hazards and require a simple infrastructure similar to that requested for coal.
Whereas the latter material is converted to carbon dioxide, silicon involved in hydrogen production
is transformed in sand. Among a number of the known metalloids, silicon shows the best efficiency
for the chemical splitting of water [40,41]. Moreover, photoelectrochemical applications of crystalline
silicon have been investigated for solar-induced splitting of water [42,43].

Silicon nanoparticles can be used to generate hydrogen much more rapidly than bulk silicon
because of their high specific surface area. Chemical or anodic etching [44—46], the beads milling
method [47-49], or laser pyrolysis [50] can produce the nano-powders used for hydrogen generation
from oxidation reactions of Si in water. Since the reaction rate strongly depends on pH, the addition of
alkalis or ammonia is often used in order to increase the rate of hydrogen production.

The fabrication of silicon nanostructures by electrochemical etching has a significant advantage
over the other approaches cited above. Indeed, it results in the formation of nano-porous morphologies
covered with an abundant number of silane groups (SiHx) [51-53]. The maximum specific surface of
nanoporous silicon can reach the value of 800 m?/g, while the content of hydrogen chemically bound
on the surface can be as high as 60 mmol of atomic H per gram of porous Si, corresponding to the
H/Si ratio ~1.8 or to the 6% mass of H [44]. The presence of this surface hydrogen can increase the
output volume of Hy, which releases in the reaction of porous silicon nanoparticles with water by
1.5 times [54]. General hydrogen output and release rate strongly depend on the porosity and sizes
of the particles. Moreover, sufficient reaction rates are achieved even at room temperature, without
additional heating or mixing [55,56]. A working prototype of cartridge generating hydrogen from PSi
nanopowder was designed and coupled with a portable fuel cell [57].

Silicon nanostructures have also been considered as good candidates for photoelectrochemical
and photocatalytic water splitting to produce hydrogen. Photo-electrodes based on arrays of silicon
nanowires coupled with different catalysts [58-60], as well as porous silicon structures [61-63], were used
for the generation of hydrogen. The surface modification of silicon nanostructures plays a considerable
role in designing materials for solar-driven catalysis. The applications of Si nanostructures can be
moved from photoelectrical to photochemical conversion by taking catalytic sites into account [58].
However, the chemical reactivity of silicon surface with water complicates the implementation of
the photocatalytic reaction. This is especially evident for the porous nanostructures, where a higher
oxidation degree of nanosilicon can result in the blocking of the nanopores with silicon oxide [64].

2. Hydrogen Generation from Oxidation of Porous Silicon Nanopowders in Water

Research work described in the current paper is devoted to the investigation of influence of various
physico-chemical factors on the kinetics of hydrogen generation resulting from chemical reactions
of hydrogenated porous silicon (PSi) nanopowders with water. In particular, the impact of ambient
temperature, chemical nature and the concentration of used alkalis, grinding degree, and the porosity
of PSi nanopowders are examined. In general, this reaction occurs as follows:

SiHx + 3H,0 — SiOp0H,0 + (2 + %()Hz T4Q 1)

where Q is equal to 361 kJ/M and to 634 kJ/M for x = 0 and x = 2, respectively.
Reaction (1) is schematically illustrated in Figure 1.
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f(pH, T, hv)
SiHx + 3-H20  ees—)  Si02-H20 + (2 + x/2)-H2 T +Q

S A T

Figure 1. Transformation of partially hydrogenated PSi nanoparticles in silicon oxide in water solution.

As one can see, partially hydrogenated PSi nanoparticles are almost completely transformed in
silicon oxide nanoparticles, as shown in Figure S1 in the Supplementary Materials. This transformation
is modulated by the pH and temperature of the surrounding aqueous solution, as well as by the
intensity of external light results in the abundant production of molecular hydrogen [44,45].

Si-H bonds covering specific surface of PSi nanoparticles are known to be the most chemically
active ones. These bonds can react, for example, with the bases, as shown by reaction (a) in Figure 2,
substituting surface hydrogen by -OH groups. Si-Si bonds located on the PSi surface can also react
with oxidizers, according to the reactions (b) and (c) in Figure 2, leading to the formation of O3Si-H
and Si-OH surface fragments. As a result, a silicon oxide film starts to appear on the PSi surface.
The O3Si-H fragments are rather passive and stable. Nevertheless, they can react with strong bases,
as shown by reaction (d) in Figure 2 [44,54].

If Il Si
Si Si e
o a[o]  __ I b) 3[0] . .
=Si-Si-H ——> =Si-Si-OH — > =Si-0—Si-OH
Si Si O
Il Il il
c) 3[Q]
ll d) [O]
Si\ol
=Si-0—Si-H
o)

il
Figure 2. Schematic representation of gradual transformation of initially hydrogenated PSi nanopowder

in silicon oxide during its oxidation in water.
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Reactivity of the chemical bonds of PSi surface with water and other oxidants increases in the
following order: O3Si-H < Si3Si-H < Si-Si. In the other words, the oxidation of the Si surface proceeds
more preferably via (c)-(d), than via (a)—(b), as shown in Figure 2 [45,65,66]. When a sufficiently thick
layer of hydrated silicon oxide is formed on the PSi surface, it efficiently preserves the inner parts of Si
NPs from further oxidation, and the reaction stops [40]. The presence of bases in aqueous solution
results in the significant acceleration of the reaction between Si and water due to an increase in the
primary reaction rate of the surface bonds with water as well as due to the partial dissolution of
the surface oxide layer and penetration of water molecules and OH™ ions to the inner parts of the
PSi nanoparticles.

3. Materials and Methods

3.1. Formation of PSi Nanopowders

The PSi nanopowders used in this study were obtained by mechanical grinding of porous silicon
(PSi) layers. The initial PSi layers were fabricated according to a standard procedure based on
electrochemical etching [67] of monocrystalline (100)-oriented boron-doped Si wafers (1-10 ) cm
and 0.01 Q cm for nano- and meso-PSi structures, respectively) at current densities of 2-340 mA/cm?.
The etching solutions of 9:1, 3:1 and 1:1 mixtures (by volume) of concentrated aqueous hydrofluoric
acid (48%) and ethanol were used for nano-PSi formation and an HF/ethanol solution of 1:1 volume
mixture for meso-PSi formation. The experimental conditions of the electrochemical etching mentioned
above allowed for the formation of nano-PSi and meso-PSi nanopowders with various porosities, as
shown in see Figures S2-54 in Supplementary Materials, and sizes of nanoparticles constituting the
porous powders, as shown in see Figure S5 in Supplementary Materials.

3.2. Structural Characterization of PSi Nanopowders

Structural properties and morphologies of the PSi nanopowders were investigated by means
of atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Atomic force microscopy (AFM) characterization was performed on the Digital
Instruments 3100 instrument using ultra-sharp silicon cantilevers (Nanosensors™ SSS-NCH,
Switzerland) with a typical curvature radius of 10 nm and nominal spring constant of 42 N/m.
AFM images were acquired in a tapping mode at room temperature under ambient conditions for
the particles deposited onto an atomically flat surface of electronic grade silicon wafers. Scanning
electron microscope (SEM) images were taken using the ultra-high resolution Tescan MIRA 3 scanning
electron microscope.

3.3. Temperature-Programmed Desorption (TPD)

The TPD studies were performed in a quartz reactor, in the range of 40-1000 °C by means of a
Thermoquest TPD/R/O 1100 analyzer. A quadruple mass analyzer (Quadstar 422, Baltzer, Germany)
coupled to the TPD apparatus allows for the identification of desorbed species. To obtain quantitative
measurements on the molecular hydrogen desorbed from the sample surface, calibration was performed
by injecting known amounts of hydrogen into the argon flow and evaluating the area of the detected
TPD signal. Figure S6 in the Supplementary Materials shows typical TPD signals obtained on nano-
and meso-PSi powders. Comparison between the TPD curves and mass spectrum of the desorbed
species indicates that the desorbed phase corresponds perfectly to Hy. These results prove the presence
of hydrogen in the initial as-prepared PSi nanopowders before their reaction with oxidizing aqueous
solutions. The integration of the shown TPD signals allows us to estimate hydrogen quantity in the
PSi nanopowders. In particular, nano-PSi powder can contain hydrogen with quantities more than
one order of magnitude compared to the meso-PSi samples. It can be explained by the much more
important specific surface area of the nano-PSi powder, which can exceed 1000 m? g_1 [67].
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3.4. Measurement of Hydrogen Generation Kinetics

All of the experiments, aimed at the recording of hydrogen generation kinetics during the reaction
(1), were carried out on a working system, shown in Figure S7 in Supplementary Materials. A Plexiglas
container was used as the reaction chamber. Samples of the PSi nanopowders were put on a rotating
sample holder fixed in the upper part of the Plexiglas container. The weight of the used PSi samples
varied from 50 to 100 mg. The volume of the oxidizing solutions was 20 mL. The PSi nanopowders
were immersed into the oxidizing solution by rotation of the sample holder. Hydrogen generation
started immediately after the beginning of reaction (1). Generated hydrogen was accumulated in
the upper part of a graduated glass tube allowing for the measurement of the hydrogen volume.
Systematic errors, caused by excess pressure of the superseded water, evaporation of the solution, and
solubility of hydrogen in water, are estimated to be inessential (<10%) and were not taken into account.
The experiments were carried out at low ambient temperature (—40 °C) and at room temperature
(+23 °C) for 160 h and 3 h, respectively.

4. Results and Discussion

Typical view of an as-prepared hydrogenated highly porous cracked silicon film and its SEM top
image (in inset) are shown in Figure 3a. The porous film is easily auto-destroyed during its drying
in ambient air after formation by electrochemical etching. To obtain porous Si (PSi) nanopowders,
the porous films were additionally mechanically grinded, as shown in Figure 3b. The AFM picture
shown in Figure 3¢ confirms the nano-scale size range of the nanoparticles (white spots and points),
constituting the PSi nanopowder. The TEM image of the porous nanoparticles, presented in Figure 3d,
allows us to estimate their sizes (50-60 nm) as well as clearly reveals their porous morphology (see inset
illustrating a single PSi nanoparticle). Porosity values of the PSi nanoparticles used in our experiments
were in the range of 30-95%. Their pore sizes varied from several up to 20 nm and specific surface area
was between 100-800 m? g’1 [68].

Figure 3. (a) As-prepared hydrogenated highly porous silicon film, inset: SEM top view image
of the nanoporous Si film; (b) PSi nanopowder obtained by mechanical grinding of the PSi layer;
(c) AFM image of the PSi nanoparticles constituting the PSi nanopowder; (d) TEM images of the PSi
nanoparticles, inset: single PSi nanoparticle.
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Figure 4 shows the kinetics of hydrogen generation due to the oxidation of meso-porous silicon
powders in water:ethanol = 3:2 solutions at two ambient temperatures: +23 °C and —40 °C. Ethanol
was added to avoid the crystallization of water at negative temperatures as well as for the wetting
of the PSi nanoparticles surface, because fresh as-prepared PSi nanopowder is hydrophobic. In both
cases, the overall reaction time exceeded 100 h. It is worth remarking that hydrogen generation occurs
even at relatively low temperatures (<0 °C) and this fact has a huge practical importance if one uses
this reaction for hydrogen generation at negative temperatures. Since the chemical oxidation of silicon
in aqueous solutions is thermally activated, a significant increase in H, generation rate (factor of
three and final global quantity (more than 2-times) of the generated hydrogen can be observed at the
higher temperature.

Ho, % mass

m -40°C

m +23°%C

0 T T T T T T T T T L T T T T
0 20 40 60 80 100 120 140 160
Time, h

Figure 4. Kinetics of hydrogen generation due to oxidation reaction of meso-PSi nanopowders
in water:ethanol solutions at different temperatures. Discrete points correspond to experimentally
measured values, while solid lines are the fitting functions given in Supplementary Materials. The values
on y-axis correspond to the percentage mass of Hj related to the mass of the reacted PSi nanopowder
and water, which is necessary for the reaction.

The observed difference between the presented curves describing the behavior of the hydrogen
generation kinetics at —40 °C and +23 °C can be completely explained by taking into account the
temperature-dependent diffusion coefficient of the oxidizing water molecules through the silicon
oxide progressively formed at the nanoparticle surface. Indeed, at the lowest temperature (—40 °C),
a relatively low value of the diffusion coefficient limits the oxidation reaction rate and, consequently,
hydrogen generation kinetics. In addition, the water molecules cannot wade through the formed oxide
sheet of a certain thickness and it leads only to a partial oxidation of the silicon nanoparticles and limits
the overall quantity of the generated hydrogen at a level of 2.8% mass. The water diffusion coefficient
increases at the higher temperature (+23 °C) and it automatically leads to the enhanced hydrogen
generation kinetics, as well as to the much higher quantity of hydrogen (6.7% mass) generated at the
end of the reaction between the silicon nanopowder and water/ethanol mixture.

Since alkali is known to accelerate the dissolution of silicon, hydrogen generation resulting from
the oxidation of meso-PSi powders was studied in water:ethanol solutions containing alkali. Figure 5
allows us to compare the hydrogen generation kinetics, depending on chemical nature of different
alkalis at same concentration of 0.21 M/L. As one can see, the presence of any type of alkali accelerates
significantly (by several orders of magnitude) the hydrogen generation rate. Among the used alkalis,
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the relatively weak NHj3 base demonstrates the slowest H, generation. The higher H, generation
rate for NaOH in comparison with KOH is probably due to the better permeability of the surface
oxide layer to smaller Na* ions than for larger K* ions and, as a result, the better access of active
OH- ions to the 5i0,/Si interface. At the same time, the final quantity (6% mass) of the generated
hydrogen is similar for all the used oxidizing solutions and it is very close to theoretical value (6.25%).
White color and the absence of visible photoluminescence of all the products formed in the reaction of
PSi nanopowders with aqueous alkaline solutions at room temperature, confirm the total oxidation of
the Si phase. Indeed, it can be easily understood, considering that hydrogen generation stops when
silicon nanoparticles are completely oxidized.

7
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Figure 5. Kinetics of hydrogen generation due to oxidation reaction of meso-PSi nanopowders in
water:ethanol:alkali solutions at room temperatures. Concentration of the used alkalis was 0.21 M/L.
Discrete points correspond to experimentally measured values, while solid lines are the fitting functions
given in Supplementary Materials.

Since NaOH was found to be the most efficient alkali accelerating hydrogen generation from
the oxidation of PSi nanopowders in aqueous solution, it was used for further additional studies.
In particular, the impact of NaOH concentration on hydrogen generation kinetics was studied and
is shown in Figure 6. As one can see, the higher the alkali concentration is, the higher the hydrogen
generation rate is, as shown in Figure S8 in Supplementary Materials. Once again, the overall hydrogen
generation quantity is independent on the alkali concentration. Finally, as shown in Figure S8 in
Supplementary Materials, the same kinetics of hydrogen generation can be achieved at smaller
concentrations of NaOH compared to KOH.

Kinetics of hydrogen generation depending on the grinding degree of meso-PSi nanopowder are
shown in Figure 7. Two different nanopowder morphologies—as prepared meso-PSi and grinded
meso-PSi—shown in Figure 3a,b, respectively, were used. It can be seen that oxidation of the grinded
meso-PSi accompanied by formation of hydrogen goes two-times faster in comparison with the
as-prepared meso-PSi (analytical expressions of fitting functions can be found in Supplementary
Materials. Such behavior of the hydrogen generation kinetics can be explained by much smaller sizes
of nanoparticles (50-200 nm) of the grinded meso-PSi compared to the as-prepared powder constituted
by porous particles from 100 pm-1 mm range.

100



Nanomaterials 2020, 10, 1413

7
6_
® 54
(]
S
N
a 44
T NaOH
B 0.13MIL
31 m 0.25 M/L|
W 0.51M/L
W 1.02M/L
2_
T T L] T L L L LI |
10 100 1000

Time, sec

Figure 6. Kinetics of hydrogen generation due to oxidation reaction of meso-PSi nanopowders
in water:ethanol:NaOH solutions at different concentrations of the alkali. Discrete points
correspond to experimentally measured values, while solid lines are the fitting functions given

in Supplementary Materials.
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Figure 7. Kinetics of hydrogen generation depending on grinding degree of meso-PSi nanopowders.
The oxidation reaction takes place in solutions of water:ethanol = 3:2 containing NH4;OH in a
concentration of 0.77 M/L. Discrete points correspond to experimentally measured values, while solid
lines are the fitting functions given in Supplementary Materials.

Hydrogen generation kinetics characterizing chemical reaction between aqueous alkaline solution
and grinded nano-PSi powders obtained from c-Si substrates with low (p = 1-10 Q)-cm) and high
(p =1 O-cm) resistivities are compared in Figure 8. As one can see, the resistivity of the initial silicon
substrate does not affect the kinetics of hydrogen release. Thus, only the nanoscale morphology of the
nano-PSi powder (similar for the both resistivity levels), shown in Figures S2 and S4 in Supplementary
Materials, determines the hydrogen generation kinetics.
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Figure 8. Kinetics of hydrogen generation depending on resistivity of silicon substrates used for
fabrication of nano-PSi powder. The oxidation reaction occurs in solutions of water:ethanol = 3:2
containing NaOH in concentration of 0.21 M/L. Discrete points correspond to experimentally measured

values, while solid lines are the fitting functions given in Supplementary Materials.

