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Abstract: The photo-conversion efficiency is a key issue in the development of new photocatalysts for
solar light driven water splitting applications. In recent years, different engineering strategies have
been proposed to improve the photogeneration and the lifetime of charge carriers in nanostructured
photocatalysts. In particular, the rational design of heterojunctions composites to obtain peculiar
physico-chemical properties has achieved more efficient charge carriers formation and separation
in comparison to their individual component materials. In this review, the recent progress of
sulfide-based heterojunctions and novel nanostructures such as core-shell structure, periodical
structure, and hollow cylinders is summarized. Some new perspectives of opportunities and
challenges in fabricating high-performance photocatalysts are also discussed.

Keywords: photocatalysis; water splitting; hydrogen; heterojunctions; porous structures; photonic
crystals; imogolite nanotubes; noble-free materials; nanoparticles

1. Introduction

Solar energy is one of the most promising renewable energies because of its associated amount
of energy density arriving to the earth surface, reported at 36000 TW (Department of Energy Report,
“Solar Energy Utilization”). Considering that the population is reaching approximately nine billion
for 2050 with an expected consumption of 28 TW, harvesting and storing solar energy is regarded as
a suitable solution [1]. Photocatalysis is a state-of-the-art technology that can harvest solar energy
and undergo chemical transformations to generate solar fuels, especially hydrogen (Hj), which is a
key vector for the foreseen low-carbon economy due to its high energetic density ca. 142 MJ/kg [2,3].
Photocatalyst is the most important factor in the photocatalysis process. Nevertheless, up to date, the
photoconversion of most efficient catalysts for photocatalytic H, evolution is still far behind the level
of large-scale applications.

The drawbacks of heterogeneous photocatalytic H, evolution are well identified as low light
absorption, fast charge carrier recombination, short charge carrier lifetimes, and low conversion rates
of the coordinate molecules [4-6]. For these reasons, the ideal photocatalysts should possess three
main characteristics: (1) high light harvesting/absorption, (2) efficient charge carriers separation and
transport, as well as (3) fast surface catalytic reactions. For this purpose, nanostructured semiconductors
are of great interest for the photocatalytic hydrogen production. The possible orientation of the rational
design of nanostructures to match structural, optical, morphological, and electronic properties should
focus on modifying the energy band edges alignment with new energetic hybridization states to target
more efficient redox reaction rates and effective sensitization of high-performance semiconductor
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materials (5C) to simultaneously enhance light harvesting and charge carriers separation. In this
direction, the formation of multi-phase heterojunctions or some peculiar nanostructures offer new
opportunities in this growing field.

Multi-phase heterojunctions containing at least two materials are compelling engineering strategies
in the materials chemistry field [7-11]. Staggered heterojunctions couple wide and narrow band gap
semiconductors to drive rates of charge formation and separation at various interfaces along the
photon to chemical product. These heterojunctions can be classified as the Z-scheme system and the
Schottky junction system (Figure 1). Establishment of Z-scheme couplings between A/B introduces an
effective strategy to tackle recombination of charges. The Z-scheme principle consists of the transfer of
the electrons in the conduction band (CB) (A) to the valence band (VB) of B to combine with holes,
while the electrons in the CB (B) reduce H,O into H,, and the holes in the VB (A) oxidize H,O into
O, [12,13]. Schottky junction is another promising method to promote the separation of photogenerated
electron-hole pairs [14,15]. The coupling of semiconductor and metallic nanoparticles lead to the
formation of a space charge layer at the interface and an alignment of the fermi level energy, which
results in Schottky junctions between the semiconductor and the co-catalysts. The Schottky junction
enables efficient separation of the photogenerated electrons and promotes the photocatalytic activity.
In this system, electrons can transfer from the photocatalyst to the co-catalyst via the aligned fermi
level, which leads to the spatial charge separation, where the positive-charges are accumulated on the
semiconductor and negative-charges on the co-catalyst.
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Figure 1. Schematic diagram of charge transfer for Z-scheme and Schottky junction systems. Adapted

with permission from [7].

Compared to metal oxides, sulfides-based materials associated with polyvalent atoms (e.g., Cu,
Ni, Fe, Co) are characterized as narrow band gap semiconductors, giving them a capacity of light
absorption in the visible range [16,17]. Their band gap can be modified through a distinctive electron
cascade mechanism present in these materials to reduce recombination and improve the separation
of charge carriers. This objective can be achieved by using metal doping strategies such as cationic,
anionic, or co-doping whilst maintaining a similar band gap. Therefore, the electronic and the optical
properties are predictable by a rational selection of metals for promoting new hybrid materials [18].

Moreover, novel nanostructures such as core-shell structure, periodical structure, and hollow
cylinders also display great potential for photocatalytic applications in analogy to heterojunctions [19,20].
The confinement of the light in 3D core-shell structures can reinforce the electromagnetic field at
the nanostructure surface, which leads to the improved light harvesting for better photon to energy
conversion. Periodically structured optical medium (due to multiple Bragg scattering) has also been
identified as an efficient way to control light propagation and, in particular, the frequency-wavevector
dispersion relation, i.e., the photonic band structure. A promising alternative is to develop hollow
cylinders with permanent polarization, allowing a real-space band edges separation across their wall,
which would provide a new one-dimensional semiconductor type to be used in photocatalysis.
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Based on the above discussion, this review aims to focus on sulfides-based heterojunctions and
novel nanostructures with distinctive physical-chemical properties. Firstly, we summarize the recent
progress of CuS and NiS based heterojunctions for photocatalytic H, evolution classified by the “binary
heterojunctions” and the “polynary heterojunctions”. Next, we introduce the TiO, based core-shell
structure and periodical structure. Thirdly, we give as promising materials a brief introduction
of imogolite nanotubes, a clay hollow cylinder, and their potential application for photocatalysis.
Finally, some challenges and perspectives for the elaboration of high-performance photocatalysts
are comprehensively analyzed, which might serve as reference for inspired future developments
of photocatalysts.

