¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Visible-light-driven organic transformations

".) Check for updates‘
integrated with H, production on semiconductors

Cite this: Mater. Adv., 2020,

1, 2155 Jian-Hong Tang and Yujie Sun (2 *

Due to its clean and sustainable nature, solar energy has been widely recognized as a green energy
source in driving a variety of reactions, ranging from small molecule activation and organic transformation
to biomass valorization. Within this context, organic reactions coupled with H, evolution via
semiconductor-based photocatalytic systems under visible light irradiation have gained increasing
attention in recent years, which utilize both excited electrons and holes generated on semiconductors and
produce two types of value-added products, organics and Hy, simultaneously. Based on the nature of the
organic reactions, in this review article we classify semiconductor-based photocatalytic organic
transformations and H, evolution into three categories: (i) photocatalytic organic oxidation reactions
coupled with H, production, including oxidative upgrading of alcohols and biomass-derived intermediate
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compounds; (ii) photocatalytic oxidative coupling reactions integrated with H, generation, such as C-C,
C-N, and S-S coupling reactions; and (i) photo-reforming reactions together with H, formation using
organic plastics, pollutants, and biomass as the substrates. Representative heterogeneous photocatalytic
systems will be highlighted. Specific emphasis will be placed on their synthesis, characterization, and
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1. Introduction

The exploration of sustainable and renewable energy sources
has received increasing attention in order to reduce our
dependence on finite and environmentally unfriendly fossil
reserves.'® Solar energy, as one of the most green and
abundant renewable energy sources, represents a promising
candidate, which can be directly converted to chemical energy
via photocatalysis.”> Among various photocatalytic systems,
semiconductor-based photocatalytic H, production integrated
with organic transformations not only directly produces H, as
the cleanest energy carrier and chemical fuel but also has
potential to generate value-added organic products.®® In this
process, photo-excited electrons of irradiated semiconductors
reduce protons to yield H,, while the resulting holes simulta-
neously drive oxidative organic transformations (Scheme 1).
Given the fact that the major component of the solar
spectrum falls in the range of 400-700 nm, it is critical to
develop visible light-absorbing photocatalytic systems in order
to effectively capture solar irradiation and hence achieve a high
solar energy conversion efficiency.’®"? In this regard, homo-
geneous photocatalysts consisting of transition metal com-
plexes or organic dye molecules whose absorption spectra
cover the visible region have been widely investigated for
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photocatalytic mechanism, as well as the organic reaction scope and practical application.

Organic
Transformations

Scheme 1 Schematic representation of the dual function of a semiconductor-
based photocatalyst for integrated H, evolution and organic transformations.

photocatalytic H, evolution and organic transformations.
Nevertheless, the challenging separation of these molecular
photocatalysts and/or sensitizers from reaction media, together
with their questionable long-term stability, represents apparent
drawbacks of their practical application on a large scale.'
Comparatively, heterogeneous photocatalysts can be phase-
separated from most products and also tend to exhibit better
durability. Hence, visible light-responsive heterogeneous
photocatalysts are highly desirable for H, production coupled
with organic oxidations. Among a wide array of heterogeneous
photocatalysts, semiconductors ranging from transition metal
oxides and sulphides to metal-free carbon nitrides have
emerged as the most representative visible light-active solid-
state photocatalysts."*™*®
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In the last several years, the research field of semiconductor-
based photocatalysis for selective organic transformations
integrated with the production of clean and carbon-free H, has
made significant advancements.®”*'® A diverse array of organic
reactions coupled with H, production have been realized such as
the oxidation of alcohols and biomass-derived intermediate
compounds, C-C, C-N, and S-S coupling reactions, degradation
of plastics and pollutants, and biomass photo-reforming
reactions. In this review, we focus on visible light-driven photo-
catalysis consisting of semiconductors and aim to summarize
the recent progress in this infant research field. Specifically, we
will discuss the synthesis, characterization, and photocatalytic
mechanism, and performance of each photocatalytic system in
specific organic reactions. The current advances and critical
issues in this field will also be highlighted.

2. Photocatalytic organic oxidation
coupled with H, production

2.1 Integration of H, production with the oxidation of alkyl or
aryl alcohols

Visible-light-driven photocatalytic oxidation of alcohols to their
corresponding carbonyl compounds with concurrent H, genera-
tion is a promising strategy for solar energy conversion and storage
in value-added chemicals and fuels. Recently, a large amount of
semiconductor-based photocatalysts have been developed for
oxidizing alkyl or aryl alcohols to aldehydes and/or ketones
coupled with H, production by simultaneously utilizing photo-
generated electrons and holes (Scheme 2).