Figure 9 shows dependence of the global amount of generated hydrogen on porosity of the
used meso-PSi and nano-PSi powders. In the case of nano-PSi powder, the quantity of the generated
hydrogen is porosity-independent, while a significant decrease in hydrogen quantity was observed for
higher porosity values of meso-PSi powder. This difference can be explained by smaller nanoparticle
size and larger pores for nano-PSi in comparison to meso-PSi, as shown in Figure S5 in Supplementary
Materials. Indeed, the hydrogen generation efficiency will be enhanced if the oxidizing solution easily
in penetrates nanopores and completely oxidizes the smaller nanoparticles. In addition, the general
behavior of the dependence of hydrogen amount on porosity for both the morphologies correlate
perfectly with evolution of nanocrystals of the corresponding powders, as shown in Figure S5 in
Supplementary Materials.
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Figure 9. Porosity dependent hydrogen generation amount due to oxidation reaction of meso- and nano-PSi
powders in H,O:Ethanol:NaOH solutions at room temperature. Alkali concentration was 0.5 M/L.
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5. Conclusions

Hydrogen generation rate is one of the most important parameters which must be considered
for the design of engineering solutions for hydrogen energy applications. Indeed, sometimes a
slow and long-term production of hydrogen is requested, while for other kinds of applications the
instantaneous generation of a very large amount of hydrogen must be provided. For the given
technological approach, various parameters should allow for the control of the hydrogen generation
rates in as large a range as possible. In our paper, precise experimental conditions, allowing the tuning
of the hydrogen generation process based on the oxidation reaction of porous silicon nanoparticles in
aqueous solutions, are reported. The hydrogen generation rate is dependent on chemical composition
and the concentration of alkali added in the oxidizing solutions. In particular, the higher the alkali
concentration is, the higher the hydrogen generation rate is, while the global amount of the released
hydrogen remains constant. The size distribution of the porous silicon nanopowder also affects the
generation rate values of produced hydrogen. For example, the smaller the nanoparticle sizes are,
the more intense the oxidation reaction and, consequently, the higher the hydrogen generation rates
are. Finally, hydrogen release below 0 °C is one of the significant advantages of such a technological
way of hydrogen generation in comparison with numerous other developed technologies reported
earlier. The reported experimental results confirm a huge technological potential of the hydrogen
generation based on the splitting of Si-H bonds of porous silicon nanopowders and water molecules
during the oxidation reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1413/s1,
Figure S1: Photos of initial partially hydrogenated PSi nanopowder (before its reaction with water) and silicon
oxide nanopowder obtained after hydrogen generation from oxidation of the PSi nanopowder in aqueous solutions,
Figure S2: Nano-PSi: porosity as a function of the current density for three different HF concentrations (18%
(HF:Ethanol = 1:1.66), 24% (1:1), 36% (3:1)), thickness of the porous layer is 7 um, initial substrate was p-type
Si (p~1-10 Q-cm), Figure S3: Meso-PSi: porosity as a function of the current density for three different HF
concentrations (18% (HF:Ethanol = 1:1.66), 24% (1:1), 36% (3:1)), thickness of the porous layer is 12 um, initial
substrate was p+- type Si (p~10-50 Q2-cm), Figure S4: Nano-PSi: porosity as a function of the current density for
three different HF concentrations (18% (HF:Ethanol = 1:1.66), 24% (1:1), 36% (3:1)), thickness of the porous layer is
12 pm, initial substrate was p++- type Si (p~1-3 m)-cm), Figure S5: Dimentions of silicon nanocrystalls as function
of porosity for the meso- and nano-PSi powders, Figure S6: Effusion curves for H2 desorption from the nano-
and meso-PSi powders, Figure S7: Photo of the working system used for measurements of hydrogen generation
kinetics, Figure S8: Hydrogen generation rates deduced from experimental the curves shown in Figures 5 and 6,
Figure S9: Hydrogen amount in terms of %mass (%m) versus the ratio between mass of the oxidizing solution
(msol) and mass of meso-PSi nanopowder (mPS). Table S1: Comparison of the hydrogen generation methods,
Table S2: Data summarizing the chemical reactions used to produce H2.
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Abstract: Perovskite solar cells (PSCs) with a standard sandwich structure suffer from optical transmission
losses due to the substrate and its active layers. Developing strategies for compensating for the losses
in light harvesting is of significant importance to achieving a further enhancement in device efficiencies.
In this work, the down-conversion effect of carbon quantum dots (CQDs) was employed to convert
the UV fraction of the incident light into visible light. For this, thin films of poly(methyl methacrylate)
with embedded carbon quantum dots (CQD@PMMA) were deposited on the illumination side of
PSCs. Analysis of the device performances before and after application of CQD@PMMA photoactive
functional film on PSCs revealed that the devices with the coating showed an improved photocurrent
and fill factor, resulting in higher device efficiency.

Keywords: Perovskite solar cell; PMMA; carbon quantum dots; down-conversion; light harvesting

1. Introduction

Hybrid organic-inorganic lead halide perovskites are considered to be one of the most promising
materials for photovoltaic (PV) applications. In just a decade, the power conversion efficiency (PCE) of
perovskite solar cells (PSCs) has improved 6-fold, reaching remarkable values of 25.2% in 2019 [1].
This is the result of tremendous efforts spent on optimization of the device fabrication process, careful
tailoring of material properties used for device functional layers (perovskite photo-absorber layer,
electron- and hole-transporting layers (ETL and HTL, respectively), and device structure (mesoporous,
planar p-i-n, and planar n-i-p)) [2,3]. Theoretical calculations suggest that PSCs have the potential to
reach efficiencies as high as ~31% [3]. Approaching the theoretical performance limit would require
even further development and optimization in all aspects of device fabrication. Light management for
effective utilization of incident light would be one of them.

One of the drawbacks of PSCs in terms of their light harvesting ability is the sandwich structure
of the devices, which induces parasitic light absorption by the substrate (fluorine- or indium-doped
tin-oxide-coated glass (glass/FTO or glass/ITO, respectively)) and other functional layers, such as ETL
and HTL [4]. For instance, most of the UV light is absorbed by the ETL made of wide band gap
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materials, such as TiO, and SnO,, or by the HTL (e.g., NiOy in devices with an inverted structure). This,
on the one hand, is beneficial for the perovskite photo-absorber layer, since it prevents degradation
of the perovskite material under UV illumination. However, on the other hand, absorption of UV
light by the substrate and charge-transporting layers does not allow for an effective utilization of the
incident light. One way to overcome this issue without changing the structural composition of PSCs is
to employ fluorescent materials with down-converting properties. These are materials that can absorb
photons with higher energy (e.g., in the near-UV range) and re-emit them with lower energy (e.g.,
in the visible light range). Application of such functional materials to improve the light harvesting
ability of the photo-absorber layer in PSCs can afford enhanced charge carrier generation and improved
device performance.

Carbon quantum dots (CQDs) with excellent fluorescent properties absorb UV light and re-emit
in the visible light range. Such a unique optical property of CQDs combined with their low-cost
synthesis, non-toxicity, and chemical inertness make them very attractive for electronics, sensing,
and bioimaging applications [5-7]. For example, carbon and graphene quantum dots were utilized
recently for light management in silicon-based solar cells [8,9]. In both cases, the authors reported
enhancement in the performance of silicon-based solar cells, owing to the carbon/graphene quantum
dots coatings that emit additional down-converted photons in the visible spectrum. A recent study
reported that CQDs with a down-conversion property introduced into a mesoporous TiO; film in PSCs
can improve the stability (convert UV radiation to visible light) as well as the PCE of the devices [10].
Therefore, by considering the favorable down-conversion optical effects, we embedded the CQDs in a
thin poly(methyl methacrylate) (PMMA) film (CQD@PMMA) and used it as an additional coating layer
for PSC devices. This coating will be able to convert the UV part of the incident light to visible light,
thus allowing for more light to be transmitted to the perovskite photo-absorber layer (see Figure 1).

[Au

Figure 1. Schematic image of perovskite solar cells (PSCs) (a) without and (b) with the poly(methyl
methacrylate) with embedded carbon quantum dots (CQD@PMMA) coating used for improving light
harvesting in a PSC due to the down-conversion effect.

2. Materials and Methods

2.1. Materials

High-purity materials were purchased from Alfa Aesar or Sigma-Aldrich and used as received.
The FTO-coated glass substrates (~7 ohm/sq) were obtained from OPV-tech (Yingkou City, China).
The organic precursors for synthesis of perovskite thin films were obtained from the GreatCell Solar.

2.2. Synthesis of CQDs

Phosphorus-doped CQDs were prepared according to a previously reported protocol [7]. Briefly,
0.1 g of NapHPOy and 1 g of dextrose were dissolved in 25 mL of deionized water. Next, the solution
was placed into an Erlenmeyer flask (50 mL capacity) with a screw cap, closed, and kept at 200 °C under
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vigorous stirring for 1 h. The prepared black solution was passed through a 0.1 um filter, and samples
were purified and collected using a lyophilization process.

2.3. Preparation of CQD@PMMA Solution

As-prepared CQDs with sizes around 3-7 nm were mixed with 5 wt% PMMA in chlorobenzene
(10 mg of CQDs in 10 mL of 5 wt% PMMA/chlorobenzene). The resulting mixture was sonicated for
30 min in an ultrasonic bath, and then stirred vigorously for 48 hrs at 40 °C to disperse CQDs and
obtain the final brownish-colored CQD@PMMA solution.

2.4. Fabrication of PSCs

A glass/FTO/ETL/perovskite/HTL/gold architecture was used to fabricate PSCs. The FTO-coated
glass substrates were cleaned by consecutive sonication in the detergent, deionized water (DI), and organic
solvents. The substrates were then dried under a nitrogen flow and treated by UV-ozone for 30 min.
The ETL was composed of a bilayer structure formed by consecutive depositions of SnO, quantum dot
(QD-Sn0,) and SnO, nanoparticles (NP-SnO,) as described below. The 0.15 M colloidal SnO, quantum
dot (QD-Sn0O,) solution was prepared by using SnCl,-2H,O as the precursor dissolved in 30 mL of DI
water, and left overnight under vigorous stirring in an open beaker. The prepared solution was spin coated
at 3000 rpm for 30 s and thermally annealed at 150 °C for 10 min and 200 °C for 60 min. SnO, nanoparticles
(NP-SnO,) were prepared by using SnO; colloidal dispersion solution. The prepared solution was
spin coated at 3000 rpm for 30 s, and the samples were annealed at 150 °C for 30 min. The perovskite
precursor solution was prepared by forming 1.1 M Pbl,, 1 M formamidinium iodide (CH5IN;), 0.2 M
PbBr, and 0.2 M methylammonium bromide (CH3NHj3Br) in the mixture of dimethyl formamide (DMF)
and dimethyl sulfoxide (DMSO) (4:1 volume ratio). Then, CsI (1.5 M stock solution) was added into
the precursor solution in a volume ratio of 8:92 to form 1 mL of final perovskite precursor solution.
The perovskite thin film was prepared in a nitrogen-filled glove box by a four-step process: (i) spin
coating of the precursor solution at 2000 rpm for 30 s; (ii) cryogenic treatment; (iii) blow-drying under a
nitrogen gas flow for 60 s; and (iv) thermal annealing at 105 °C for 30 min on a hotplate. The precursor
solution for the hole transport layer (HTL) was prepared by dissolving 80 mg of 2,2",7,7'-Tetrakis
[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD), 954 uL of chlorobenzene, 29 L
of 4-tert-Butylpyridine, and 17.5 pL of Bis(trifluoromethane)sulfonimide lithium salt in acetonitrile with a
concentration of 520 mg/mL. The prepared solution was spin coated at 3500 rpm for 30 s. Gold electrodes
(70 nm) were thermally evaporated through a shadow mask at a vacuum pressure of 107 Torr to complete
fabrication of PSCs (Glass/FTO/SnOz/CSO,QS(MA0,17FA0,83)0,95Pb(10,84]3r0,16)3/spiroMeOTAD/Au) [11]

2.5. Deposition of CQD@PMMA Coating on PSCs

In order to deposit CQD@PMMA coating on PSCs, freshly prepared CQD@PMMA solution was
spin coated (30 s under various spinning speed conditions) on the glass slide of already fabricated PSC
devices at room temperature. For each deposition speed, at least 15 devices were tested. The estimated
number of CQD particles per 1 x 1 cm? geometric area is ~1.48 x 10'2.

2.6. Characterization

A transmission electron microscope (TEM) (JEM 2010F, JEOL Ltd., Tokyo, Japan) was used
for morphology and size analysis of CQDs. Fluorescent measurements were performed using a
Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA).
Transmittance measurements were performed using a Lambda 1050 spectrophotometer (Perkin Elmer
Inc., Waltham, MA, USA) equipped with an integrating sphere. The J-V characteristics of the devices
were measured by using a Keithley 2400 sourcemeter (Tektronix Inc., Beaverrton, OR, USA) under an
AAA class ORIEL Sol3A solar simulator (Newport Corporation, Irvine, CA, USA) equipped with an
Air Mass (AM) 1.5 filter at 100 mW/cm?. The light intensity was calibrated by a Si reference cell from
Newport (Newport Corporation, Irvine, CA, USA).
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3. Results and Discussion

The TEM analysis of CQD samples confirmed a narrow size distribution in the range of 3-7 nm
(Figure 2a). The down-converting property of the COD@PMMA films was tested using fluorescence
spectroscopy. For this, freshly made CQD@PMMA solution was spin coated on thin microscope glass
slides and fluorescence emission spectra of the samples were recorded. The emission spectra of the
coatings were tested at the excitation wavelength of 320 nm. As shown in Figure 2b, the emission
spectra of a CQD@PMMA film shows a distinct peak centered at 430-440 nm, which is attributed to a
typical emission range of CQDs [7]. The emission spectra of a neat PMMA film deposited on a thin
microscope glass slide were also recorded for comparison. The absence of an emission peak in the
neat PMMA film indicates that the emission peak in the CQD@PMMA film originates from the CQDs
embedded in the PMMA matrix.

—— Neat PMMA
b) —— CQD@PMMA

\_‘A"/‘_—\’\

T T T T
400 450 500 550 600
Wavelength (nm)

Figure 2. (a) TEM image of prepared carbon quantum dots (CQDs), and (b) fluorescence emission of
neat poly(methyl methacrylate) (PMMA) and CQD@PMMA coatings deposited on thin microscope
glass slides.

Figure 3 shows the transmittance spectrum of neat PMMA and CQD@PMMA films deposited
on thin microscope glass slides for the measurement range of 300-800 nm. The CQD@PMMA film
has lower transmittance in the near-UV region (<350 nm) compared to the neat PMMA film, which
suggests absorption of UV light by the CQDs embedded in the PMMA matrix.
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Figure 3. Transmittance of neat PMMA and CQD@PMMA coatings on thin microscope glass slides.

In the next stage, CQD@PMMA coatings were applied to PSCs in order to evaluate their ability
to enhance the light harvesting efficiency of the devices. For this, a PMMA/chlorobenzene mixture
with dispersed CQDs was spin-coated (30 s at 3000 rpm) on the illumination side of prefabricated
PSCs. The thickness of the CQD@PMMA coating was around 480 nm (Figure 4a). To evaluate the effect
of CQD@PMMA coating on device performance, |-V characteristics of PSCs before and after their
application were measured. Figure 4b shows a comparison of ]-V curves, both forward and reverse,
for devices before and after application of a CQD@PMMA coating. The active area of the device was
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0.075 cm?. The J-V curves show that the device with the CQD@PMMA coating resulted in a higher
photocurrent (Jsc) compared to the device without the CQD@PMMA coating. The relative increase for
Jsc, which was around 3%, was consistent with the transmittance measurements presented in Figure 3.
The J-V curves also show that there was a notable enhancement (around a 6% relative increase) in
fill factor (FF), and some minor improvements (around a 1% relative increase) in open-circuit voltage
(Voc) after the application of the CQD@PMMA layer on the device (see Table 1).

Control experiments were also performed, in which the effect of neat PMMA coating on the light
harvesting ability of PSCs was investigated. For this, we obtained the -V characteristics of PSCs before
and after the application of a neat PMMA coating (deposited via spin-coating for 30 s at 3000 rpm).
This was done in order to separate and estimate the effect of the PMMA layer alone on the performance
of the devices. Comparison of the |-V curves for a device before and after application of the neat
PMMA coating shows that the PMMA coating alone had a negligible or no effect on the performance
of the device (Figure 4c). This indicates that the device performance enhancement observed in the
case of CQD@PMMA coating indeed originates from the CQDs embedded in the PMMA matrix—i.e.,
due to the down-conversion effect of CQDs, effectively converting UV to visible light, affording more
photons to pass into the perovskite photo-absorber layer, and, thus, generating more charge carriers.