2. Heterojunctions for Enhanced Charge Carriers Separation and Light Absorption

Hybrid photocatalysts consisting of at least two materials are considered as a promising system to
increase the quantum efficiency of photocatalytic or photoelectrochemical reactions [21-24]. The strategy
aims to reach either spatially separated charge carriers, extending the light absorption spectrum or
accelerating the catalytic reaction kinetics. Compared to metal oxides, metal chalcogenides not only
possess diverse architectures that can be enriched by integrating different metal ions and templates
but also have narrow band gaps and suitable band positions that can be tuned through composition
regulation (Figure 2) [16,17]. Owing to these attributes, metal chalcogenides-based heterojunctions as
efficient photocatalysts have been actively explored. As a class of important p-type semiconductors,
CuS possesses various stoichiometric compositions, valence states, and narrow bandgap. Owing to
these attributes, CuS is widely used for the formation of heterojunctions to increase the absorption of
composite materials in the visible region and thus improve the utilization of solar energy. In addition,
due to the relatively high content of Ni element in the crust, NiS compounds are widely used as
co-catalysts for photocatalytic application. In this section, the recent progress in fabricating CuS
and NiS based heterojunctions for photocatalytic H, are summarized, which are classified as binary
heterojunctions and polynary heterojunction.
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Figure 2. Schematic diagram illustrating the band gap, the potential energy of the conduction, and the
valence band of promising metal chalcogenides.

2.1. Metal Chalcogenides Based Binary Heterojunctions

To date, many metal chalcogenides-based binary heterojunctions have been successfully prepared
and used for the photocatalytic hydrogen evolution, where the heterojunction between the two materials
plays an important role in the photocatalytic performance. In the following section, we review the
recent progress of CuS- and NiS-based binary heterojunctions for photocatalytic hydrogen evolution.
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2.1.1. CuS-Based Binary Heterojunctions

Arvind et al. fabricated hierarchical In,S3/CuS photocatalysts via a facile hydrothermal method
(Figure 3a) [25]. The heterojunction showed superior visible light activity for H,S splitting with a
maximum H, production rate of 14950 umol g~! h~! and an apparent quantum yield of 9.3% at 420 nm
(Table 1). Such activity was attributed to the superior visible light absorption ability and matched
energy level, which efficiently facilitated electron transfer between interfaces of 3-In,S3 and CuS.
Liu et al. successfully prepared a series of shaped CuS@CdS core—shell hetero-junctions [26], which
was achieved by using conformal CuS nanoplate seeds and a syringe pump to control the reaction
kinetics. Two distinct growth patterns including island growth (CuS@CdS-I) and layer-by-layer growth
(CuS@CdS-L) (Figure 3c) were demonstrated, and the CuS@CdS-L exhibited a better photocatalytic
activity for hydrogen evolution (Figure 3b), which resulted from the intimate heterojunction structure
(Figure 3d) and the high crystallinity of CdS. This work provides a versatile method for the rational
design and synthesis of shape-dependent heterojunctions.
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Figure 3. (a) Photocatalytic process of In,S3/CuS composites under visible light irradiation. Adapted
with permission from [25]; (b) the H, evolution rate by CuS, CdS, CuS@CdS-I, and CuS@CdS-L
photocatalysts; (c) schematic illustration about the growth of CdS on CuS nanoplate seeds with two
different routes; (d) the energy band structure of CuS and CdS. Adapted with permission from [26].

Zhang et al. constructed porous CuS/ZnS nanosheets via hydrothermal treatment and cation
exchange reactions between ZnS(en)y s nanosheets and Cu(NO3), (Figure 4a) [27]. The prepared
CuS/ZnS composites showed excellent photocatalytic hydrogen evolution activity under visible light,
and the best Hp-production rate reached 4147 pmol h™! g=! with quantum efficiency of 20% at 420 nm
(Figure 4b). It was noted that photo-induced interfacial charge transfer (IFCT) occurred from the VB
of ZnS to CuS, which led to partial reduction of CuS to Cu,S. The interfacial transition energy from
the VB of ZnS (+2.44 V) to CuS/Cu,S (-0.5 V) was determined to be ~2.94 eV, which thus absorbed
the wavelength from ~350 to 450 nm. This work shows a possibility to improve hydrogen-evolution
activity by photo-induced IFCT.
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Table 1. Summary of CuS and NiS based heterojunctions for photocatalytic H, evolution. CQDs refers
to Carbon Quantum Dots.