The external quantum efficiency (EQE) measurements were also performed on PSCs to obtain their
optical spectral response before and after application of CQD@PMMA coating. Figure 4c shows EQE
spectra of a device measured before and after application of a CQD@PMMA coating. The comparison
of EQE spectra indicates that after deposition of the COD@PMMA coating, the EQE response of the
device in the blue region has improved [8-10]. The calculated Jsc from EQE spectra obtained before and
after deposition of the CQD@PMMA coating results in values of 16.31 mA cm™2 and 17.14 mA cm™2,
respectively, which exhibits the consistent improvement in Jsc for the device after deposition of the
CQD@PMMA coating. It is noteworthy that an ~26%-28% discrepancy was observed between the
calculated Jsc from the EQE spectra and the measured Js¢ from the solar simulator. The underestimation
of EQE commonly happens in PSCs. This can be due to the barrier for the photocurrent of PSC
becoming dominant under the monochromatic illumination with low light intensity during the EQE
measurement, while the barrier will be alleviated by photodoping of the perovskite under the strong
illumination. Nevertheless, the enchantment trend, as determined from EQE, is consistent with the
trend of the J-V characteristics measured under 1 sun illumination.

Finally, we investigated the dependence of the PSC performance on the thickness of the
CQD@PMMA coating. For this, we deposited a CQD@PMMA coating on the glass side of PSCs at
various spinning speeds. The performance of the devices was measured before and after application of
the CQD@PMMA coating, and relative changes in [sc, FF, and V¢ and the efficiency of the devices
were investigated. The relative change for photovoltaic parameters is given as a percentage; i.e.,
it indicates to what extent a certain photovoltaic parameter is changed (improved or worsened) after
the deposition of CQD@PMMA coating.

Figure 5 shows the dependence of relative change in the photovoltaic parameters on the spinning
speed used to deposit CQD@PMMA coating on PSCs. In order to verify the reproducibility of the PSCs,
at least 15 devices for each spinning speed condition were examined. Similar ranges of deviations
in photovoltaic parameters of the devices were observed among all spinning conditions, which were
predicted due to the high sensitivity of the device performance to the fabrication ambient. Nevertheless,
the trend of the device performance with varying thicknesses of the CQD@PMMA coating can clearly
be observed. Figure 5a,b show the device performance parameters extracted from J-V curves measured
in forward and reverse scan directions, respectively. The curves for device efficiency for forward
and reverse scan directions show that there is a gradual increase from a lower spinning speed up to
3000 rpm, and then it drops. This trend, especially for forward scan directions (see Figure 5a), originates
from a similar behavior in relative changes of Jsc and FF. The initial increase up to 3000 rpm and the
following decrease in the relative change of Jsc in Figure 5a,b can be attributed to the thickness of
the CQD@PMMA coating. Thicker CQD@PMMA coating has many CQD particles, which leads to
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transmission losses, while a CQD@PMMA coating that is too thin is not effective in converting UV
into visible light. Based on this assumption, we can cautiously suggest that 3000 rpm for deposition of
CQD@PMMA coating, yielding a thickness of around 480 nm, is the optimal value for spinning speed.
Meanwhile, a similar dependence of FF on spinning speed—i.e., an initial increase up to 3000 rpm and a
subsequent decrease at a higher spinning speed—for both scan directions is not as intuitive to explain.
However, a similar trend was reported by Jin et al. [10] in related studies. A possible explanation for
this phenomenon could be the UV-filtering effect of CQDs, which prevents the perovskite layer from
photodegradation. However, a more detailed investigation of this phenomenon is required and will be
the subject of future studies. The relative changes in V¢ for both scanning directions, however, show
very subtle improvements after deposition of CQD@PMMA coating, and slowly decrease with a higher
spinning speed, indicating a negligible relative change in V¢ for thinner COD@PMMA layers.
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Figure 4. (a) Cross-sectional SEM image of a CQD@PMMA coating deposited onto a fluorine-doped tin
oxide (FTO) substrate at 3000 rpm. (b) -V characteristics (scan rate 0.5 V s71) of a PSC device before and
after application of a CQD@PMMA coating tested under 1 sun illumination and in the dark (blue solid
line). (c) J-V curves of a PSC device before and after application of a neat PMMA layer. (d) External
quantum efficiency (EQE) spectra of a PSC before and after application of a CQOD@PMMA layer.
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Table 1. Photovoltaic parameters for a PSC device before and after application of a CQD@PMMA layer
tested under 1 sun illumination.

CQD@PMMA Layer Scan Direction Jsc (mA cm™1) Voc (V) FF (%) Efficiency (%)

Without forward 22.69 1.11 61.98 15.67
Without reverse 22.63 1.11 65.29 16.4
With forward 23.25 1.13 65.76 17.29
With reverse 23.21 1.13 68.19 17.86
16 12
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14 { —e— Photocurrent a) 10 —*— Photocurrent b)
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Figure 5. Dependence of relative change in the photovoltaic parameters on the spinning speed used
to deposit a CQD@PMMA coating on PSCs. Key photovoltaic parameters extracted from |-V curves
measured in (a) forward and (b) reverse scan directions.

4. Conclusions

In conclusion, we developed an easy-to-handle, low-cost, and solution-processable method to
fabricate photoactive functional coating for sandwich-structured PSCs to enhance their light harvesting
ability and improve device performance. The photoactive functional coating consists of a PMMA
matrix embedded with CQDs that possess down-conversion fluorescent properties. The application of
this coating on PSC devices showed an improved photocurrent and fill factor, resulting in an overall
performance increase. The method is simple and straightforward to apply and can afford further
fine-tuning and/or modification to fabricate functional thin films with the desired properties and
morphology. In addition, this low-cost and solution-based method offers ease of scale-up of fabrication,
which makes it very attractive for future industrial manufacturing.
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Abstract: By simultaneous occlusion of rationally chosen dyes, emitting in the Dblue,
green and red region of the electromagnetic spectrum, into the one-dimensional channels of a
magnesium-aluminophosphate with AEL-zeolitic type structure, MgAPO-11, a solid-state system with
efficient white light emission under UV excitation, was achieved. The dyes herein selected—acridine
(AC), pyronin Y (PY), and hemicyanine LDS722—ensure overall a good match between their molecular
sizes and the MgAPO-11 channel dimensions. The occlusion was carried out via the crystallization
inclusion method, in a suitable proportion of the three dyes to render efficient white fluorescence
systems by means of fine-tuned FRET (fluorescence resonance energy transfer) energy transfer
processes. The FRET processes are thoroughly examined by the analysis of fluorescence decay traces
using the femtosecond fluorescence up-conversion technique.

Keywords: dye-guest encapsulation; zeolite; microporous aluminophosphates; one-pot synthesis;
hybrid fluorescent system; white light emitter; FRET

1. Introduction

Hybrid organic-inorganic materials are recognized as promising systems for many applications in
different fields such as optoelectronics, energy, and biomedicine [1-5]. Generally, the final properties
are not a mere sum of the individual contributions of each moiety; new and improved features also
emerge as a result of synergetic effects [1,5,6]. In this way, new materials with interesting features for
innovative technologies can be produced.

White light emitters are one of those potential materials that are extremely interesting for lightning
systems, necessary in technological devices, and present in everyday life. Hitherto, white light
emission has been largely pursued to improve existing lightning technology [7-15]. In this regard,
several approaches have been postulated. In particular, fluorescence resonance energy transfer, FRET,
is a bioinspired process to develop new systems as light-emitting devices [16-18]. The control of energy
transfer processes with the combination of proper dyes allows to tune the color of the resultant emitted
light. The most common strategy to achieve white light emission consists of combining fluorophores
with emission spectra in the three fundamental regions (blue, green, and red), emitting at well-defined
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intensities into a single host system able to impose a proper spatial distribution regarding intermolecular
distances and molecular orientations [8,19-23]. Note that although purely organic compounds can
allow a low-cost fabrication of white emitter devices, their major drawback is the aging, usually at
different rates for each component [23,24]. However, encapsulated organic dyes within nanocavities,
preferably inorganic frameworks, are sheltered from chemical-, photo- and thermo-degradation due to
the protection provided by the porous host [25,26]. Microporous zeolitic materials are ideal candidates
to be used as inorganic stable hosts, in particular microporous aluminophosphates based on AlO4 and
POy, alternate tetrahedral units [26].

Generally, optical applications based on the combination of organic fluorescent dyes with inorganic
hosts require optically dense materials. In such cases, molecular aggregation should be completely
avoided in order to preserve the optical characteristics of the components. The key to success in
the design of these hybrid materials is the matching between dye molecular size and nanochannel
dimensions. In this context, the best synthetic approach to reach a tight host-guest fit is via the
crystallization inclusion method, in which the dye is embedded while the inorganic framework is
being formed [26,27]. Thus, the opening dimension of the pores limits the size of the guest, and since
the occlusion process does not involve diffusion, the guest dyes can be accommodated all along the
host crystals, avoiding guest entangling at the pore entrance. However, this is not a trivial approach
and several aspects should be considered before the encapsulation of organic dyes within inorganic
channelled structures. The first condition when choosing an organic dye for this approach is that its
chemical structure should not be very different from that of the organic structure-directing agents (SDA)
that typically drive through a template effect the crystallization of zeolitic materials, usually amines
or quaternary ammonium compounds. In particular, dyes should be able to bear positive charges to
maximize interaction with the negatively-charged inorganic framework, enhancing their incorporation.
Moreover, the dye must be soluble in an aqueous synthetic gel. For this reason, cationic organic dyes
with amine groups are a preferred choice. Besides, a negative net charge should be generated in
the zeolitic framework, i.e., by the isomorphic substitution of AI** by Mg?* in aluminophosphate
networks, to facilitate the entry of those cationic dyes.

In previous works, it has been demonstrated that the one-dimensional Mg-containing
aluminophosphate MgAPO-11, with AEL structure, is a perfect host for the incorporation of many
commercial dyes due to its adequate pore structure having non-intersecting one-dimensional (1D)
channels (6.5 x 4 A) and their special topology [28,29]. By the encapsulation of dyes through the
crystallization inclusion method into this framework, not only is molecular aggregation avoided,
but preferential alignment along the pores is also induced [27,30,31]. Moreover, the inorganic 1D-host
MgAPO-11 offers a very rigid environment limiting molecular motions responsible for the non-radiative
deactivation pathways to the ground-state, yielding an astonishing enhancement of fluorescence with
respect to the dye in solution, particularly for dyes with flexible molecular structures. As a result,
highly fluorescent hybrid materials with an anisotropic response to the linearly polarized light have
been obtained using this particular host [31].

In fact, the encapsulation of different commercial fluorescent dyes into the 1D-nanochanneled
inorganic host MgAPO-11 (Scheme 1) via a one-pot synthesis has already rendered hybrid materials with
diverse optical properties such as (i) an optically switchable system by the simultaneous encapsulation
of two chromophores with a complementary response to linearly polarized light [29]; and (ii) a
red-emitting hybrid material with Second Harmonic Generation (SHG) properties under IR excitation
by the confinement of a nonlinear optics (NLO) dye perfectly aligned within the channels [31].
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Scheme 1. (Left) Molecular structures of dyes: acridine (AC), pyronine Y (PY), and LDS722. (Right)
Schematic illustrations of AEL-zeolitic type structure, MgAPO-11.

Particularly in this work and as above-mentioned, a critical aspect to attain pure white light after
excitation with UV light is to control the efficiency of energy transfer among the different co-adsorbed
fluorescence emitters. Taking into account the requirements for an effective Forsters Resonance Energy
Transfer or FRET [32], acridine (AC), pyronin Y (PY), and hemicyanine LDS722 dyes (Scheme 1)
were chosen to achieve a white light hybrid emitter. AC, with bluish-cyan emission, was selected as
the primary energy-donor moiety due to its relatively high fluorescent quantum yield and its small
dimensions that would provide a high donor-rate into the host. The AC emission spectrum overlaps
well with the absorption band of the next energy-acceptor molecule, PY. Indeed, this AC-PY pair was
set in a previous work as a suitable donor-acceptor pair for an efficient FRET process [29]. Finally,
a hemicyanine-like dye, 4-[4-[4-(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-pyridinium (LDS722),
characterized by emission in the red region of the electromagnetic spectrum, is chosen as final acceptor
dye in the FRET cascade. Although the fluorescence of this dye is rather poor in solution due to the
inherent flexibility of its molecular structure, a highly improved red emission efficiency is reached by
the great constraint imposed by the AEL nanopores [31].

Here, to achieve a bright emitting system with pure white light, a systematic variation of the relative
proportion of the three dyes in the synthesis of the hybrid material is performed. The resultant materials
are fully characterized by steady-state and time-resolved spectroscopic techniques. Experimental
evidence of FRET processes among the dyes within the pores of the material are also provided via
ultrafast spectroscopy experiments where the excited-state dynamics is investigated.

2. Materials and Methods

2.1. Synthesis

Mg-containing aluminophosphates (MgAPO-11) with the three dyes were prepared by
hydrothermal crystallization method using phosphoric acid (Aldrich, Madrid, Spain, 85 wt.%),
magnesium acetate tetrahydrate (Aldrich, Madrid, Spain, 99 wt.%,), aluminum hydroxide (Aldrich,
Madrid, Spain), ethylbutylamine (EBA, Aldrich, Madrid, Spain), and the aforementioned dyes:
AC (Aldrich, Spain 97%), PY (Acros Organics, Madrid, Spain, 75%), and LDS722 (Exciton through Lasing
S.A, Madrid, Spain, laser grade, purity > 99%). All the compounds were used as received. The synthesis
gels have a general molar composition of 0.2 MgO:1 P,05:0.9 Al;03:0.75 EBA:x dye:300 HyO, where x
indicates the total amount of dye added into the gel. In this work, different dye-proportions were
added to the gel, keeping constant the total amount of dye at x = 0.024 in order to not disrupt the final
crystalline phase of the material. For example, a dye-proportion in the gel of 3AC:2PY:1LDS722 means
that the molar fraction of AC dye in the synthesis gel is 1.5 times higher than the molar fraction of
PY, and three times higher than that of LDS722. Considering that the total amount of dyes in the gel
was set at 0.024, the proportion added for AC, PY, and LDS722 is 0.012, 0.008, and 0.004, respectively.
The pH of the synthesis gels was between 4 and 5. The gels were heated under autogenous pressure
for 24 h at 160 °C. The solid products were recovered by filtration, exhaustively washed with ethanol
and water, and dried at room temperature overnight.
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2.2. Characterization

X-ray powder diffraction (XRD) was used to determine the crystalline phase obtained; XRD patterns
were collected with a Panalytical X'Pro diffractometer (Panalytical, Lelyweg, The Netherlands) using
Cu Ko radiation.

The dye content within the solid products was photometrically determined using a double beam
Varian spectrophotometer (model Cary 7000, Agilent Technologies, Madrid, Spain) after dissolving the
solid material in 5 M hydrochloric acid and comparing the resulting solutions with standard solutions
prepared from known concentrations of the dyes at the same pH value of the sample solutions.

The absorption spectra of the dye-containing MgAPO powder samples were recorded with a
Varian spectrophotometer (model Cary 7000) detecting the reflected light through an integrating sphere.
The respective spectra of the MgAPO powders synthesized under identical conditions but without dyes
were recorded and subtracted from the sample signal to eliminate the scattering contribution to the
absorption spectra. Emission spectra of the bulk powder were recorded in an Edinburgh Instruments
spectrofluorimeter (FLSP920 model, Livingston, U.K.) in front-face configuration (40° and 50° to the
excitation and emission beams, respectively) and leaned 30° to the plane formed by the direction of
incidence and detection. The fluorescence lifetime decay curves of the bulk powder were measured
with the time-correlated single-photon counting technique in the same spectrofluorimeter using a
microchannel plate photomultiplier tubes (MCP-PMTs, Hamamatsu R38094-50) with picosecond
time-resolution (~150 ps). The fluorescence lifetime (T) was obtained after deconvolution of the
instrumental response signal from the recorded decay curves by means of an iterative method.
The goodness of the exponential fit was controlled by statistical parameters (chi-square, x?, and analysis
of the residuals).

Absolute photoluminescence quantum yields of the dye-containing MgAPO powders were
measured in an integrated sphere coupled to this spectrofluorimeter. The absorbance at excitation
wavelength was obtained by comparing the scatter signal of the dye-loaded hybrid material and a
Teflon disk was used as a reference (with a diffuse reflectance of 100%).

An amplified femtosecond double OPA (optical parametric amplifier) laser system was used to
provide excitation pulses of 395 nm. The power of the excitation beam was set to 300 pW (300 nJ/pulse,
power density = 1697 mW/cm?, energy density/pulse = 1.70 x 1073 Joule/(pulse X cm?), number of
photons/(pulse x area) = 3.20 x 10'> photons/(pulse x cm?)), and the fluorescence light emitted from
the samples was efficiently collected from the same side as the excitation beam using a concave mirror.
The fluorescence was then filtered using a 420 nm long-pass filter to suppress the scattered light,
directed and overlapped with a gate pulse (800 nm, ca. 10 pJ) derived from the regenerative amplifier
onto a lithium triborate (LBO) crystal. By tuning the incident angle of these two beams relative
to the crystal plane, the sum frequency of the fluorescence light and the gate pulse was generated.
The time-resolved traces were then recorded by detecting this sum-frequency light while changing
the relative delay of the gate pulse versus the sample excitation time. Fluorescence gating was done
under magic-angle conditions in a time window of 50 ps. Monochromatic detection in heterodyne
mode was performed using a PMT (R928, Hamamatsu, Shizuoka, Japan) placed at the second exit of
the spectrograph mounted behind a slit. Optical heterodyne detection is a highly sensitive technique
that is also used to measure very weak changes in absorption induced by a frequency-modulated
pump beam. An additional bandpass filter 260-380 nm was placed in front of the monochromator
in order to reject light from the excitation and the second harmonic of the gate pulse. The electrical
signal from the photomultiplier tube was gated by a boxcar averager (SR 250, Stanford Research
Systems, Sunnyvale, CA, USA) and detected by a lock-in amplifier (SR830, Stanford Research Systems).
The prompt response (or instrumental response function, IRF) of this setup (including laser sources)
was determined by detection of scattered light of the excitation pulse under identical conditions and
found to be approximately 100 fs (FWHM: full width at half maximum). This value was used in the
analysis of all measurements for curve fitting using iterative re-convolution of the datasets while
assuming a Gaussian shape for the prompt response.
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Global analysis of the fluorescence decays obtained at different wavelengths as a sum of
exponentials allowed to obtain amplitude-to-wavelength spectra. When interpreting the features of
those amplitude-to-wavelength spectra, one should keep in mind that no correction for the wavelength
dependency of the sensitivity of the detection setup sensitivity (mixing crystal, filters, PMT) was
applied. The samples were prepared in powder form and contained in a quartz cuvette. To improve
the signal-to-noise ratio, every measurement was averaged 15 times at 256 delay positions where a
delay position is referred to as the time interval between the arrival of the pump and gate pulses at the
sample position.

3. Results and Discussion

The three dyes chosen to be simultaneously occluded into the MgAPO-11 inorganic host have
already been encapsulated and individually analysed in the same framework. Acridine (AC)-loaded
MgAPO-11 material (AC/AEL) has demonstrated a bluish-cyan emission under UV excitation light
(absorption band, Ayps: 350-450 nm; emission maximum, Aemiss: 481 nm, and CIE “Commission
Internationale de 1'Eclairage” coordinates: 0.18,0.33) with a relatively high fluorescence quantum yield
of 54% and a long fluorescence lifetime of 27 ns ascribed to the protonated species of AC monomers,
ACH™ [29]. As green-emitting moiety, pyronin Y (PY) dye encapsulated into MgAPO-11 (PY/AEL)
has revealed the characteristic green emission of the PY monomers (CIE under blue excitation light:
0.35,0.64), with an improved fluorescence quantum yield and a longer lifetime (¢pg: 0.29, Tq: 4.2 ns)
than that of PY in diluted aqueous solution (¢g: 0.21, Tq: 2 ns) [27]. Finally, LDS722 dye into AEL has
shown red emission properties (LDS722/AEL, Ag = 670 nm, CIE under green excitation light: 0.69, 0.31)
with a much higher quantum yield (¢g: 0.55) than that of the corresponding one in aqueous solution
(¢g <0.01) due to the rigidity imposed by the host matrix [31].

As stated before, white light emission in this AEL host containing a mixture of dyes must be assisted
by a successive FRET energy transfer process among the fluorophores. Note here that FRET process
from AC (donor) to PY (acceptor) into the MgAPO-11 matrix has already been explored, in which a
high probability to encounter acceptor molecules in neighbouring channels was demonstrated [29].
In the present case, PY will be the energy acceptor in the first step, and the energy donor with respect
to LDS722. Note here that even though LDS722 dye can be directly excited upon UV light through
its Locally Excited “LE” state (Figure 1), the most efficient absorption band to obtain red emission
is the broad band (450-680 nm) of LDS722, located in the green-visible region and assigned to an
Intra Charge Transfer state “ICTS” [31]. This broad absorption band shows a good overlap with the
emission band of PY/AEL and enables an efficient FRET process. However, the ICTS absorption band
also overlaps with the fluorescence of AC/AEL, opening the possibility that the excitation energy of
AC/AEL is directly transferred to the LDS722/AEL system. Therefore, the resultant emission of the
present materials is expected to involve competitive FRET channels among the three dyes.

A requirement to obtain a white light-emitting material is optimization of the proportion of dyes
occluded into AEL, and consequently, the amount and ratio added to the synthesis gel. It is worth
mentioning that predicting the incorporation degree of each dye into the inorganic matrix by the
crystallization inclusion method is not an easy task and it is even more difficult when a mixture of dyes
is present in the synthesis gel. Apart from typical parameters such as the solubility and competition of
the dyes’ uptake, which can favour or impede the accommodation of the others, the multiple available
energy transfer processes involving the three occluded dyes make finding the proper proportions of
each chromophore in the synthesis gel a trial-and-error process, which has been nevertheless based
on the previous knowledge gained on the behaviour of the individual dyes when occluded in the
aluminophosphate matrix. In this sense, a systematic variation of the relative proportion of the three
dyes in the synthesis gel was performed. The most representative samples are listed in Table 1 and
Figure 2. The emission color in all samples is confirmed by chromaticity experiments (CIE coordinates)
and Color Temperature (CCT).

119



Nanomaterials 2020, 10, 1173

Normalized Absorbance / a.u.
Normalized Fluorescence Intensity / a.u.

T T - T T
400 500 600 700 800
Wavelength / nm
Figure 1. Normalized absorption spectra (dashed lines) and fluorescence spectra (solid lines)

of MgAPO-11 samples containing a unique dye: AC/AEL (blue lines), PY/AEL (green lines),
and LDS722/AEL (red lines).

As a first attempt, dyes were added to the synthesis gel in equal proportions (Sample 1,
x = 0.008 of each dye). CIE chromaticity coordinates (Table 1, Figure 2) indicate a resultant yellow
emission in this material, showing a deficit mainly of blue components. In fact, the Color Temperature,
CCT, obtained from CIE coordinates [33], with a numerical number of 3350 K, is categorized as “warm
white” that is characterized by an orange to yellow-white pleasant color suitable for lighting bedrooms,
living room, and restaurants.

(e) (f) (®) (h)

Figure 2. Powder samples under UV illumination, Aexc = 370 nm, (a—d) and the corresponding CIE
(Commission Internationale de I’Eclairage) diagram for their fluorescent emission (e-h). Sample 1:
(1:1:1), warm white (a,e); Sample 2: (6:1:1), cool white (b,f); Sample 3: (4:2:1), cool white (c,g); Sample 4:
(3:1:1), neutral white (d,h).

120



Nanomaterials 2020, 10, 1173

"M 00€S < ,PHYM [00D,, pue 3 00ES 03 M 00SE WOH 23 yMm [ennau,, Y 00S€-000C
10y, 9)TYM WLIEM,, :Se PIISSe[d are [¢¢] Sa1eurprood g0 Woij paALdp aajeraduwd] 10[0D) Pajeprio)) , *[1¢] aseyd 1ofew e se paurejqo sem (G-OJVSIA) LIV SUORTPUOD SISIIUAS yons
ur 9ours papnpur jou sem [938 ay ur uonrodord-aAp F0 0 yim aydureg p WU 0Ogg POV 5 J0 WU O6F POV g WU OGE OV uodn papiodar arom sanfea pRIA wnjuenb sdusdsazonyy

009% €0 Se’0 e 700 90 900 67’6 8000 ¥00°0 <100 (¢1:¢) ¢ odureg
0418 ¥€0 ¥€0 e Z1°0 feie(] 900 9T'8 S00°0 S00°0 $100 (v:1:¢) % odures
0209 ¥€0 €0 010 Ssvo 800 769 €000 £00°0 $100 (T:Tp) € ordures
0829 (40 1€°0 e 200 640 200 VL €000 €000 £10°0 (1:1:9) T ordures
0see 170 w0 e 800 600 ¥1°0 61°¢ 8000 8000 8000 (p1:1) 1 ordures
- 1€°0 690 >890 [4ons - - 8000 0 0 1av/ce/sal
- ¥9°0 Se0 q6C0 - €0 - 0 ¥20°0 0 14V/Ad
- €0 810 e ¥S0 - - 696 0 0 ¥200 1avV/OV
0D 5 12D i x wLsal Ad ov cwLsat Ad oV
arnjeraduray, P ardure
1010)) paje[a1I0) S9JRUIPI00D HID _ue (8 oor/foun) (% ORI JPIOIN 1) ' s

AV ojuI Junouwry L

9D ay3 ur junowy ILQ

‘payrodar are amyeraduray 10100 Surpuodsariod ayy pue ajdures
B3 10§ UOISSIWR [[RISA0 3Y} JO Ioquunu (1)) aanjeradwa], 10[00) paje[a110)) pue ‘(D) 28eire[dy,[ 9p S[LUOHRUIdIU] UOISSIWWO)) “pRI4 winjuenb sousosazonyy

‘1epmod 8 001 19d 94p [ounu se passardxa ‘SISayIUAS 1935e THY OJUT PAPN[P20 AP JO Junowre [eur] ‘(o3 SISOUIUAS [enrur sy ur a4p yoea jo uonzodord aanye[ay [ d[qelL,

121



Nanomaterials 2020, 10, 1173

Then, in the second attempt, the amount of blue-emitting AC dye in Sample 2 (first donor in
the FRET cascade of our three-dyes system) was significantly increased in the gel (x = 0.017) and the
amount of PY and LDS722 was reduced to the same extent (from x = 0.008 to x = 0.003), resulting in
an AC:PY:LDS722 ratio of approximately 6:1:1 (Table 1). In this case, a much higher incorporation of
LDS722 with respect to PY and even with respect to Sample 1 was achieved (Table 1). This experimental
fact can be ascribed to the strong competition between PY and LDS722 dyes to be embedded into the
MgAPO framework, the incorporation of PY being hindered by the presence of LDS722 in the gel.
As a result, the fluorescent emission of Sample 2 shows CIE coordinates near the white color under
UV excitation, but still with a slightly bluish hue (Figure 2). Accordingly, a relatively high CCT is
derived (Table 1), being in the range of the so-called “cool white”, which resembles daylight with a
bluish-white appearance usually employed when superior brightness is required such as in industrial
areas, garages, retails, or art studios. However, neither of these two samples show a high fluorescence
quantum yield (¢q < 0.10).

In the next trial, Sample 3 in Table 1 with an AC:PY:LDS722 proportion in the gel of 4:2:1,
the relative amount of PY with respect to LDS722 in the initial synthesis gel was increased with a double
aim: (i) to provide a slightly higher contribution of green emission compared to Sample 2, and (ii) to
improve the energy transfer from this green-emitting dye to the red-emitting entity. Indeed, as stated
before, PY is supposed to show a dual behaviour both as an acceptor of the energy coming from AC and
as a donor giving its energy to LDS722. Besides, the AC amount was slightly reduced (from x = 0.017
to x = 0.014) in an attempt to displace the emission-color out of the blue region. However, although not
far from the white and with relatively higher efficiency (¢g = 0.10), in this case, the CCT number of
6070 K indicates a bluish hue of the white light, within the “cool light” range (Table 1, Figure 2).

Taking into account the latest results, in the next try, Sample 4, the amount of AC dye was kept
constant (x = 0.014), but a slightly lower amount of PY with respect to Sample 3 was used, leading to a
proportion of 3:1:1 in the initial gel. Its emission spectrum shows the characteristic bands of each dye,
centered in the blue (480 nm), green (540 nm), and red (670 nm) regions of the visible spectrum with
very similar intensities (Figure 3). In this way, pure white light emission under UV excitation light was
finally achieved (see CIE coordinates in Table 1, Figure 2). According to its corresponding CCT number,
a neutral white color is obtained, which is characterized by bright white light useful for the illumination
of kitchens, bathrooms, offices, classrooms, or hospitals. Furthermore, this sample shows the highest
emission quantum yield (around 17%) among all the samples described in this work (Table 1).

In sum, by (one-pot) adding three dyes to the synthesis gel with the following composition:
0.2Mg0:0.9 Al;03:1.0 P,05:0.75 EBA:0.014 AC:0.005 PY:0.005 LDS722:300 H,O, corresponding to a dye
molar ratio of 3 AC:1 PY:1 LDS722, a pure white light-emitting material with the highest efficiency was
achieved. In this sample, the estimated final amount of dyes loaded was 8.26 mmol of AC, 0.06 mmol
of PY, and 0.55 mmol of LDS722 per 100 g of sample powder (Table 1), which corresponds to a relative
dye proportion of 138:1:9, respectively. However, it is worth stressing that the quantification of the
uptake of all dyes was not a trivial task due to the overlap between the absorption regions of the
dyes in solution. Furthermore, the incorporation of each dye into the MgAPO-11 structure does not
follow a linear correlation with the initial proportion added to the synthesis gel (Table 1). This factis a
consequence of the strong competition for getting occluded among the dyes, i.e., LDS722 obstructs
the PY incorporation, as previously mentioned. The size of PY (perpendicular to the major molecular
axis) is larger than that of AC and LDS722, what causes a tighter fit of PY in the AEL nanochannels,
and hence a more difficult incorporation.

With the aim of discovering new materials with different dye-ratios to render white light emission
of a high variety of white color appearance and compare their emission capacity, a new one, Sample 5,
with a higher amount of LDS722 with respect to Sample 4, was prepared (3 AC:1 PY:2 LDS722 in the
synthesis gel, Table 1). Note that the incorporation of the dyes at any proportion does not modify the
AEL structure (Figure Al). In this sample, neutral white light emission (CCT = 4600 k) was also achieved.
However, this sample showed a lower fluorescence quantum yield with respect to Sample 4 (Table 1).
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Figure 3. Real images of the samples under ambient light and under UV illumination: (A) individual
dye (AC, PY, and LDS722) into MgAPO-11 and (B) Sample 4 with the optimized mixture of the three
dyes (AC-PY-LDS/AEL). (C) Commission Internationale de 1'Eclairage (CIE) coordinates diagram of
the fluorescence emission of the four samples under UV light. (D) Emission spectra of Sample 4 (black)
upon UV excitation (325-375 nm band pass) recorded in bulk powder, together with the emission
spectra of the MgAPO samples containing isolated dyes: AC/AEL (dashed blue), PY/AEL (dashed
green), and LDS722/AEL (dashed red).

To gain more insights into the FRET process involved among the three dyes, excited-state dynamics
of the most representative samples (Samples 4 and 5) were studied. In this context, FRET process is
confirmed by the differences found in the fluorescent lifetimes recorded for each dye in the presence of
the other two dyes, with respect to their lifetimes when individually encapsulated into AEL (Table 2).
Although it is not easy to discern and assign each lifetime obtained due to the overlapping of the
emission bands of the dyes, a general trend was found (Table 2). In the first place, the significant
decrease of the long fluorescence lifetime ascribed to the protonated species of AC (donor) from 27 ns
in the absence of any acceptor to 18.7 ns and 16.20 ns for Samples 4 and 5, respectively, indicates a
deactivation of the AC (donor) emission as a consequence of the energy transfer process. On the other
hand, short lifetimes (<1 ns) recorded in both samples at this wavelength (Aem: 480 nm) could be
attributed to the FRET process as these short contributions do not show up in the absence of acceptor(s)
(vide infra).
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Table 2. Fluorescence lifetimes characteristic of each dye, measured in bulk samples upon UV
illumination (Aexc: 400 nm), detected in the blue (AC), green (PY), or red (LDS722) emission regions of
the visible spectra.

a 1g/ns b rq/ns ¢ tg/ns
Sample 480 nm Detection 540 nm Detection 690 nm Detection
AC/AEL 27.00 - -
PY/AEL - 1420 -
LDS722/AEL - - 22.70
> 0.77 (68%) 4.20 (71%) + rano
Sample 4 (3:1:1) 18.7 (32%) 19.09 (29%) * 2.40 1 (90%)
N 0.35 (64%)
Sample 5 (3:1:2) 037 (72%) 3.63 (28%) 230t (95%)

16.21 y

6.20 (38%) 16.03 (8%) *
Fluorescence lifetime values recorded under 400nm excitation: at @ Aem: 480 nm, ® Aem: 540 nm and/or € Aem: 690 nm.
For samples containing only PY or LDS722, the excitation wavelength was set at 1490 nm and 2 530 nm, respectively.
* This contribution is assigned to the emission tail of the AC dye at this wavelength. © Only lifetime with major
contribution is considered.

Secondly, in Sample 4, the lifetime assigned to PY remains nearly unchanged as when it is
individually occluded, likely due to a low participation in the energy transfer, this time from PY
(as donor) to LDS722 (as acceptor). The lifetime ascribed to PY in Sample 5 undergoes a slight decrease
of its characteristic lifetime in the AEL framework, together with the appearance of a short lifetime
(Table 2), indicating that PY acts in this sample by transferring its excitation energy to a large extent to
LDS722 as final acceptor dye. Regarding LDS722 lifetime, a slight decrease with respect to the sample
with LDS722 alone is also found in both samples, reaching 2.4 ns (Table 2), likely ascribed to a slight
change in its molecular conformation.