Photocatalysts Sacrificial Agent HER Rate Stability Ref
In,S3/CuS Na,S/NaySOj; along with 3M H,S 14,950 pumol g_1 h! 13h [25]
CuS@Cds NayS/NaySO3 11,140 pmol g~ h~! 100 h [26]

CuS/ZnS NayS/NaySO3 4147 pmol g~ h! No data [27]
NiS/TNTs methanol 7486 pmol g_1 h-! No data [28]
NiS/NBTNs methanol 3170 pmol g~ h~! 14h [29]
NiS/CdS lignin and lactic acid 1512.4 pmol g‘1 h-! 15h [30]
NiS/ZnIn,S, NayS/Na,SO5 2094 pmol g~ h~! 15h [31]
NiS/HNb3Og Triethanolamine (TEOA) 1519.4 pmol g~ h~! 28 h [32]

NiS/ZnyxCdq_,S NayS/NaySOs 16780 umol g~ h™! 20h [33]

NiS/C3Ny TEOA 482 pmol g~! h™! 24h [34]
ZnMoS4/ZnO/CuS Na,S/NaySO3 38,220 umol g_1 h! 8h [35]
CuS/CdIn,yS,/ZninyS, NayS/NaySO3 358.4 umol g~1 h~! No data [36]

NiS/CdS/TiO, NayS/NaySO3 2149 pmol g~ h! 16 h [37]

CQDs/NiS/ZnIn,S, TEOA 600 umol g1 h™1 15h [38]
NiS/CDs/CdS Na,S/NaySO3 1444.5 pmol g_1 h-! 15h [39]
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Figure 4. (a) Schematic illustration of interfacial charge transfer (IFCT) from the valence band of ZnS to
the CusS clusters in CuS/ZnS system; (b) comparison of the Hy-production activity of CuS/ZnS with
different molar ratio and ZnS samples under visible light in a mixed solution with 0.35 M Na,S and
0.25 M Na;SO3 as sacrificial agent. Adapted with permission from [27].

2.1.2. NiS-Based Binary Heterojunctions

Huang et al. prepared NiS loaded TiO; nanotubes (TNTs) by a simple solvothermal method
(Figure 5a) [28]. NiS as co-catalyst can significantly improve the photocatalytic activity for H, evolution,
and the content of NiS played a crucial role in the performance. The optimal heterojunction led to a
hydrogen production rate of ~7486 umol/h/g, which was 79 times higher than that of pure TNTs, which
indicates NiS is a promising co-catalyst to boost photocatalytic activity (Figure 5b). Qiao et al. prepared
NiS nanoparticles modified black TiO; hollow nanostructure (NBTNs) via surface hydrogenation and
hydrothermal reaction (Figure 5c) [29]. The resultant NBTNs exhibited a preeminent photocatalytic
H; generation rate (3.17 mmol/h/g), which was comparable to the activity of Pt loaded black TiO,
(3.95 mmol/h/g). The superior activity was attributed to the synergistic effects of NiS co-catalyst and
building Ti®* self-doping and oxygen vacancy. This unique structure provides more active sites and
enhances the separation of photogenerated charge carrier with prolonged charge lifetime.
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Figure 5. (a) Proposed charge transfer in NiS/ TiO, nanotubes (TNTs) photocatalyst under UV
irradiation; (b) average hydrogen production of TNTs with different amounts of NiS. Adapted with
permission from [28]; (c) schematic illustration of synthesis of the NiS nanoparticles modified black
TiO; hollow nanostructure (NBTNs). Adapted with permission from [29].

Li et al. synthesized 1D NiS/CdS nanocomposites with different NiS loading weights by using a
two-step solvothermal method (Figure 6a) [30]. The intimate contact between CdS and NiS enhanced
charge carrier separation and promoted surface kinetics for Hy production. As a result, the optimized
NiS/CdS heterojunction exhibited superior hydrogen production rate of 1512.4 umol h™! g~!, nearly
5041 times higher than that of bare CdS. Transient absorption (TA) techniques revealed that the
0.2 molar ratio of NiS loaded CdS nanowires (NWs) possessed the longest charge carrier lifetime. The
increase in NiS loading resulted in a shorter lifetime due to the aggregation of NiS nanoparticles, which
was consistent with the photocatalytic performance for hydrogen evolution (Figure 6b). NiS/ZnlIn,S
nanocomposites were prepared via a two-step hydrothermal method by Li’s group (Figure 6c) [31].
These nanocomposites showed an improved photocatalytic hydrogen evolution under visible light
irradiation. The optimal hydrogen evolution rate reached 104.7 umol h~!, which was even better
than that of Pt loaded ZnIn;S; nanocomposite (77.8 umol h™1). Xia et al. dispersed ultra-small NiS
on HNb3;Og nanosheets via a facile electrostatic adsorption/self-assembly process (Figure 6d) [32].
Compared to the traditional modification of NiS by co-precipitation and mechanical mixing methods,
this approach could produce sub-nanometer sizes of NiS by the interlayered spatial steric inhibition
effect. It induced strong interactions between NiS and HNb3Og nanosheets. As a result, the as-prepared
composite achieved high H; evolution rate of 1519.4 umol g~! h~!, which was one magnitude higher
than that of the sample prepared by a mechanical mixing method and even comparable to the
Pt/HNb3Os.