To better characterize FRET processes in these hybrid samples, fluorescence decay traces were
recorded by femtosecond fluorescence up-conversion (100 fs resolution) on a 50 ps time window.
Figure 4 displays the fluorescence decays obtained for Sample 4 on a 50-ps time scale detected at
450, 550, and 650 nm corresponding to the emission bands of AC/AEL, PY/AEL, and LDS722/AEL,
respectively. The fit analysis retrieved an ultrafast component with a positive amplitude at 550 nm
(decay component) and a negative amplitude at 650 nm (rise component). This suggests the presence
of a kinetic process that leads to the depopulation of the locally excited state of the PY chromophore
and population of the excited state of LDS722. Such a process is characteristic of energy transfer (FRET)
and its fast rate indicates a highly efficient excitation energy transfer for the fraction of donor-acceptor
involved occurring from PY to LDS722. Since the amplitude of this ultrafast component is roughly
one-third of the longer component attributed to the fluorescence decay, we can estimate that for this
sample, the fraction of the coupled donor-acceptor systems PY-LDS722 reaches 30%. Interestingly, the
overall signal of the fluorescence decay of the AC moiety is rather low, suggesting an energy transfer
occurring at a rate faster than the resolution of the setup (100 fs). Nevertheless, the weak fluorescence
decays with an ultrafast and a fast component indicates a second energy transfer channel towards the
PY or LDS722 moiety.
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Figure 4. Decay traces recorded by fs fluorescence up-conversion for Sample 4 (3:1:1) at 450, 550 and
650 nm detection wavelength (Aexc = 395 nm).
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Figure 5 shows the fluorescence decays for Sample 5 (ratio 3:1:2), plotted on a 50-ps time scale
in which the emission bands for AC/AEL, PY/AEL, and LDS722/AEL were recorded at 450, 550,
and 650 nm. Similar to that of Sample 4, the fluorescence assigned to PY (550 nm) shows a decay
component of 2.5 ps, whereas this appears as a rise component in the emission of LDS722 (650 nm).
Such spectroscopic evidence points again to the presence of an energy transfer process from PY to
LDS722 as acceptor and donor moieties. Moreover, considering the 60% contribution of this component
to the overall decay (see Figure 5, 550 nm detection), we can state that a higher fraction of donor-acceptor
systems is present in Sample 5 relative to Sample 4. This is, indeed, in line with the presence of double
amount of LDS722 acceptor (ratio 3:1:2) when compared to Sample 4 (where the ratio was 3:1:1). Only a
weak emission has been observed in the spectral emission region of AC/AEL (450 nm), indicating a
strong quenching process due to FRET.

o

00000030 Pym—
’ sample 5 Sample 5 » Sample 5
450 nm detection jyme— 550 nm detection Y 650 nm detection

0.0000004 00000
00000020
000008
ao00as |

0.0000002

0000002
00000010
0000001

0.0000000 00000005

Fluorescence Intensity / a..
Fluoresaoncs Intonsity / o

Fluorescence Intensity / a.u

20000000 0000000

o 00000
-1 ] 10 £l 30 a0 50 10 0 o E) kS @ 50 - 0 0 El El @ 50
Delay Time / ps Delay Time f ps Delay Time / ps

Figure 5. Decay traces recorded by fs fluorescence up-conversion for Sample 5 (3:1:2) at 450, 550,
and 650 nm detection wavelength (Aexc = 395 nm).

Figures A2 and A3 show the time-resolved fluorescence emission spectra recorded for Samples 4
and 5, respectively. The spectra show the relative ratio between the emission intensities of the AC/AEL,
PY/AEL, and LDS722/AEL constituents in 50 ps time window. It is clear that the fluorescence emission
attributed to LDS722 (650-700 nm region) builds up in the first few picoseconds after excitation.

The fluorescence up-conversion experiments clearly indicate, at least for the PY-LDS722/AEL
donor-acceptor pair, the presence of an efficient excitation energy transfer process. For the AC dye,
two additional fluorescence decay time constants were observed, suggesting the presence of energy
transfer channels towards PY and LDS722 within AEL.

The results presented above indicate that it is very difficult to predict the best synthesis conditions
in terms of the dye-ratio in the initial gel. However, after optimization of the dye proportion, a solid
white light hybrid emitter was achieved, which shows a relatively high fluorescence capacity of nearly
20%.

Finally, a photo-stability experiment was carried out for Sample 4 with the highest brightness
(¢q = 0.17) and a CCT in the neutral white range (5170 K). The sample was irradiated with a continuous
UV light (Aexc = 355 nm and an irradiance of 2.75 mW/cm?) for different times. After 6 h of intense UV
illumination, the sample lost less than 10% of its efficiency and changed its neutral white to cool white
colour (CCT = 6400 K) because the red fluorescent LDS722 dye underwent a faster photobleaching
process with respect to the blue acridine and green pyronine Y emissive dyes. The change in colour is
depicted in Appendix A Figure A4.

4. Conclusions

A new hybrid material has been designed herein by simultaneous encapsulation in appropriate
amounts of three dyes, acridine (AC), pyronin Y (PY), and LDS722, with complementary spectroscopic
bands emitting in the blue, green, and red regions of the visible spectrum, into the 1D-Mg-containing
aluminophosphate framework with AEL structure, revealing an efficient white light emission under
UV irradiation.

The final color is a consequence of successive partial energy transfer processes among the dyes,
which can be modulated by the final uptake of each dye in the host matrix. Once the initial dye ratio
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is optimized in the synthesis gel, this straightforward synthesis through the one-pot occlusion of
the chromophores offers an easy and fast approach to render a solid-state system with pure white
light emission and an efficiency of around 20%. This type of hybrid material offers versatile white
light emitter systems in which their brightness and emission color purity can be easily tuned. More
importantly for future commercial applications, this material is easy and inexpensive to manufacture,
and the process is not time-consuming since the incorporation of the dyes and synthesis of the hybrid

material takes place in a unique step.
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up-conversion in 50 ps time window (Aexc = 395 nm).

CIE 1931

Figure A4. Changes in the CIE coordinates of Sample 4 at different times of intense UV irradiation
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Abstract: A phosphomolybdic acid/polyaniline (PMoA/PANI) optical-light photochromic inorganic/
organic hybrid thin film was successfully synthesized by protonation between the the multiprotonic
acid phosphomolybdic acid (H3PO4-12Mo0QO3) and the conductive polymer polyaniline. The stable
Keggin-type structure of PMoA was maintained throughout the process. Protonation and proton
transfer successfully transformed the quinone structure of eigenstate PANI into the benzene structure
of single-polarized PANI in the PMoA/PANI hybridized thin film, and proton transfer transformed
the benzene structure of single-polarized PANI back to the quinone structure of eigenstate PANI in the
PMoA/PANI hybrid thin film, as verified by Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS). The average distribution of PMoA/PANI was observed by atom
force microscopy (AFM). Interestingly, protonation of PMoA caused PANI to trigger transformation
of the quinone structure into the single-polarized benzene structure, which enhanced the electron
delocalization ability and vastly enhanced the maximum light absorption of the PMoA/PANI hybrid
thin film as confirmed by density functional theory (DFT), electrochemistry, and ultraviolet-visible
spectroscopy (UV-Vis) studies. Under optical-light illumination, the pale-yellow PMoA/PANI hybrid
thin film gradually turned deep blue, thus demonstrating a photochromic response, and reversible
photochromism was also observed in the presence of hydrogen peroxide (H,O,) or oxygen (Oy).
After 40 min of optical-light illumination, 36% of the Mo®* species in PMoA was photoreduced via
a protonation-induced proton transfer mechanism, and this proton transfer resulted in a structural
change of PANI, as observed by XPS, generating a dominant structure with high maximum light
absorption of 3.46, when compared with the literature reports.

Keywords: phosphomolybdic acid (PMoA); polyaniline (PANI); protonation; photochromism;
nanocomposite thin film

1. Introduction

Photochromism is a unique physical-chemical phenomenon that is widely applied in various
fields, such as information presentation [1], photodriven nanomachines [2], optical switching [3],
optical memory devices and sensors [4-6], high-density optical-electron information storage [7],
and molecular recognition or examination [8]. Since single-system photochromic materials exhibit
poor photochromic properties, such as poor reversibility, low photochromic activity after coloring,
narrow spectral response, fatigability, and color monotony, photochromic materials that can easily
overcome these limitations have attracted scientists” attention. Koski et al. [9] synthesized a kind of
inorganic/inorganic photochromic material by intercalating the zero-valent metals Sn and Co into
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MoQOj; nanoribbons, resulting in a change in the of color MoO3 from transparent white to dark blue and
demonstrating the potential of this system in intelligent color windows and convenient color change
sensors. Li et al. [10] fabricated a semiconductor/semiconductor-type MoO3@TiO, crystalline-core
amorphous-shell nanorod photochromic material and the unique structure and heterojunction formed
between MoOj3 and TiO, enhanced the photochromic properties of MoOs. Dai et al. [11] synthesized a
doped inorganic-type photochromic material by doping Pb%* into LiEuMo,0g, which expanded and
distorted the crystal cell of LIEuMo,0Og, resulting in a 50% enhancement in the red light emission from
LiEuMo,Og. Lu et al. [12] synthesized a new type of inorganic/organic hybrid photochromic material,
As;MogO33/C3NyHs, which showed a remarkable photochromic effect, indicating that proton transfer
from the imidazole cation to the polyanion plays a key role in the photochromic process.
Polyoxometalates (POMs) are widely applied photochromic chemicals with complex
morphological characteristics and unique physical-chemical properties, leading researchers to focus
on developing many types of photochromic composites [13]. Posphomolybdic acid (H3PMo1,04,
PMoA), a representative Keggin-type polyoxometalate and polyprotic acid, possesses many advantages
characteristic of photochromic materials, such as a large molecular volume, high thermal stability,
maintenance of the crystal structure regardless of whether the material exists in the solid or liquid
state, strong electron and proton storage capacities, and biocompatibility with organisms and it forms
“organic-polyacidic compound anions”-type electron donor and electron acceptor hybrid materials.
Feng et al. synthesized a series of organic-polyacidic compound anion-type photochromic materials,
such as PMoA/polyacrylamide (PAM), PMoA/polyvinyl pyrrolidone (PVP) [14], PMoA/polyvinyl
alcohol resin (PVA) [15], and PMoA/polyethylene glycol (PEG) [16], which can easily combine with
PMOoA to form “organic-polyacidic compound anion” hybrid films for diverse uses. However,
the poor photochromic properties of these materials because of their functional groups and poor
electron conversion properties limit their application. In addition, Xiao et al. [17] fabricated the
Ni/Na inorganic/organic hybrid supermolecule NiIEDTA-PW{,, which exhibited rapid and reversible
photochromism and strong antifatigue properties. Li et al. [18] fabricated polyvinyl pyrrolidone
(ppy)/hexatungstate (HTA) and applied it to filter paper, realizing rapid and reversible color conversion.
Polyaniline (PANI) is a kind of industrial conductive polymer with unique electrical properties [19],
optical properties [20], and magnetic properties [21,22]. Furthermore, as a kind of conductive polymer,
PANI also easily undergoes protonation in the presence of a protonic acid, which will change the
electrical conductivity and improve its photochromic properties, thus increasing its application
value [19,20,23]. In this work, PMoA was combined with PANT to form an inorganic-organic hybrid
photochromic PMoA/PANI hybrid film. PMoA, a polyprotic acid, could easily have a protonation effect
on PANI, which would significantly change the conductivity of PANIL. We explored the protonation
effect of PMoA on PANI and the physical-chemical change of the PMoA/PANI hybrid film during the
photochromic process through atomic force microscopy (AFM), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), electrochemical studies, ultraviolet-visible (UV-vis)
spectroscopy and density functional theory (DFT) calculations, and these techniques were also used
to elucidate the photochromic mechanism of the PMoA/PANI hybrid film. This characterization
demonstrated that the protonation effect of PMoA on PANI played a significant role in enhancing
proton conversion and the high maximum visible light absorbance of this photochromic material.

2. Experimental

2.1. Substrate Modification

We used piranha solution, which is a kind of superoxidant, to modify the hydrophilic substrates.
The piranha solution consisted of a mixture of concentrated sulfuric acid (98%, analytical reagent,
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) and hydrogen peroxide (30%, analytical
reagent, Shanghai Macklin Reagent Co. Ltd., Shanghai, China) with a volume ratio of 7:3.
Quartz substrates (20.0 mm X 15.0 mm x 1.00 mm) were treated with piranha solution at 353 K
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for 24 h and then rinsed repeatedly with deionized water followed by ethanol (analytical reagent,
Shanghai Macklin Reagent Co. Ltd., Shanghai, China); after that, the substrate was stored in
acetone (analytical reagent, Shanghai Macklin Reagent Co. Ltd., Shanghai, China). After the acetone is
completely volatilized, the quartz substrate can be used. A silicon wafer (20.0 mm X 15.0 mm X 1.00 mm)
was treated with the same procedure for AFM and XPS characterization. A KBr pellet (radius of
10.0 mm, thickness of 2.00 mm) was formed from KBr powder (analytical reagent, Shanghai Macklin
Reagent Co. Ltd., Shanghai, China) by using a tablet press and was used for the FTIR experiments.

2.2. Preparation of the PMoA/PANI Hybrid Thin Film

The double crystal H3PMo1,040 (PMoA, analytical reagent, Shanghai Reagents Co. Ltd., Shanghai,
China) was stored until use. A 0.02 g aliquot of polyaniline (PANI 98%, Shanghai Macklin Biochemical
Co. Ltd., Shanghai, China) was mixed with 20 mL of a mixture of N,N-dimethylformamide (DMF,
analytical reagent, Shanghai Macklin Reagent Co. Ltd., Shanghai, China) and ethanol to form
solution No. 1 with a density of 0.1 mg/mL. A 0.04 g aliquot of H3PMo1,04 (PMoA, analytical
reagent, Shanghai Reagents Co. Ltd., Shanghai, China) was mixed with 20 mL of a mixture of
N,N-dimethylformamide (DME, analytical reagent, Shanghai Reagents Co. Ltd.) and ethanol (analytical
reagent, Shanghai Reagents Co. Ltd.) to form solution No. 2 with a density of 0.2 mg/mL. Solution
No. 1 and solution No. 2 were mixed to form solution No. 3. A pipetting gun was used to drop
this mixed solution onto a quartz substrate to form a PMoA/PANI hybrid thin film with a amount of
100 uL, as shown in Figure 1. To test the thin film thickness, solution No. 3 was dropped on a quartz
substrate to form a thin film, than the quartz substrate was put on the test bed of an thin film thickness
measurement system (FCT-1030, Changchun Institute of Optics, Fine Mechanics and Physics, LCD Lab,
Chinese Academy of Science. Changchun, China). When visible light is vertically illuminated on the
measured film, one part of the light is reflected on the surface of the film, the other part penetrates into
the film and then reflects at the interface between the film and the bottom layer. The thickness of the
hybrid thin films was nearly 1.8 um, as calculated by the supporting software of the thin film thickness
measurement system.

2.3. Characterization

AFM experiments were performed on a 300HV atomic force microscope (Seiko, Tokyo, Japan).
FTIR spectroscopy was performed on a 550 Fourier transform infrared spectrometer (Nicolet, Madison,
WI, USA) over a wavenumber range of 500-4000 cm~'. XPS analyses were performed on an ESCALAB
250 spectrometer (Thermo, Waltham, MA, USA) with an AlK« (1486.6 eV) and MgK«x (1253.6 eV)
mono X-ray source. Photochromic property measurements were performed on a V-500 UV-optical
spectrophotometer (JASCO, Tokyo, Japan) in the range of 350-900 nm with an optical detection
resolution of 1 nm. Electrochemical experiments were performed on a CHI660E electrochemical
workstation (Chinstruments, Shanghai, China). DFT calculations of FMOs were carried out by means
of the Gaussian 16 Quantum-Chemical calculation software package (Gussian, Inc. Cambridge, UK)
with the B3LYP hybridizing functional and the 6-31G+(d,p) basis set.