Zhao et al. developed a metal-organic framework (MOF)-template strategy to prepare
co-catalyst/solid solution heterojunction NiS/Zn,Cd;_S (Figure 7a) [33]. By adjusting the doping metal
concentration in MOFs, the chemical compositions and the bandgaps of the heterojunctions could be
fine-tuned, and the light absorption capacity and the photocatalytic activity were further optimized.
The optimal NiS/Zng5Cdy 5S exhibited a hydrogen evolution rate of 16.78 mmol g~! h~! and high
stability under visible light (A > 420 nm) (Figure 7b). Density functional theory (DFT) calculations
revealed the relationship between the heterojunction and the photocatalytic activity and confirmed
the importance of NiS in accelerating the water dissociation kinetics, which is a crucial factor for
photocatalytic hydrogen evolution reaction (HER). Hong et al. developed an NiS modified C3Ny4
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photocatalyst by using a simple hydrothermal method (Figure 7c) [34]. Both the loading weight of
NiS and the reaction temperature had large effects on the photocatalytic hydrogen evolution rate.
The optimal NiS/C3Ny4 photocatalyst reached 48.2 mmol/h, which was 253 times higher than that of
bare C3N4 and could maintain nearly 80% activity after four runs of 24 h. This study demonstrates
that NiS could also improve photocatalytic activity of polymeric semiconductor.
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Figure 6. (a) Schematic illustration of the photocatalytic hydrogen production by NiS/CdS composites;
(b) normalized ultrafast transient bleach decay of CdS nanowire, 0.2-NiS/CdS and 1.0-NiS/CdS.
Adapted with permission from [30]; (c) schematic illustration of proposed mechanism over NiS/ZnIn,S,
photocatalysts. Adapted with permission from [31]; (d) comparison of NiS/HNb3Og photocatalysts
synthesized by electrostatic adsorption method and traditional method. Adapted with permission

from [32].
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Figure 7. (a) Schematic illustration of the synthetic procedure for NiS/Zn,Cd;_S; (b) comparison
of Hy-evolution rates of NiS/ZnyCd;_«S under visible-light irradiation. Adapted with permission

from [33]; (c) schematic illustration of photocatalytic hydrogen evolution of NiS/C3N4. Adapted with
permission from [34].
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2.2. Metal Chalcogenides Based Polynary Heterojunctions

Compared to binary heterojunctions, the polynary heterojunctions lead to a higher photocatalytic
activity because of the multiple separations of photogenerated carriers driven by the energy band
alignments. Thus, plenty of metal chalcogenides based polynary heterojunctions have been studied for
photocatalytic hydrogen evolution. In the following part, we focus on the progress of CuS and NiS
based polynary heterojunctions for photocatalytic hydrogen evolution.

2.2.1. CuS Based Polynary Heterojunctions

Ho et al. developed multiple ZnMoS;/ZnO/CuS heterojunctions (Figure 8b) [35]. In the structure,
the middle ZnO layer could induce interfacial band bending, which facilitated electron transfer
from ZnMoS; across the multi-junction heterostructures to the surface of CuS for hydrogen evolution.
The optimized configuration achieved a hydrogen evolution rate of 38.22 mmol g~ h™!, which was twice
as much as the ZnMoS,/CuS heterojunction (Figure 8a). This work offers a band structure engineering
strategy to fabricate highly efficient photocatalysts. Chen et al. constructed CuS/CdIn;Ss/ZnIn,S,
photocatalysts via a microwave assisted one-step method (Figure 8c) [36]. The hybrid composite
possessed a large surface area and visible light response with an absorption edge of ~670 nm.
After loading Pt as the co-catalyst, the CuS/CdIn;Ss/ZnIn,S, photocatalysts achieved a hydrogen
production rate of 358.4 umol h~! ¢~! under simulated sunlight and a hydrogen production rate of
233.9 umol h™! g_1 under visible light (A > 420 nm), which were much better than those of bare P25
and ZnIn,S4. Such a performance was ascribed to the enlargement of visible light response and the
increase of the pathways for photo-generated carrier migration.
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Figure 8. Electronic band alignments relative to water redox potentials and possible transfer routes of
electrons and holes in (a) ZnMoS,/CuS and (b) ZnMoS,/ZnO/CuS. Adapted with permission from [35];
(c) energy band structure and corresponding photocatalytic reaction mechanism for H, production over
the CuS/CdIn;S4/ZnIn, Sy composite in Na,S—NaySO3 aqueous solution. Adapted with permission
from [36].

2.2.2. NiS-Based Polynary Heterojunctions

Li et al. synthesized hollow NiS/CdS/TiO, (NS/CT) photocatalysts by using a metal-organic
framework as a template (Figure 9a) [37]. Such heterojunction could not only enhance the visible
light absorption but also provided smooth transfer pathways for the electrons, thus facilitating the
photo-generated carrier separation. As a result, the optimal photocatalysts achieved a hydrogen
evolution rate of 2149.15 umol g~! h~!, which was much better than that of pure CdS and CdS/TiO,,
respectively (Figure 9b). This work provides a novel and facile synthesis approach to fabricate
high-efficiency photocatalysts. Wang et al. constructed a ternary nanocomposite via self-assembly
of ZnIn,S; microspheres on the surface of NiS/carbon quantum dots (CQDs) (Figure 9c) [38].
The as-prepared photocatalysts showed superior photocatalytic activity with a hydrogen evolution rate
of 2149.15 umol g_l h~!, much better than that of ternary CQDs/NiS/ZnIn,S4, which was synthesized
by deposition of NiS on the surface of CQDs/ZnIn,S, (Figure 9d). Such enhancement of ternary
CQDs/NiS/ZnIn,S, is ascribed to the introduction of CQDs, which acted as a bridge to promote
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the electron transfer from ZnIn,S, to NiS. This study indicated rational design and elaboration
of ternary CQDs-based systems show great potential in fabricating highly efficient photocatalytic
hydrogen evolution.