2.4. Photochromic Experiments

Photochromic properties experiments were performed with a 300 W xenon light source (PLS-SXE,
Beijing Perfectlight Technology Co. Ltd., Beijing, China) filtered by a UV filter (pass above 400 nm
wavelength) as the optical-light source underneath the circumstance of entire light shield. The straight-line
distance between the light and PMoA/PANI hybridizing thin film was 150 mm. The PMoA/PANI hybrid
thin film samples were exposed to air during the process of the xenon light source illumination.
The radiation was increased over time to generate a series curve of the results. Another sample
of PMoA/PANI hybridizing thin film was exposed to air but not exposed to light, and absorption
spectrogram curve were concerned regularly to supervise the bleaching process. All experiments were
performed at room temperature.
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Figure 1. The protonation process to fabricate a PMoA/PANI hybridizing thin film.
3. Results and Discussion

The FTIR spectra of the PMoA, PANI, and the PMoA/PANI hybrid thin film before and
after optical-light illumination in the wavenumber range of 500 cm~1-2000 cm™!
Figure 2a. An enlargement of the FTIR spectrogram in the PMoA region is displayed in Figure 2b.
The infrared-active vibrations of v(Mo-Od), v(P-O), v(Mo-Oc-Mo), and v(Mo-Ob-Mo) were observed in
the spectrogram of PMoA and the PMoA/PANT hybrid thin film, and the infrared vibration at 1060 cm ™!
attributed to v(P-O) did not change in the spectrum of PMoA and the PMoA/PANT hybrid thin film
before and after optical-light illumination, which demonstrated that the PMoA Keggin structure was
well maintained in the PMoA/PANI hybrid thin film.

are shown in
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Figure 2. (a) FTIR spectrogram of PMoA, PANI, and the PMoA/PANI hybridizing thin film before and
after optical-light illumination. (b) FTIR spectrogram in the PANI region of PANI and PMoA/PANI
before and after optical-light illumination. (c) FTIR spectrogram in the PMoA region of PMoA and the
PMoA/PANI hybridizing thin film before and after optical-light illumination. (d) Chemical structures
of PANI and the PMoA/PANI hybridizing thin film before and after optical-light illumination.
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The vibrations at 795 cm ™! attributed to v(Mo-Oc-Mo) and at 877 cm™ attributed to v(Mo-Ob-Mo)
in the spectrum of PMoA are attributed to the balance vibration, the intensity of which can be used to
analyze the interaction between heteropolyacids and polymers. Compared with the peak positions in
the spectrum of pristine PMoA, the stretching vibrations of v(Mo-Oc-Mo) and v(Mo-Ob-Mo) peaks were
blueshifted by 13 cm~! and the v(Mo-Od) peak redshifted by 2 cm™! in the spectrum of the PMoA/PANI
hybridizing thin film. The FTIR spectrogram characterization of the four samples under different
conditions indicated that PMoA maintained the base Keggin structure and interacted interfacially with
PANI in the PMoA/PANI thin film during the process of protonation. Because Mo-Ob-Mo and Mo-Od
served as of the pathways for charge transfer, the electron density was enhanced in the regions of
Mo-Ob-Mo and Mo-Oc-Mo, which led to blueshifts of the stretching vibrations. Mo-Od maintains
the stability of PMoA. Because of the protonation effect, PMoA lost protons, and the electron density
decreased during the interaction with PANI, which caused a redshift in the spectrum, thus verifying
the existence of an interfacial interaction between PMoA and PANI, as shown in the chemical structure
of the PMoA/PANI hybridizing thin film before light illumination in Figure 2c. Compared with the
spectrum of PMoA/PANI before optical-light illumination, the spectrum of the PMoA/PANI hybridizing
thin film after optical-light illumination exhibited a decrease in the peaks at 806 cm™ attributed to
v(Mo-Oc-Mo) and at 862 cm™! attributed to v(Mo-Ob-Mo), which was attributed to the reduction of
heteropoly acid to heteropoly blue and proton (hydrogen ion) transfer to PMoA.

An enlargement of the FTIR spectrum in the PANI region is displayed in Figure 2c. The infrared
peaks at 1476 cm ™! attributed to v(C=C) and at 1122 cm ™! attributed to v(C-H) are attributed to the
PANI benzene structure in pure PANI [24,25], the infrared peak at 1557 cm™! attributed to v(C=C) is
attributed to the PANI quinone structure in pure PANI [26-28] and the infrared peak at 1299 cm™!
attributed to v(C-N) is attributed to the PANI benzene-quinone-benzene structure in pure PANI,
which reflects the protonation doping position and protonation ratio of PANI [29]. Compared with
the spectrum of PANI, the spectrum of the PMoA/PANI hybridizing thin film before optical-light
illumination exhibited substantial decreases in the infrared peaks and redshifts of 17 cm™! at 1459 cm™!
attributed to v(C=C) and at 1105 cm™! attributed to v(C-H), redshifts of 21 cm~! of the infrared peaks
at 1526 cm™! attributed to v(C=C), respectively, and the infrared peak at 1299 cm™! attributed to
V(C-N). These results demonstrated that the basic geometrical structure of the benzene ring for PANI
was not destroyed, whereas the quinone-type structure of PANI transformed into a benzene-type
structure after protonation by PMoA, and the protonation position was the nitrogen atom in the
quinone ring. Correspondingly, compared with the spectrum of the PMoA/PANI hybridizing thin
film before optical-light illumination, the spectrum of the PMoA/PANI after optical-light illumination
exhibited similar peaks at 1188 cm™!, 1447 em™! and 1510 em™! attributed to v(C-H), v(C=C) and
v(C=C) and a change in the peak at 1304 cm™ attributed to v(C-N). These results verify that protons
(hydrogen ions) transfer to PMoA and that the benzene-type structure converts back to a quinone-type
structure after optical-light illumination of the PMoA/PANTI hybridizing thin film [24-28], which makes
possible the protonation effect generated again in PANI and PMoA, as shown in the chemical structure
of the PMoA/PANI hybridizing thin film after light illumination in Figure 2d.

The AFM characterization, which was used to examine the change in surface morphology, is shown
in Figure 3. The 2D images of PANI and the PMoA/PANI hybrid thin film before and after optical-light
illumination are displayed in Figure 3al,b1,c1 and show that all three types of thin films are distributed
evenly on the treated substrate in the range of 5.0 X 5.0 um?, resulting in the three images having an
even distribution color. The 3D images of PANI and the PMoA/PANI hybrid thin film before and after
optical-light illumination in the range of 5.0 x 5.0 umz are exhibited in Figure 3a2,b2,c2. The peaks
of the three types of thin films all had average surface sizes, which also confirmed that they are
distributed evenly on the treated substrate. The root mean square (RMS) roughness of the PMoA/PANI
hybridizing thin film before optical-light illumination was 2.34 nm (compared with 0.305 nm for PANI),
which confirmed that the protonation effect of PMoA increased the spatial angle of the PANI polymer.
Upon optical-light illumination, the root mean square roughness of the PMoA/PANI hybridizing thin
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film increased from 2.34 to 3.43 nm, which verified that the formation of heteropoly blue (PMo(V)A)
and proton transfer increased the spatial angle of the PANI polymer. The change in morphology in
PANI and the PMoA/PANI hybridizing thin film before and after optical-light illumination indicated
that the addition of PMoA, protonation and proton transfer during photochromism resulted in an
increasingly rough morphology, as shown by AFM. Therefore, the AFM characterization demonstrated
that PMoA molecules interact with the PANI polymer via ionic bonding upon protonation of PMoA
after the PMoA molecules complex with the PANI polymer, which also changes the spatial arrangement
of PANI to narrow the peaks in the PMoA/PANT hybridizing thin film before optical-light illumination.

7.84 nm
7.50

(al)o Ou ; 2 . 4 (bl)D

Figure 3. (al,a2) AFM 2D and 3D image of PANI, (b1,b2) AFM 2D and 3D image of the PMoA/PANI
hybridizing thin film before optical-light illumination, (c1,c¢2) AFM 2D and 3D image of the PMoA/PANI
hybridizing thin film after optical-light illumination.

XPS photoelectron spectrograms of pure PANI and the PMoA/PANI hybrid thin film before
illumination are shown in Figure 4a. In the full spectrogram (Figure 4a), all the peaks could be
attributed to C, N and O (three different elements) in PANI and P, Mo, C, N and O (five different
elements) in the PMoA/PANI hybridizing thin film before illumination; no other elements were
observed. The XPS survey scan of C and N significantly reflected the structural change of PANI upon
protonation. The C 1s XPS survey spectrogram of PANI and the PMoA/PANI hybrid thin film are
displayed in Figure 4b. For pure PANI, the peaks fit the binding energies of C 1s at 284.5 eV, attributed
to the C—H of the benzene ring and quinone ring, and 285.7 eV, attributed to the C=N of the quinone
ring. For the PMoA/PANI hybridizing thin film, the peaks fit the binding energies of C 1s at 284.5 and
285.4 eV, attributed to the C-H and C=N groups, and a binding energy of C 1s at 285.9 eV, attributed to
C-N", was observed upon protonation by PMoA. Furthermore, protonation by PMoA contributed to
the redshift of the binding energy of the C=N groups. The N 1s XPS survey spectrogram of PANI and
the PMoA/PANI hybridizing thin film are shown in Figure 4c; the peak fit of the binding energies of N
1s at 397.7 and 399.0 eV were attributed to the -N= and -NH- groups of pure PANI, and the bonding
energies of N 1s at 397.25 and 398.70 eV were attributed to the -N= and -NH- groups of PMoA/PANI.
A new peak observed at 401.5 eV was attributed to the -NH*— group, which was caused by protonation
by PMoA. Similarly, protonation by PMoA also contributed to the redshift of the binding energy of
the -N= and -NH- groups in the spectrogram of the PMoA/PANI hybrid thin film. Thus, protonation
by PMoA caused the binding energy of the C—-H and C=N groups and the -N= and -NH- groups
to redshift. Upon protonation by PMoA, the group consisting of 43.26% C-H and 8.39% C=N was
converted to C-N7, and the group consisting of 4.27% —N= and 12.77% -NH- was converted to -NH*-
in PANI of the PMoA/PANI hybridizing thin film. Table 1 shows that the percentages of C-H and C=N
groups were 70.80 and 29.20% in pure PANI, and for the PMoA/PANI hybrid thin film, the C-H, C=N,
and C-N* groups contributed 55.36, 22.75 and 23.89%, demonstrating that one part of C-H transferred
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from the quinone ring to the benzene ring and that a portion of the C=N groups were converted to
C-N*. Similarly, the -N= and -NH- groups contributed 27.89 and 72.11% in pure PANI, and for the
PMoA/PANI hybrid thin film, the -N=, -NH-, and -NH*- groups contributed 18.21, 64.75 and 17.04%,
confirming that a portion of the -N= and -NH- groups are converted to -NH*- upon protonation and
unipolar rearrangement. The change in the contributions of the functional groups indicated that the
site of protonation by PMoA was on the nitrogen atoms of the quinone structure of PANI and spread
through the PANI polymer chain and rearranged via the unipolar effect.

(a) (b)| C-H Cls
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Figure 4. (a) XPS photoelectron spectrograms of PANI and PMoA/PANI hybrid thin films before
illumination. (b) XPS photoelectron spectrogram and Gaussian deconvolution curve fitting for C 1s.
(c) XPS photoelectron spectrogram and Gaussian deconvolution curve fitting for N 1s.

Table 1. Comparison of C—and N-related functional groups of pure PANI and the. PMoA/PANI hybrid
film before irradiation.

Sample Pure PANI
Tested element C N
Functional group C-H C=N C-N* -N= -NH-  -NH*-
Binding Energy (eV) 284.5 285.7 - 397.7 399.0 -
Contribution 70.80%  29.20% - 27.89%  72.11% -
Sample PMoA/PANI Hybrid Film before Irradiation
Tested element C N
Functional group C-H C=N C-N* -N= -NH-  -NH*-
Binding Energy (eV) 284.5 285.4 285.9 397.25  398.70 401.5
Contribution 53.36%  22.75%  23.89% 1821%  64.75%  17.04%

The UV-Vis absorption spectrogram of the coloration process of the PMoA/PANI hybrid thin film
at wavelengths of 400 nm to 1000 nm for different times are displayed in Figure 5a. Before optical-
light illumination, a characteristic absorption by the PMoA/PANI hybridizing thin film in the
ultraviolet-optical (UV-Vis) region is observed. Then, after optical-light illumination, the hybrid
thin film gradually converted from pale yellow to a deep blue color and the characteristic absorption
peak at 732-740 nm was attributed to the intervalence charge transfer (IVCT) [30] transition from
Mo®* to Mo®*, which was the characteristic absorption in the spectrogram of PMoA blue. Moreover,
as the absorption intensity increased, the characteristic peak site of IVCT underwent a redshift from
732 nm to 740 nm with incremental illumination time. Every 10 min test showed that the coloration
process was gradual and was not accomplished in one step. The characteristic absorption peak
eventually reached coloration saturation with a maximum absorption intensity of 3.46 in 40 min under
optical-light illumination, which verified that the illumination time demanded for the absorbance of
the PMoA/PANI hybridizing thin film to reach coloration saturation was long and the coloration rate
was low, reflecting that the volume of d-d charge transfer was large.
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Figure 5. (a) UV-Vis spectrogram of the coloration process of the PMoA/PANI hybridizing thin film for
different coloration time. (b) Kinetic plot of the first-order photochromic process in the PMoA/PANI
hybridizing thin film. (c) UV-Vis spectrogram of the decoloration process of the PMoA/PANI hybridizing
thin film for different decoloration approach. (d) The reversibility of the coloration cycle of the
PMoA/PANTI hybridizing thin film in H,O,.

The kinetics of the photochromic coloration process of the PMoA/PANI hybridizing thin film at
a wavelength of 740 nm are displayed in Figure 5b. The coloration process can be described by the
following first-order kinetic formula:

—In(Aco — Aty =kt +b 1

where Aco is the absorbance value when the coloration process is complete, At is the absorbance value
at each test time during the coloration process, k is the coloration rate constant and b is a constant for
the formula. The PMoA/PANI hybrid thin film fits the first-order kinetic formula, and the constant k is
0.08 min~!, which reflects the coloration rate.

The different decoloration processes of the PMoA/PANI hybridizing thin film are exhibited in
Figure 5c. The image shows that without any light illumination, the decoloration process proceeds
successfully when the PMoA/PANI hybrid thin film is placed in air, which contains a large amount of
oxygen, confirming that oxygen performs a key role in the decoloration process. However, when the
hybrid thin film is placed in a nitrogen gas environment, the decoloration process does not proceed.
When the PMoA/PANI hybridizing thin film was heated at 100 °C for 30 min, the intensity of the
absorbance peak decreased to 1.097, and the bleaching process reached 80%.

The invertibility of coloration and decoloration cycle of PMoA/PANI hybridizing thin film
at 740 nm is displayed in Figure 5d. The PMoA/PANI hybridizing thin film was irradiated with
optical-light during the coloration process, and then 15% H,O, was dropped onto the substrate during
the decoloration process. The primary absorbance of every cycle increased as the times of illumination
cycles increased, attributing to the intensity of the emission of optical-light. Different absorbance
between coloration and decoloration was in the range of 3.59 to 3.42 over 10 cycles, indicating that the
PMoA/PANI hybrid thin film presented favorable photochromic properties, with high stability and
good invertibility [31].
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As Table 2 shows, the PMoA/PANI hybrid thin film exhibited a high maximum absorbance
compared with the other representative samples, which indicated that the protonation effect of PMoA
toward PANI in the PMoA/PANI hybrid thin film could increase the maximum absorbance and greatly
improve the photochromic properties of the PMoA/PANI hybrid thin film.

Table 2. Comparison of the maximum absorbance of photochromic materials.

Photochromic Material Maximum Light Absorbance Reference
Fe(III) R-PLGy3 metal complex 0.12 [32]
PMOoA/TiO, 0.13 [31]
PMoA/Na-MMT/PVPd 0.19 [33]
PMoA/PVPd 0.225 [14]
CP/TiO, 0.25 [34]
(NHy)14[NaP5W3pO110] 0.28 [35]
Gold Nanoparticle-Molybdenum Trioxide Thin Films 0.75 [36]
CsPbBr; Quantum Dot Films 0.78 [37]
MoOj3; Nanoribbons 0.8 [9]
Two Tri-Lacunary a-Dawson-Type Polyoxotungstates 1.25 [38]
Non-Stoichiometric Monoclinic Structured Tungsten Trioxide (WO5_y) 1.27 [39]
Spiropyran-Containing Fluorinated Polyacrylate Hydrophobic Coatings 15 [40]
PEG-400 assisted WO3-TiO,-ZnO films 1.6 [41]
WOs3_ QDs 2.8 [34]
Rhodamine Joined with Polyurethane 3.2 [42]
Aromatic Sulfonium Octamolybdates 3.35 [43]
PMoA/PANI Hybridizing Thin Film 3.46 This work

The XPS spectrogram of the PMoA/PANI hybrid thin film before and after optical-light illumination
are displayed in Figure 6a. All the peaks were attributed to P, Mo, C, N and O, and no other elements
were observed. Mo XPS spectrogram of the PMoA/PANI hybridizing thin film are shown in Figure 6b.
The fitting peaks of the Mo spin-split energy levels correspond to Mo 3d3, and Mo 3ds),. The binding
energies of the PMoA/PANTI hybrid thin film before optical-light illumination at 233.06 and 236.21 eV are
attributed to Mo®*, while the binding energies at 235.58 and 231.73 eV are attributed to Mo®*. Similarly,
the binding energies of the PMoA/PANT hybrid thin film after optical-light illumination at 232.85 and
236.00 eV are attributed to Mo®*, while the binding energies at 234.7 and 231.6 eV are attributed to Mo®*.
To further investigate the change in electronic structure during the coloration process of PMoA/PANI,
Gaussian deconvolution peak integration was used to calculate the respective proportions of Mo®*
and Mo°* in the PMoA/PANI hybridizing thin film before and after optical-light illumination.

The relative proportions of Mo®" and Mo®* before and after optical-light illumination are shown
in Table 3. The ligand-to-metal charge transfer (LMCT) triggered a change in the valence of Mo,
causing Mo®* to be reduced to Mo®*. Table 2 shows that the proportion of Mo®* in the PMoA/PANI
hybrid thin film was 7%, which was attributed to the X-ray illumination of the PMoA/PANI hybrid thin
film before optical-light illumination. The proportion of Mo®>* in the PMoA/PANI hybrid thin film after
optical-light illumination was 36%, almost 5 times larger than that before optical-light illumination.
Compared with that of the PMoA/PANI hybrid thin film before optical-light illumination, the Gaussian
deconvolution peak integration area for Mo®* of the PMoA/PANI hybrid thin film after optical-light
illumination is obviously increased, which confirmed that under the stimulus of photons, electronic
transitions from the original energy level occurred on a large scale, such that a large amount of Mo®*
gained electrons to be reduced to Mo®*.
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Figure 6. (a) XPS survey spectrogram of the PMoA/PANI hybrid thin film before and after optical-light
illumination. (b) XPS survey spectrogram and Gaussian deconvolution curve fitting for Mo 3d in the
PMoA/PANI hybrid thin film. (c) XPS survey spectrogram and Gaussian deconvolution curve fitting

for C 1s in the PMoA/PANI hybrid thin film. (d) XPS survey spectrogram and Gaussian deconvolution
curve fitting for N 1s in the PMoA/PANI hybrid thin film.

Table 3. The change in the valence state of Mo in the PMoA/PANT hybrid thin film.

M05+ M06+
Sample Mo®*/Mo Ratios
3ds 3ds), 3dy 3dsy2
Before 231.85 235.50 233.05 236.20 0.07
After 231.65 234.80 232.90 236.0 0.36

The C 1s XPS spectrogram of the PMoA/PANI hybrid thin film before and after optical-light
illumination is exhibited in Figure 6c. Compared with the spectrum of the PMoA/PANI hybrid thin
film before illumination, that of the PMoA/PANI hybrid thin film after illumination exhibited binding
energies at 284.5, 285.4, and 285.9 eV that were attributed to C-H, C-N*, and C=N. The relative
proportions of C-H, C-N*, and C=N change during the photochromic process because of proton
transfer, which results in a valence change of the Mo in PMoA. Compared with the relative proportions
in the PMoA/PANI hybrid thin film before illumination, the relative proportion of C-N* decreased,
that of C=N increased, and that of C-H remained constant after illumination, which surely indicated
that the PANI in the PMoA/PANI hybrid thin film was converted from the benzene-type structure
of single-polarized PANI back to the quinone-type structure of eigenstate PANI because of proton
transfer. The N 1s XPS spectrogram of the PMoA/PANI hybrid thin film before and after optical-light
illumination is displayed in Figure 6d. Compared with the spectrogram of the PMoA/PANI hybrid thin
film before illumination, that of the PMoA/PANI hybrid thin film after illumination exhibited binding
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energies at 397.76, 398.70, and 401.5 eV that were attributed to -N=, -NH-, and —-NH*-. The change in
the proportions of -N=, -NH-, and -NH*- during the photochromic process was attributed to proton
transfer; the relative proportions of -NH- and -NH*- decreased, whereas that of -N= increased,
which also triggered conversion of the PANI in the PMoA/PANI hybrid thin film from the benzene-type
structure of single-polarized PANI back to the quinone-type structure of eigenstate PANI upon proton
transfer [44,45].

The change in the valence state of Mo also triggered the transformation of PANI. As Table 4
shows, the proportions of the C-H, C=N and C-N"* groups were 53.36, 22.75 and 23.89%, respectively,
in the PMoA/PANI hybrid thin film before illumination, and for the PMoA/PANI hybridizing thin film
after illumination, the proportions of the C-H, C=N and C-N* groups were 53.36, 32.44 and 14.20%,
respectively. A portion of the C-N* groups were reconverted to C=N, but the proportion of C-H did
not change in the process. Similarly, the proportions of the -N=, -NH-, and -NH*- groups were
18.21, 64.75 and 17.04%, respectively, in PMoA/PANI before illumination, and for the PMoA/PANI
hybrid thin film after illumination, the proportions of the -N=, -NH-, and -NH*- groups were 31.89%,
58.30% and 9.81%, respectively. Moreover, a portion of the -NH™"- groups were reconverted to -N=
and -NH- upon proton transfer. The change in the proportions of these functional groups indicated
that site of proton transfer from PMoA was the nitrogen atoms of the quinone structure of PANI and
spread through the PANI polymer chain and rearranged via the unipolar effect.

Table 4. Comparison of C— and N—containing functional groups of PMoA/PANI hybrid thin films
before and after optical-light illumination.

Sample PMoA/PANI Hybrid Thin Film before Illumination
Tested element C N
Functional group C-H C=N C-N* -N= -NH-  -NH*-
Binding Energy (eV) 284.5 285.4 285.9 397.2 398.2 401.5
Contribution 53.36%  22.75%  23.89%  1821%  64.75% 17.04%
Sample PMoA/PANI Hybrid Thin Film after Illumination
Tested element C N
Functional group C-H C=N C-N* -N= -NH-  -NH*-
Binding Energy (eV) 284.5 285.4 285.9 397.80 398.70 401.5
Contribution 53.36%  32.44%  14.20% 31.89%  58.30% 9.81%

The EIS results of PANI and the PMoA/PANI hybrid thin film are shown in Figure 7a.
The electrochemical impedance arc radius of PANI was larger than that of the PMoA/PANI hybrid thin
film, which indicated that electrons delocalized more easily in the PMoA/PANI hybrid thin film than
in PANI after protonation, providing strong evidence that protonation enhanced the electron transfer
efficiency in the PMoA/PANI hybrid thin film.

For further investigating the electron transfer efficiency, the Mott-Schottky curve of PANI and the
PMoA/PANTI hybrid thin film are given in Figure 7b. After estimation by the Mott-Schottky formula,
the flat-band potential of PANI was —0.61 V, and flat-band potential of PMoA was —0.86 V. The flat-band
potential of PMoA/PANI was lower than that of PMoA, indicating the PMoA/PANT had more tendency
to be donate electrons than PANI and protonation increased the electron transfer properties in the
PMoA/PANTI hybrid thin film.

The FMOs of eigenstate PANI and unipolar PANI calculated by DFT are displayed in Figure 8.
Figure 8a shows that in the eigenstate PANI unit, the electron density in the highest occupied molecular
orbital (HOMO) was concentrated on benzene rings 1 and 3 and the nitrogen atoms connected to them.
Conversely, the electron density in the lowest unoccupied molecular orbital (LUMO) was concentrated
on quinone ring 2 and the nitrogen atoms connected to it. Upon electron transfer from the HOMO
to the LUMO, the electron density on quinone was increased in the eigenstate PANI unit. Figure 8b
shows that in the unipolar PANI unit arising from protonation of eigenstate PANI, the electron density
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of the HOMO was distributed evenly across benzene rings 1, 2 and 3 and the nitrogen atoms connected
to them. Furthermore, the electron density of the LUMO was distributed evenly across benzene rings
1 to 4 and the nitrogen atoms connected with them. Upon electron transfer from the HOMO to the
LUMO, the electron density on the quinone ring was increased in the unipolar PANI unit. In the FMOs
of eigenstate PANI and unipolar PANI, all nitrogen atoms exhibit obvious 7 properties, and those
hybridizing atoms evidently contributed to electron delocalization across the four rings of the polymer.
Moreover, compared with eigenstate PANI, unipolar PANI has a more homogeneous electron density
distribution regardless of whether a benzene ring or a nitrogen-containing ring is present. The HOMO
consisting of orbitals on the ring structure exhibits 7 properties, facilitating electron delocalization.
In addition, the LUMO consisting of orbitals on the ring structure exhibits 7* properties. The FMO
calculation provides strong evidence that the unipolar PANI possesses strong electron delocalization
and transfer abilities via protonation of eigenstate PANI, which was demonstrated by the EIS test and
confirmed the hypothesis that the PANI/PMoA hybridizing thin film exhibits improved photochromic
properties [46].
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Figure 7. Electrochemistry study of EIS of PANI and the PMoA/PANTI hybrid thin film (a) EIS of PANI
and the PMoA/PANTI hybrid thin film. (b) Mott-Schottky curve of PANI and the PMoA/PANI hybrid

thin film.
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According to the mechanism of photochromism for PMoA and the application of PANI,
the mechanism photochromism of the PMoA/PANI hybrid thin film was attributed to IVCT and
LMCT [30] of PMoA and the change in electrical conductivity of PANI via protonation. As shown
in Figure 9a, the eigenstate PANI consisted of benzene and quinone with a ratio of approximately
3:1in every polymer unit, resulting in poor electrical conductivity that was approximately equal to
that of an insulator before protonation [47]. When PANI was combined with PMoA, the chemical
structure of PANI underwent a series of transformations due to protonation by PMoA. Furthermore,
the electrons associated with nitrogen atoms in amino groups (-N=) delocalized to the adjacent benzene
ring, causing the density of the electron cloud to decrease; such electron delocalization induced a
conjugation effect, which caused the electron cloud on the PANI chain to rearrange, as shown in the
FTIR results in Figure 2.

This rearrangement of the 7t electrons triggered a transformation of the quinone-bipolaron state
into the benzene monopolaron state. The benzene monopolaron structure exhibited a semi-full
conductive band, which resulted in electrons moving easily within the energy band when stimulated,
enhancing the electrical conductivity of PANI. Moreover, PMoA interacted with PANI via ionic bonds,
as shown in Figure 9b1.

As Figure 9c shows, since PMoA has a special Keggin-type structure [48], the Mo®* ion in oxidized
PMOoA has a d° electronic structure, which causes PMoA to exhibit a single absorption peak in the
ultraviolet and visible region that is attributed to the IVCT [30] effect, and then low-energy electrons
mainly exist in the 2p orbital of the O atoms of PMoA. Upon visible light irradiation of the PMoA/PANI
hybrid film, the electrons in the LUMO, consisting of the 2p orbital of the O atoms, were excited to
the HOMO and then captured by electron trapping of the middle energy band formed by metal ions,
converting d9 electrons to d! electrons [49,50] by LMCT. Then, the d?! electron were transferred through
the molecule because of different valence states and d-d charges of adjacent metal centers such that
Mo®* ions were reduced to Mo®* ions by IVCT, which promoted the absorption of visible light [30].
Moreover, the bridged oxygen (Od) of PMoA has a unique redox absorption point, and protons
(H*) can easily be absorbed by Ob to compensate for the negative charge, resulting in a LUMO with
antibonding properties [51]. The terminal oxygen (Od) of the Keggin-type structure, which is linked to
Mo by double bonds, also possessed the strongest chemical activity in PMoA.

As Figure 9b1,b2 show, in general, combining the unique electron transfer ability of PMoA and the
proton transfer ability of PANI, the photochromic mechanism of the PMoA/PANI hybrid film can be
described as follows: PANI is protonated by multiproton PMoA in the liquid phase; then, the eigenstate
of the quinone-type structure in every polymer unit of PANI is converted to a single-polarized
benzene-type structure, the electrons in the single-polarized benzene structure are easily delocalized,
N-H"* groups establish in every protonated PANI polymer unit, and PMoA interacts firmly with PANI
by ionic bonds. Upon optical-light illumination of the PMoA/PANI hybrid film, the PMoA undergoes
IVCT and LMCT [30] to reduce Mo®" to Mo®*, and the color of the PMoA/PANI hybrid film changes
from pale yellow (PMoA(Mo®*)) to blue (PMoA(Mo®")). Furthermore, because of the LMCT effect,
the electrons in N-H" are transferred to the LUMO, consisting of the 2p orbitals of O atoms, and H*
are captured by Ob, protons and transferred such that PANI loses protons. Thus, the benzene-type
structure is reduced back to the quinone structure, while PMoA comes into contact with PANI via
hydrogen bonding. Because of the strong electron delocalization and transfer properties of unipolar
PANI, the d! electrons are transferred through the molecule due to the different valence states and d-d
charges of adjacent metal centers, which vastly enhances the maximum absorbance of optical-light,
significantly improving photochromic properties of the PMoA/PANI hybrid film. The electrons must
overcome ionic bonding to be transferred to the LUMO, consisting of O 2p orbitals, and the coloration
process becomes slower. During the decoloration process, the PMoA/PANI hybrid films are exposed to
air, and PMoA(Mo°*) reacts with O, and is then reoxidized to PMoA(Mo®*). PMoA(Mo®*) interacts
with PANI again, resulting in a cycle of coloration and decoloration of PMoA(Mo®*)/PMoA(Mo®*) in
the PMoA/PANI hybrid film.
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4. Conclusions

A photochromic organic/inorganic PMoA/PANI hybrid thin film was easily synthesized by the
protonation effect and demonstrated great photochromic properties, especially high light absorption
of 3.46 in the UV-vis spectrum. AFM presented an even distribution of PMoA/PANI hybrid thin
film root mean square roughness with 2.34 nm before illumination and 3.43 nm after illumination.
All the characterizations and mechanistic analyses showed that protonation played a key role in the
transformations of the quinone structure of eigenstate PANI and the single-polarized benzene structure
of PANI observed by FTIR and XPS, which induced absorption by PMoA, enhancing the electrons
transfer property verified by electrochemistry and DFT studies and providing electrons for PMoA to
alter the valence state in order to achieve exceptional photochromic performance. All these results
provided a new possibility for the application of PMoA and PANI, especially in the region of laser
ink-free printing and optical control switches.
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Abstract: BiySe; possesses a two-dimensional layered rhombohedral crystal structure, where the
quintuple layers (QLs) are covalently bonded within the layers but weakly held together by van
der Waals forces between the adjacent QLs. It is also pointed out that BiSe; is a topological
insulator, making it a promising candidate for a wide range of electronic and optoelectronic
applications. In this study, we investigate the growth of high-quality Bi,Se; thin films on mica
by the molecular beam epitaxy technique. The films exhibited a layered structure and highly
c-axis-preferred growth orientation with an XRD rocking curve full-width at half-maximum (FWHM)
of 0.088°, clearly demonstrating excellent crystallinity for the Bi;Ses deposited on the mica substrate.
The growth mechanism was studied by using an interface model associated with the coincidence site
lattice unit (CSLU) developed for van der Waals epitaxies. This high (001) texture favors electron
transport in the material. Hall measurements revealed a mobility of 726 cm?/(Vs) at room temperature
and up to 1469 cm?/(Vs) at 12 K. The results illustrate excellent electron mobility arising from
the superior crystallinity of the films with significant implications for applications in conducting
electrodes in optoelectronic devices on flexible substrates.

Keywords: van der Waals epitaxy; BiySes; mica; two-dimensional materials; optoelectronics;
transparent conductive electrode

1. Introduction

Since the discovery of graphene by Geim and Novoselov in 2004 [1], two-dimensional materials
have gained renewed interest, because of their exceptional electronic properties, low dangling bond
density, and high specific surface areas that are important for optoelectronics, sensing, catalysis,
and energy storage applications. Recently, transition metal dichalcogenides (TMDs), such as MoS,,
Wo0S;, and Bi,Ses, have become the research focus. The latter material is of particular interest as a
topological insulator and thermoelectric material [2-6]. Layered Bi;Se; possesses an insulating
bulk gap of 0.3-0.35 eV and metallic surface states with a single Dirac cone [7-10], enabling
excellent transport properties with a high carrier mobility [11]. In addition, the surface conduction
can be significantly boosted and easily tailored in few-layer nanostructures consisting of large
surface-to-volume ratios [12-15]. Being analogous to the optoelectronic applications of graphene,
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a thin layer of Bi;Se3 has been proved to be a promising material for broadband and high-performance
optoelectronic devices, such as photodetectors, terahertz lasers, and transparent electrodes [3,16].
In particular, transparent conductive electrodes (TCE) play a vitally important role in modern
optoelectronic devices, including displays, light-emitting diodes, touch screens, and photovoltaics.
Doped metal oxides, such as indium tin oxides (ITO), are predominantly utilized for such applications,
owing to their high electrical conductivity and good optical transparency in the visible light region.
However, due to the limited reserves of indium, the optoelectronic applications of ITO are severely
restricted. Therefore, next-generation transparent electrodes consisting of the emerging 2D materials
are highly desirable.

In this work, mica was used as the substrate, owing to its 2D layered structural nature with
relatively weak interlayer interaction, which favors the 2D/2D van der Waals epitaxial (vdWE)
growth. Furthermore, mica presents an atomically flat, chemically saturated, mechanically flexible,
electrically insulating, and optically transparent surface, which is considered an ideal substrate for
flexible transparent conductive electrodes [17,18]. Then, molecular beam epitaxial (MBE) growth of
high-quality BiySes thin films has been realized on mica substrates, exhibiting a high (001) texture with
an XRD rocking curve full-width at half-maximum (FWHM) of 0.088° and a mobility of 726 cm?/(Vs)
at room temperature and up to 1469 cm?/(Vs) at 12 K. An optoelectronic device consisting of the
BiySesz/mica structure as the 2D flexible TCE and PTB7:PC71BM as the light absorber was fabricated,
producing a photocurrent of 2.75 mA/cm? and an open-circuit voltage of 697 mV, demonstrating the
feasibility of BiySes for optoelectronic applications.