a) Visible light (b) »’;

~
-3
3
3

1500 @
L6

evolution (umol-g”

3
8
I

Potential vs. NHE (eV)

Rate of H,

h-TiO. Cds 30CT 0.3NS/30CT

1.0 W% NISCQDYZnlnS«

S
3

evolution / pmol

H, Hy

0 Yo~ ¢
e o P

2
2

h*h*h* )
Znin,S,

&
&

Amount of hydrogen

CQDs act as a bridge to promote the vectorial €QDs.
charge transfer from ZnIn,S, to NiS @ s .
@ b) ©
Photocatalyst
(e)
CDs
[
Impregnation
Cds CDs/CdS NiS/CDs/CdS

Figure 9. (a) Schematic illustration of the photocatalytic mechanism on NiS/CdS/TiO, photocatalysts;
(b) the corresponding H; evolution rate of the samples. Adapted with permission from [37]; (¢) proposed
mechanism over NiS/CQDs/ZnIn,S,4 nanocomposite for hydrogen evolution; (d) the amount of evolved
H; over different samples. Adapted with permission from [38]; (e) schematic illustration for the
synthesis of Ni5/CDs/CdS photocatalyst. Adapted with permission from [39].

Similarly, ternary NiS/CDs/CdS photocatalysts were rationally designed and successfully
synthesized by Liu’s group (Figure 9e) [39]. After adjusting the loading ratio of NiS and CDs,
the optimal composite exhibited a hydrogen evolution rate of 1444.5 umol h™! g=! under visible light,
which was much higher than that of bare Ni5/CdS and CDs/CdS. In the hybrids, the internal p—n
junction between NiS and CdS facilitated the charge separation, and the middle CDs acted as electron
reservoirs to extract electrons fast, thus further limiting the electron-hole recombination. This work
paves a new pathway for the rational design of efficient hybrid photocatalysts toward solar energy
conversion to chemical fuels.

3. 3D Nanostructure an Accelerator of the Photochemistry

Titanium dioxide in its anatase crystallographic phase is by far the most popular photocatalyst.
However, TiO, has a large band gap (3.2 eV for anatase) that can be excited only by UV light,
which lowers the solar energy conversion efficiency and prevents its use in the visible range
(negligible absorbance factor). Furthermore, TiO, strongly suffers from high recombination rate
of the photogenerated electron-hole pairs, which lowers its photoefficiency. Two strategies have been
used to overcome the limitations due to these factors with some success. One consists of doping
TiO, with non-metallic elements, such as C [40], N [41,42], S [43], B [42], etc., in order to lower the
electronic band gap, and the other deals with coupling TiO, with a second photoactive compound,
such as dye-based compounds [44,45] and semiconductors with a narrower band gap energy and a
suitable potential energy [46—48]. Even if these strategies enable one to extend the absorbance of TiO,
in the visible range, the stability of photoactive compounds and/or the efficiency of light harvesting
remains limited.
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Enhancing the light harvesting of the TiO, photocatalyst (absorbance factor) becomes a challenge,
especially regarding the management of light propagation. The speed of light in the medium ranges
around 1-3 x 10® m s~!, which implies about a hundred femtoseconds to pass through 10 um thick
samples (and even less for TiO, nanoparticles in colloidal solution). The confinement of the light in
the 3D structure has been reported as an efficient strategy to improve the light harvesting for better
photon to energy conversion.

Spherical nanoparticles used as dielectric Mie resonators were reported as a new and promising
system boosting the hydrogen production in plasmonic core-shell nanostructures. Gessesse et al.
designed a plasmonic sub-micrometric core—shell nanostructure capable of light manipulation for higher
photocatalytic production of hydrogen using a very low amount of Au nanoparticles (Figure 10a) [20].
The SiO,@Au@TiO, nanostructure mimics the role played by epidermal cells and act lens-like.
The researchers showed that the Mie scattering dominates when the particle size is larger than a
wavelength (Figure 10b). The Mie scattering produces complex field distribution patterns reminiscent
of directional antennas. This effect is sometimes referred to as a photonic nanojet. From the point of
view of geometrical optics, the increase in the scattering field intensity with a more intense forward lobe
reflects the fact that a dielectric sphere with large size behaves as a convex lens. Thus, the core—shell
nanostructure acts as a convex nano-lens reinforcing the electromagnetic field at the nanostructure
surface (Figure 10d). The electric field was also found to be enhanced, which improved the energy
absorbed for gold particles located near the shell surface. Tuning the size of the core—shell nanostructure
improved the absorption and thus improved the photocatalytic hydrogen production (Figure 10c).
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Figure 10. (a) Complex electric field distribution patterns for different diameters of silica core before
(510,) and after (SiO,@TiO;) shell coating and their correspondent TEM images; (b) the squared electric
field amplitude evolution vs. the core-shell size averaged over the plasmonic core-shell nanostructure;
(c) the photocatalytic hydrogen generation under UV visible light irradiation for variable size of the
core—shell plasmonic nanostructure (70 to 450 nm); (d) UV visible absorption spectra of plasmonic
core—shell with variable silica core size.
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Periodically structured optical medium (due to multiple Bragg scattering) has also been reported
as an efficient strategy to control the light propagation and, in particular, the frequency-wavevector
dispersion relation, i.e., the photonic band structure [49]. The pioneering work of Yablonovich [50]
proposed the basics of the extraordinary properties of photonic crystals (PCs) (Figure 11a). Photonic
crystals in nature, e.g., butterfly wing, weevil, or beetle cuticles, present amazing and complex
structures that manage the propagation of light in such a perfect way that they produce iridescent
colors [51,52]. PCs can be produced artificially either by alternating high and low refractive index
materials [53,54] or by self-assembling spherical nanoparticles [55]. PCs designed from 1D, 2D, and 3D
periodical arrangement of materials interact with electromagnetic radiation and inhibit the propagation
of light in well-defined wavelength (energy) ranges and directions (photonic band gap) (Figure 11b).
Many developments in waveguides [56], dielectric mirrors, sensors [57], and low threshold lasers [58]
derive directly from the photonic band gap property. However, the propagation of light at the bandgap
edges recently attracted attention in photocatalytic applications. At the lower photon energy edge
(red edge) of the photonic bandgap, the light standing wave intensity peaks are primarily localized in
the high refractive index dielectric regions of the PC, whereas at the higher photon energy edge (blue
edge), they are primarily localized in the low refractive index dielectric regions. The group velocity of

light (Vg = 24 js defined as the “local derivative” or the “slope” of the photonic band curve in the
dk

-

frequency w versus wave-vector k diagram. Near the photonic band edges, this derivative tends to
zero, i.e., the photonic band curve flattens. In other word, near the red-edge (or blue-edge) wavelength
of the photonic band gap, the light is slowed down, justifying the term “slow photons”. The residence
time of photons in the PCs increases considerably, which could improve the absorbance factor of
the material. Kang’s group used the concept of “slow photon” to increase the photoefficiency of the
Au/TiO, PCs structure [59]. The authors attributed such an enhancement to the improvement of the
light harvesting due to the low group velocity of light near the red-edge of the “stop-band” (another
name for photonic band gap). They reported that the enhancement of the photocatalytic efficiency was
closely related to the position of the Bragg reflection peak wavelength with respect to the electronic
band edge of TiO, (Figure 11e).

Recently, Gesesse et al. proposed the use of cellulose nanocrystals as a biotemplate to structure
TiO; films in order to improve its light harvesting properties [19]. The authors use the capability of
cellulose nanocrystals to organize themselves in chiral nematic structures to obtain a photonic film used
as a biotemplate (Figure 12a,b). The proposed method enables one to synthetize TiO, films containing
a replica of the chiral nematic structure. Under illumination, the charge carriers density was improved
for the mesostructured films (Figure 12c). Particularly, the absorption factor of TiO; increase due to the
multiple light scattering within the structured film resulted in higher photoefficiency. Introducing
plasmonic nanoparticles (such as gold) in such a structure improves the plasmon intensity, which leads
to higher photocatalytic production of H, (Figure 12d).
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4. Imogolite Clay Nanotubes (INT)

Tubular structures with tunable monodisperse diameters in the nanometer scale are attracting a
lot of attention in nanosciences lately. In recent years, nanotubes have been recognized as an ideal 1D
nano-platform appealing for applications to be potential catalytic nanoreactors for energy conversion
application [60-62]. In parallel, synthesis of 2D and 3D nanostructures with permanent polarization
has shown interesting activities due to their capacities of generation and separation of charge carriers
(e7/h™) [63], resulting in a new type of photoactive material [64]. To the best of our knowledge, the
use of polarized, diameter-controlled nanotubes for carrying out the typical photocatalytic steps is a
paradigm to explore but might set a landmark of a new generation of catalysts. This challenging and
promising area requires understanding and control of the molecular interactions with the interface
at the nanometer-scale, the photonic profile from the light activation source, and the heterogeneous
catalysis of the nanoreactor.

4.1. A Promising Tunable Nanoreactor

INTs appear in this context as promising functional nanostructures [65,66]. Belonging to clay
minerals, imogolite is a naturally occurring aluminosilicate nanotube originally described in volcanic
soils of Japan [67]. The structure of these nanotubes consists of a curved dioctahedral gibbsite-like
layer where isolated tetrahedron units are connected upright to the octahedral vacancy by sharing
three oxygen atoms (Figure 13).

Isomorphic
substitution

Figure 13. Structure and inner diameter size for the endmembers of single-walled imogolite clay
nanotubes (INT) with nominal composition (OH)3Al,03SixGe;_x(OH). Color code: silicon (yellow);
germanium (orange); aluminum (blue); oxygen (red); hydrogen (white).

However, INTs are widely dispersed in the environment, thus limiting their applications. The
major breakthrough for using INTs was certainly their synthesis by sol-gel methods under mild
conditions [68]. Moreover, INTs benefit from a well-defined minimum of strain energy [69,70], which
allows the direct synthesis of nanotubes monodisperse in diameter [71,72] and chirality [73] with
adjustable pore size (1-3 nm), shape (single-walled, SW, or double-walled, DW), and surface properties
(hydrophilic or hydrophobic internal cavity) simply by isomorphic substitution (Figure 13) [74-79].
Isomorphic replacement of the outer octahedron atom (AI**) and the internal tetrahedron sites (Si**)
with different transition metals or functional groups leads to a theoretical general formula of INT
defined as [80]:

(OH); Al xMxO3N(R)

where M = Fe, F; N = 5i, Ge, As; R = OH, CH3, CH;NH,;. The aim of replacing one of these two
atoms (M or N sites) or even both simultaneously is to drive changes on the overall structure of the
INTs (either in the external or in the internal surface), namely on structural, morphological, optical,
and electronic properties that can be beneficial for their activity. Another important strategy of INT
modification consists of functionalizing the outer surface with a different functional group. The high
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density of hydroxyl groups on the outer surface of imogolite nanotubes (~18 OH/nm?) allows grafting
polymers with specific functionalities to interact either by covalent or hydrogen bonding.