2. Materials and Methods

BipSes was synthesized by the MBE technique on the mica 2D substrate. In addition, 5N purity
Bi,Ses pieces (purchased from American Elements, Los Angeles, CA, USA) were used as the evaporation
source, loaded in a K-cell and heated up to 470 °C for the film deposition. The substrate temperature
was maintained at ~340 °C, and the film growth rate was evaluated to be around 4.5 nm/min by
ex-situ measurement of the film thickness with the help of an Alpha Step 500 profiler. The Bi,Se3/mica
2D material-based transparent conductive electrode was then covered by a thin layer of V,05 as
the hole-transporting layer by thermal evaporation, followed by spin-coating the PTB7:PC7;BM
absorber. Consequently, a calcium/aluminum electrode was evaporated onto the layers, forming an
optoelectronic device.

The microstructure and crystal phase of the prepared Bi;Se;s thin films were characterized by
high-resolution XRD and recorded on a Rigaku Smartlab 9 kW X-ray diffractometer (Rigaku Corporation,
Tokyo, Japan), equipped with a Cu-K«1 radiation source (A = 1.5406 A) and a two-crystal Ge (220)
two-bounce hybrid monochromator (Rigaku Corporation, Tokyo, Japan). The film surface morphology
was examined by AFM, which was performed on a Bruker NanoScope 8 (Billerica, MA, USA) in
tapping mode using a silicon cantilever with a tip radius of less than 10 nm and resonance frequency
of 341 kHz. Scanning electron microscopy (SEM) was also employed to investigate the morphology
and the microstructure of the films, using a JEOL 6490 (JEOL Ltd., Tokyo, Japan) microscope by
applying an accelerating voltage of 20 kV. Transmission electron microscopy (TEM) was employed
to characterize the film microstructure, which was recorded through a JEM-2100F (field emission)
scanning transmission electron microscope (JEOL Ltd., Tokyo, Japan) equipped with an Oxford INCA
x-sight EDS Si(Li) detector (Oxford Instruments, Abingdon, UK)at an acceleration voltage of 200 kV.
The film electrical properties were determined by Hall measurements using the four-probe van der
Pauw method, performed on a Bio-Rad 5500 Hall system (Hercules, CA, USA) at room temperature
using a permanent magnet with a magnetic field of 0.32 T, and conducted in a cryostat equipped
with a CTI-Cryogenics 22 Refrigerator (Helix Technology Corporation, Mansfield, MA, USA) from
room temperature to ~12 K under an electromagnetic field of 0.32 T. The work function of the Bi;Ses
thin film was deduced from ultraviolet photoelectron spectroscopy (UPS) measurements, which were
conducted in ultra-high vacuum at 5 x 1078 mbar, by irradiating with 21.22 eV photons (He I line).
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The photoelectric response of the prepared device was recorded on an Agilent B1500A semiconductor
device parameter analyzer (Santa Clara, CA, USA). The photocurrent was collected under a simulated
Air Mass 1.5 Global (AM 1.5 G) illumination, which was provided by a Newport Oriel Sol3A Solar
Simulator (Irvine, CA, USA) with a 100 mW/cm? radiance intensity.

3. Results and Discussion

Being a 2D layered material, high-quality Bi;Se; can be deposited on various substrates, especially
on 2D substrates, in spite of the large lattice mismatch. Figure 1 shows the XRD patterns of Bi;Se3
on the mica substrate. As indicated by the red crosses in Figure 1a, the predominant diffractions
originated from the BiySe3 {003} family planes, suggesting that the Bi,Sej; film stacks vertically on the
mica substrate along a highly c-axis-oriented direction. The presence of the Bi,Se; {015} diffractions,
as labeled by the inverted triangles, indicated that a certain quantity of crystals with the BiSes (015)
planes parallel to the mica (001) surface simultaneously emerged. The inset in Figure 1a gives the
XRD rocking curve, in which a full-width at half-maximum (FWHM) of 0.088° (~317 arc seconds) was
attained, implying an excellent Bi;Sej crystallinity and a perfect crystal alignment of vertical growth.
Figure 1b shows the in-plane phi scans conducted on the Bi,Se; (1010) plane and the mica (114) plane.
Six sharp peaks separated by 60° showed up in the Bi,Se; (1010) diffraction pattern, consistent with
reports [19-23]. The observed six-fold symmetry, instead of three peaks expected for the trigonal
system, was ascribed to the twin domains either stacking in the sequence -[ABCAB]- or -[CABCA]- [20].
Azimuthal diffractions of mica (114) and (114) planes were superimposed on the same plot, from which
the mica <100> and <010> directions on the mica (001) surface can be derived, as indicated by the blue
dotted lines in Figure 1b [17]. The in-plane crystallographic relationship between Bi;Se; and the mica
substrate is then deduced as follows: Bi,Ses (001) // mica (001) and Bi,Ses <100> // mica <100>.

10 + Bi Se, {003} 3 FWHM=0.088" - Bi,Se, (1010) diffractions
2 %3 s I}
10° v BiSe, {015} = A
S 10 H . z
5,'/ 104 + 708 9 10 11 )12 S [
= > L i
2 10° 2
o) L
E = - mica (114) diffraction
- -~ calculated mica ©10>
1 30° ____i-— and mica 100 directions
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Figure 1. The XRD diffraction patterns of (a) 26-w scan and (b) in-plane phi scan of Bi;Se3 on mica
substrate. The inset in (a) gives the rocking curve.

As shown in the AFM top view image in Figure 2a, rhombohedral-shaped planes were observed,
suggesting the highly c-oriented van der Waals (vdW) epitaxial growth. At the same time, fence-like
vertical planes emerged, as shown clearly in the AFM perspective view in Figure 2b. These fence-like
planes are parallel to the edge of the rhombohedral planes and are oriented at 60° and 120° relative to
each other.
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Figure 2. The AFM images of (a) top view and (b) perspective view of BiSe3 on mica substrate.

High-resolution TEM measurements were conducted to reveal the Bi;Se3 microstructure.
The hexagonal atomic arrangement, as shown in Figure 3a, confirms the c-axis-oriented growth
direction of the film. The average distance between the planes is found to be 3.57 A, as indicated by
the red arrows, signifying the lattice constant as a = 4.12 A. Figure 3c shows the atomic arrangement
within the vertical planes. The average spacing between the planes indicated by the white rectangle
was found to be 2.20 A, in good agreement with the calculated value of 2.21 A between planes along
the BiySes <5,10,2> direction. The distance of 2.06 nm between the five atoms along the longer side
of the white rectangle coincided nicely with the lattice along BiSez <500>, in which 5a = 20.61 A.
These results confirm that the fence-like vertical planes are those that grew along the Bi;Se; (015)
normal. The crystallographic relationship of BiySez and the mica (001) surface at these different growth
orientations is illustrated by using the interface models, as shown in Figure 3b,d e.

Figure 3.
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Figure 3. The TEM images and the interface models of Bi;Se; on mica. (a,b) show the Bi,Sez (001) //
mica (001) planes; (c)—(e) give the BiySe; (015) // mica (001) planes. In the interface models, O and Si
(partly Al) atoms in mica are colored respectively by red and yellow, while Bi and Se atoms in Bi,Ses
are colored respectively by violet and green.

For van der Waals epitaxial growth with a large lattice misfit between the epilayer and substrate,
the matching condition can be evaluated via the coincidence lattice mismatch [17], 5, which is defined
as (Mdepi—ndsyp)/Ndsyp, Where depi and dgy, are the atomic distances of the epilayer and substrate,
respectively. Lattice coincidence occurs when depi/dsub = n/m, where n and m are positive integers and
n/m is the smallest non-reducible integral ratio [24,25]. Then, the concept of coincidence site lattice
unit (CSLU) can be established as CSLU = ny X n,, where x and y denote the directions along the
substrate lattice vectors a and b, respectively. It can be concluded that the smaller the CSLU, the better
the lattice match between the epilayer and the substrate, as a small CSLU represents a larger number
of coincidence sites per unit area [17]. For the case of planar growth, as shown in Figure 3b, the CSLU
is 4 x 2 = 8. By contrast, for the vertical growth as illustrated in Figure 3d,e, the CSLUs are calculated
tobe4 x 1=4and 4 X 5 = 20 regardless of and counting the period of van der Waals gaps, respectively.
It is apparent that the growth direction along the BiySes <5,10,2> direction will develop a larger CSLU
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size when involving more van der Waals gaps. Therefore, the growth with a smaller CSLU of 4 x 1
will be favored, leading to the preferential growth directions along Bi;Se; <100> and the BiySe; (015)
normal and producing the fence-like planes.

The fence-like planes make the film surface uneven, e.g., a film 90 nm thick has a root-mean-square
(rms) roughness of 17.8 nm on the scale of 5 x 5 um? (see Figure S1 in the Supplementary Materials).
This would bring harm to the fabrication and performance of electronic devices. To eliminate these
fence-like vertical planes, a thin amorphous Bi;Se; buffer layer was prepared at room temperature,
prior to the Bi;Sez growth at high substrate temperature. Figure 4 shows the XRD diffraction patterns
of BiySe3 with an amorphous buffer layer on the mica substrate. It was clearly observed that the Bi;Se3
{015} diffractions, corresponding to the fence-like vertical planes, totally disappeared. As displayed in
the AFM images in Figure 5, the surface morphology of the prepared Bi,Ses film of ~90 nm with a
buffer layer of ~5 nm is greatly improved, reflected by the reduction in the rms roughness to 4.9 nm
over an area of 5 x 5 um?. Fence-like planes have totally disappeared, and triangular terraces are
clearly observed, signifying that only the planar growth along BiySez <001> occurs. The buffer layer
presenting as an amorphous state significantly weakens the interaction between the first stacking layer
of BiySez and the mica surface, favoring the van der Waals epitaxial growth on top of it. However, it is
also because of the much weaker interaction; the lateral growth alignment of van der Waals epitaxies
will be weakened as well as reflected by the much broader peaks of the azimuthal phi scan with an
average FWHM of 13.8 (see Figure S2 in the Supplementary Materials), which may contribute a large
number of grain boundaries (GBs) in the film.

10°

+ Bi,Se, {003} diffraction peaks

Intensity (a. u.)

10 20 30 40 50 60 70
2 theta (degree)

Figure 4. XRD diffraction pattern of Bi;Se3 on mica with buffer layer. The Bi;Se; {003} family of planes
are labeled by red crosses, while other peaks originate from the mica substrate.

154



Nanomaterials 2020, 10, 1653

20 nm 151}m

0.0 1: Height 5.0 pm 0.0 1: Height 2.0 um
-20 nm -15 nm

(a) (b)

Figure 5. AFM images of Bi,Se; on mica with an amorphous buffer layer. (a) is on a 5 x 5 um? scale;
(b) is on a 2 x 2 um? scale.

The transport performances of the carrier density and the mobility dependence on temperature for
the BiySej thin film were investigated by employing low-temperature Hall measurement. Figure 6a,b
show the electrical properties of 90 nm thick Bi;Se; films on mica without and with a buffer layer,
respectively. When grown directly on mica, the BiSe; Hall mobility increased from 697 cm?/(Vs)
at room temperature to 1761 cm?/(Vs) at ~12 K, while the sheet electron density remained nearly
constant at about 1.0 X 10" cm™2. By applying an amorphous Bi,Se; buffer layer, the mobility
at room temperature was slightly boosted to 726 cm?/(Vs) with a reduced sheet carrier density of
~5.9 x 10 em™2. The mobility increased at a near linear trend from 726 to 1469 cm?/(Vs) as the
temperature fell. However, the increase in the mobility of Bi,Ses with the buffer layer lagged that
without the buffer layer when the temperature decreased below ~115 K. The fence-like planes in the
Bi,Sejs film grown directly on mica could contribute to the higher carrier density via introducing a larger
surface area. However, the lower the mobility in the low-temperature range of Bi;Se with the buffer
layer can be ascribed to the poor lateral alignment of crystals as discussed above. The weak interaction
between the amorphous buffer layer and the Bi;Ses crystals on top, although leading to removal
of the fence-like planes, also weakened the lateral growth alignment, which produced a number of
GBs mirrored by the misoriented sub-micrometer-sized domains in the AFM images in Figure 5 and
the broad FWHM of the XRD in-plane phi scan in Figure S2. According to [26,27], the GBs play an
important role in the mobility decline of 2D MoS; by means of interdomain scattering. In this study,
the interdomain scattering arising from the misorientation of Bi,Se3 crystals on the buffer layer may
contribute a lot to the slow rise in mobility with the decrease in temperature in the low-temperature
range. By contrast, the lattice scattering may dominate the mobility variation in the BiySes crystals
directly grown on mica, as they are perfectly aligned and connected laterally. The electrical transport
property of 2D materials requires further investigation.
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Figure 6. Sheet carrier density and mobility as a function of temperature for the Bi;Se; film on mica
substrate. (a) is without and (b) is with a buffer layer.

An optoelectronic device comprising the BiSes/mica structure and organic absorber was fabricated,
as shown in Figure 7a. The energy band alignment between the device components is illustrated
in Figure 7b, in which the work function of the Bi;Se; thin film is measured as 4.43 eV by using
UPS (see Figure S3 in the Supplementary Materials). Figure 7c displays the I-V characteristics of the
device, in which a short-circuit photocurrent of 2.75 mA/cm? and an open-circuit voltage of 697 mV are
achieved. It is noteworthy that the values of photoelectric parameters are relatively lower compared
to the conventional PTB7:PCy BM-based solar cells, for which TCEs such as ITO coated on glasses
are commonly used as the substrates instead of Bi;Se3 deposited on the mica. The absorption range
of BipSe; covers the broad visible light region due to the small bandgap of Bi,Se3, causing a reduced
amount of light reaching the active layer (PTB7:PC7 BM) of the device to generate photocarriers.
To address this issue, the thickness of BiySes should be further optimized or the opaque aluminum
electrode should be replaced with transparent electrodes so that the light can be transmitted from both
sides. The interface quality of the devices should also be investigated as Bi,Ses coated on flexible mica
will exhibit a different strain on the functional layers in the optoelectronic devices compared to the
devices using the conventional rigid ITO-coated glass substrates. The presence of interfacial defects
leads to carrier recombination, resulting in a poor fill factor of devices. Some interfacial passivation
strategies [28,29] can be performed to relieve their negative impact on the device performance.
Nevertheless, the demonstration of using Bi;Ses in PTB7:PCy; BM-based optoelectronic devices in this
work aims to pave the way to explore 2D transition metal dichalcogenides and exhibit their potential
in the optoelectronic applications.
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Figure 7. Cont.
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Figure 7. The Bi;Se3-based organic optoelectronic device. (a) Schematic diagram of the device structure;
(b) energy band alignment; (c) I-V characteristics.

4. Conclusions

High-quality BiySe; thin films have been prepared on a mica substrate via vdW epitaxial growth.
The film exhibited a highly c-axis-oriented growth with an extraordinary crystallinity, reflected by
a narrow XRD rocking curve FWHM of ~317 arc seconds. At the same time, fence-like planes with
BiySes (015) parallel to the mica (001) surface emerged, which was explained by using the interface
model associated with the CSLU concept developed especially for vdWE. To eliminate the fence-like
planes, an amorphous Bi;Ses buffer layer prepared at the substrate temperature of room temperature
was applied, prior to the BiySes crystal growth. As a result, only the Bi;Ses (001) growth direction
with vdW gaps parallel to the substrate showed up, with a smoother surface than that without the
amorphous buffer layer. However, this suppression in the fence-like planes sacrifices to a certain
degree the crystal lateral growth alignment, mirrored by a broadening phi scan peak FWHM. A high
Hall mobility of 1761 cm?/(Vs) for BiSe; on mica was obtained at ~12 K, and 697 cm?/(Vs) at room
temperature with a nearly constant sheet electron density of ~1.0 x 10" cm™2. By applying an
amorphous BiySe; buffer layer, the carrier density was reduced to about half that without the buffer
layer. The mobility at room temperature was boosted to 726 cm?/(Vs), and linearly increased to
1469 cm?/(Vs) as the temperature dropped to 12 K. An optoelectronic device consisting of a BiSez/mica
TCE, organic absorber, and Ca/Al metal back electrode was designed and prepared, generating a
short-circuit photocurrent of 2.75 mA/cm? and an open-circuit voltage of 697 mV under one sun
irradiation. The results demonstrate the great potential of 2D Bi;Se; along with mica for flexible
optoelectronic applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/9/1653/s1,
Figure S1: AFM images of 90 nm-thick Bi,Sej; film with an rms roughness of 17.8 nm, Figure S2: In-plane phi scan
of BipSe; on mica with buffer layer, Figure S3: UPS spectrum of Bi;Ses.
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