4.2. Applications in (Photo)Catalysis

Owing to their peculiar structure, the inner and the outer surfaces of INTs present unique
acid/base properties, offering different pathways for adsorption, catalytic reactions, and—to a lesser
extent—photocatalysis. The purpose of this section is to provide the state-of-the-art of studies dealing
with (photo)catalysis applications using INTs.

4.2.1. Catalysis and Fenton Reaction

In a seminal paper, Farmer et al. suggested that the catalytic properties of INTs could be unique [81].
It was found shortly after that INTs may be suitable for hydrodemetalizing heavy oils and selectively
hydroprocessing asphaltenes in crude oils [82]. Since then, several studies have demonstrated that INTs
offer a wide range of uses in the isomerization of various molecules, such as 1-butene [83], x-pinene [84],
or glucose [85], to cite a few. Although the observed conversion rate is not significantly different
from that obtained with conventional catalysts, these works can be regarded as proofs-of-concept on
the use of INTs as catalysts with potential improvement through their structural modifications by
either isomorphic substitution or functionalization. A promising step is the structural incorporation
of transition metals in the outer wall of the nanotubes, typically by partial substitution of AI** with
iron Fe3* (or Fe?*) with low substitution ratio x = [Fe]/([Fe] + [Al]) (x < 0.1) to avoid the formation of
by-products [86].

Ookawa and co-workers used Fe-doped INTs for catalytic oxidation with H,O, of different aromatic
hydrocarbons compounds, such as phenol, cyclohexene, benzene, chlorobenzene, or benzaldehyde, to
their respective isomers but with low selectivity [87,88]. In a similar approach, Shafia et al. followed
the degradation of the azo-dye Acid Orange 7 (AO?7) in the presence of H,O, and Fe-doped INTs [89].
The system achieved 90% dye removal from the solution after only 5 min of contact, suggesting that Fe>*
ions can coordinate the nitrogen atoms of AO7. Beyond isomorphic substitution, metal-loaded INT is
another strategy for catalytic applications. Imamura etal. prepared a Cu-loaded INT as a binary catalyst
for the decomposition of two peroxides with different molecular sizes, namely tert-butyl hydroperoxide
and 1,1-bis (tert-butyldioxy)cyclodecane, which exhibit around 80% conversion after 100 and 300 min,
respectively [90]. Supramolecular functionalization of imogolite with 3-aminopropyltriethoxysilane
(3-APS) was employed to immobilize soluble catalysts such as osmium tetroxide (Figure 14a) [91].
The resulting ternary complex was tested for dihydroxylation of a wide range of olefin species, but
despite an isolated yield ca. 70-90% after 2 h, the reuse of such a complex was compromised due to the
partial leaching of osmium.
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Figure 14. (a) Surface-modified imogolite with 3-aminopropyltriethoxysilane (3-APS)-OsO4 complex
for the dihydroxylation of olefins. Adapted with permission from [91]; (b) proposed photodegradation
mechanism of acetaldehyde under visible light irradiation by Cu(II)-graftedTiO,/INT composite based
on (OH);Al,03Si(OH). Adapted with permission from [92].

4.2.2. Photocatalysis

The distinctive physico-chemical properties that make INTs (typically with chemical formula
SiAl,O4Hy) attractive for photocatalytic applications are: tubular structures attributing a bi-functional
surface [external octahedron of aluminum (Al) and internal tetrahedron of silicium (Si)], tunable
monodisperse diameter, permanent polarization, and real-space separation of the valence band (VB)
and the conduction band (CB) edges. One can say that these peculiar nanotubes presenting the
mentioned properties may serve as suitable nanoreactors to enhance charge carrier separation and
transport path distances across the nanotube walls, which would favor the H, production yields.
Specifically, one can mention the permanent dipole density at the walls of INTs (either single or double
walled) provided by DFT calculations results in an electronegative inner tube, while the outer tube
displays an electropositive surface that might promote a permanent polarization that seems to be
beneficial for photocatalysis steps. Nevertheless, experimental evidences shall confirm this theoretical
prediction. Briefly, for the case of CO, reduction, literature points out that one key parameter is the
uptake of CO, adsorption onto the surface of the catalyst. In this direction, we thus believe that INTs
might behave as highly porous structures as analogs to MOF that can benefit the bi-functional surface
to enhance CO, molecules adsorption, and then the typical photocatalytic steps can take place.

Degradation of organic pollutants is an evolving field within photocatalysis, thermal, and/or
chemical activations. With their unique structure, INTs may appeal to address environmental
issues. Pristine and Fe-doped INTs with methylated (hydrophobic) inner cavities were tested for the
photocatalytic degradation of tartrazine in the presence of H,O, [93]. Bare methyl-INTs achieved
65% total organic carbon (TOC) removal after 2 h under UV light. However, Fe-doped methyl-INTs
(with x = 0.025), allowed 90% TOC removal within the same UV irradiation period. Fe-doped INTs
saw their band gaps significantly decreased compared to bare INTSs, resulting in an improvement of
light absorption. A more elaborated approach was reported by Katsumata et al. by grafting Cu(Il)
onto the TiO; surface, which was subsequently coupled with INTs [92]. The successful preparation
of this ternary was tested to enhance the removal and the photodegradation of acetaldehyde under
visible light irradiation. The authors proposed that imogolite not only adsorbed acetaldehyde but
also the intermediate degradation products, which were subsequently degraded by the radical
species generated through a photoinduced interfacial charge transfer of electrons from TiO, to Cu(1l)
(Figure 14b). In addition, the decomposition of acetaldehyde into CO, seemed to be unaffected by
relative humidity, offering a wide range of applications in different environments for this effective
visible light-driven photocatalyst composite.
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An attractive and promising issue regarding this class of nanotubes is certainly their unique
interface polarization. Gustafsson was the first to propose that elongations and shortening of outer
Al-O and inner Si—O bonds could be at the origin of a weak positive (negative) charge on the outer
(inner) surface of the nanotubes [94]. Teobaldi’s group pioneered the DFT calculations applied to INTs
on different physico-chemical forms [70]. These simulations confirm that INTs display a permanent
dipole surface density us (Figure 15a,b). More importantly, INTs present a real-space separation of
the valence band and the conduction band edges, which may be beneficial for electron-hole (e~/h™)
separation via optical charge-transfer excitations across the nanotube walls [95]. The forward-looking
improvement of e”/h* separation can therefore be effective in sustaining photocatalytic reactivity
directly by the nanotube itself [96-98]. Although the computed VB and CB edges and the corresponding
energy drive toward photoreduction (or photooxydation) appear to depend weakly on the nanotube
diameter and the curvature, the separation of charges in methyl-modified INTs seems to be related to
the nature of isomorphic substitution with respect to the inner cavity (Figure 15a,b) [73].
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Figure 15. Front view of the real-space separation between the valence band (green) and the conduction
band (red) edges for armchair methylated INTs (OH)3; Al,O3Y(CHj3). (a) Y = Si; (b) Y = Ge. The black
arrow illustrates the direction of the permanent dipole surface density i of the nanotube wall. Adapted
with permission from [73].

Interestingly, the presence of a second nanotube (double-walled structure) or the role of defects
may induce strong changes in the wall polarization [98]. These differences further illustrate the potential
of controlling the structure of INTs for finely tuning the electrostatics inside the nanotubes’ cavities.
This could make imogolite an interesting option for photocatalysis, where the permanent dipole density
at the walls of INTs can be exploited for selective reduction/oxidation of different reactants on different
sides of the nanotube cavity and to control the overall energy drive and kinetics of the redox event for
confined molecules. Hydrogen production and CO, reduction are the leading reactions to evaluate the
performance of photocatalytic materials for energy applications [99]. To the best of our knowledge,
there is still no report on any of these two reactions by using INTs. Taking advantage of intrinsic
polarizability properties and ease of production, the potential of INTs for polarization-enhanced
photocatalytic applications will certainly stimulate further experimental investigations in the near
future. Therefore, the use of INTs for energy conversion is feasible in the near future, bringing a new
type of material into the vast field of photocatalysts.

5. Conclusions and Perspectives

Designing efficient photocatalysts with high photo-conversion efficiency is the ultimate goal
for photocatalytic Hy evolution. This review summarizes some typical routes for the elaboration
of high-performance photocatalysts to improve the photo-conversion efficiency. Firstly, the recent
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progress in fabricating CuS- and NiS-based heterojunctions for photocatalytic H, is summarized.
Afterwards, TiO; based core—shell structures and periodical structures with excellent adsorption ability
are discussed. Lastly, imogolite hollow cylinders are introduced in brief, and their application for
photocatalysis is proposed.

Although reasonable research progress was accomplished on the design of photocatalysts with
high-conversion efficiency, there are still some issues to be addressed. For example, most metal
chalcogenides-based heterojunctions can only split water in the presence of sacrificial agents. Hence,
it is very urgent to develop novel metal chalcogenides-based heterojunctions that can split water
directly without sacrificial agents. There are two solutions: (1) combining two semiconductors in one
heterojunction, which can drive hydrogen and oxygen production; (2) design and preparation of novel
metal chalcogenides with more suitable band gap and potential band position. Another issue for metal
chalcogenides is that the photocatalytic active sites for H; are rarely studied. However, the catalytic sites
are very important for us to continue research on catalyst modification and efficiency improvement.

To the best of our knowledge, no studies of photocatalytic H, production or CO, reduction
using INTs have been reported to date. Therefore, the introduction of this emerging material as a
suitable nanoreactor due to its semiconductor predicted features should be undertaken. In relation
to the challenges of photocatalysis, namely the use of the full spectrum of solar irradiation, two
main modification strategies for INTs can be proposed: doping and functionalization. Such issues
can be studied by cutting-edge characterization technology along with theoretical calculations,
such as in operando X-ray adsorption spectroscopy, Fourier-transform infrared spectroscopy,
and transient absorption measurements to provide advanced structure—activity correlations and
mechanism explanations.
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