In 2013, Higashimoto et al. reported a Pd-deposited CdS-
TiO, photocatalyst for the selective oxidation of benzyl alcohol
to benzaldehyde accompanied by H, evolution under visible
light irradiation."” The synergistic effects of CdS, TiO,, and
Pd species enhanced the photocatalytic activities with high
selectivity (>99%), wherein CdS-TiO, works as the photo-
responsive center, while the Pd species act as the co-catalyst.
Moreover, this photocatalytic system was able to drive the
oxidation of a large scope of benzyl alcohol derivatives with
substituents from electron-donating (p-OH, m-OCH; and
p-CH;) to electron-withdrawing groups (p-Cl). Recently, a noble-
metal-free Ni/CdS photocatalyst (Ni nanocrystal-modified CdS
nanoparticles) for transforming alcohols to corresponding alde-
hydes or ketones and H, was reported by Xu and co-workers
(Fig. 1a)."® In situ photodeposition was employed to decorate the
CdS surface with Ni nanocrystals to prepare the target photo-
catalyst. The high-resolution transmission electron microscopy
(HRTEM) image of Ni/CdS indicated that metallic Ni nano-
particles with lattice distances of (111) and (200) were success-
fully deposited on the CdS surface (Fig. 1b). As shown in Fig. 1c,
a series of control samples were investigated to probe the impact
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Scheme 2 Representative photocatalytic oxidation of alcohols.
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Fig. 1 (a) Schematic representation of visible light-driven alcohol oxidation
coupled with H, evolution on a Ni/CdS photocatalyst. (b) HRTEM image
of Ni/CdS (the inset image is the Fourier transform of the marked area).
(c) Produced H, amount during the photocatalytic oxidation of 2-propanol
using different photocatalysts. (d) Proposed mechanism for the photo-
catalytic alcohol oxidation coupled with H, evolution. Reprinted from
ref. 18 with permission from American Chemical Society, copyright 2016.

of various co-catalysts on CdS, which revealed the important
role played by the synergistic effect between Ni and Cds.
Accordingly, the authors proposed a photocatalytic mechanism
of Ni/CdS for efficient alcohol oxidation coupled with H,
production. As shown in Fig. 1d, firstly, a photo-excited electron
on CdS reacts with a proton that is abstracted from the alcohol
substrate to afford Ni-H and an alkoxide anion. The alkoxide
anion is then oxidized by the photo-excited hole to generate
another Ni-H and produce the corresponding aldehyde or
ketone. Finally, two resulting Ni-H form one H,.

Besides CdS-based photocatalysts,'” ' several other categories
of semiconductor-based photocatalysts have also been investi-
gated for the selective oxidation of alcohols, such as Zn;In,Ss,>*
2-C5N,,>* and SrTiO;.>* For instance, Zn;In,Se photocatalysts
were prepared via a facile solvothermal method for the selective
transformation of aromatic alcohols to aldehydes and H, under
visible light irradiation.*” Recently, Wu and co-workers unveiled a
CdSe quantum dot photocatalyst capped with 3-mercaptopropionic
acid (denoted as MPA-CdSe QD) for efficient photo-oxidation of
alcohols to carbonyl compounds. Upon visible light irradiation,
a wide array of alcohols can be selectively oxidized to the
corresponding aldehydes/ketones using Ni** ions as a H,
evolution cocatalyst, and 3-mercaptopropionic acid and water
as relay reagents.””

2.2 Integration of H, production with oxidative valorization of
biomass-derived intermediate compounds

Following the growing interest in exploring green carbon
resources as an alternative to fossil reserves, biomass valoriza-
tion has attracted increasing attention. Consequently, a large
amount of effort has been devoted to developing photocatalytic
systems for the solar-driven upgrading of biomass-derived
intermediate compounds.”®™" Compared to the use of traditional
hole scavengers in photocatalytic H, production, which inevitably

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Representative photocatalytic oxidation of biomass-derived
intermediate compounds.

leads to the increase of cost and production of waste, renewable
biomass and biomass-based intermediates are not only able to
consume the photo-excited holes but also produce value-added
chemicals in addition to H,. To date, considerable advances
have been achieved in this emerging research field (Scheme 3).

Among many biomass-derived intermediate compounds,
furanics are considered as platform chemicals in that they
can be converted to a variety of valuable products. Sun et al
reported the selective upgrading of furfural alcohol and
5-hydroxymethylfurfural (HMF) to their corresponding alde-
hydes and acids with concomitant production of H, utilizing
ultrathin Ni/CdS nanosheets as the co-photocatalysts (Fig. 2).*°
In neutral water, both furfural alcohol and HMF were trans-
formed to aldehydes with distinct reaction rates as rationalized
by theoretical calculations. It was found that HMF exhibited a
much slower conversion rate, probably due to the slightly
stronger binding affinity of the aldehyde group in HMF relative
to its alcohol group as supported by the theoretical computation
results. In comparison, quantitative carboxylate products could
be obtained from both furfural alcohol and HMF if the photo-
catalysis was conducted under alkaline conditions. Therefore, it
was feasible to selectively produce either furanic-derived alde-
hydes or acids via fine tuning the reaction conditions.

By using a low-temperature wet chemistry method, Xu et al.
prepared a photocatalyst of Ti;C,T,/CdS, which was also able
to drive the photo-oxidation of furfural alcohol to furfural
together with the production of H,.>” Ti,C,T, was used to
capture the photo-generated electrons in CdS, accelerating
the separation and transport of photo-excited charge carriers
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Fig. 2 (a) Synthetic route of ultrathin Ni/CdS nanosheets for integrated H,

production and biomass valorization. (b) Concentration change over time
for the photocatalytic oxidation of furfural alcohol and HMF under neutral
conditions. (c) Concentration change over time for the photocatalysis of
HMF under alkaline conditions. Reprinted from ref. 30 with permission
from American Chemical Society, copyright 2017.
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and enhancing the photocatalytic performance. Kailasam
and co-workers reported the selective oxidation of HMF to
2,5-diformylfuran (DFF) with >99% selectivity by using porous
carbon nitride as a photocatalyst and Pt as a co-catalyst.?®
Porous carbon nitride absorbs visible light to generate holes
and electrons. Pt facilitates charge separation and improves the
production of H,. The photocatalytic reaction achieved a DFF
yield of 13.8% and a H, production rate of 12 mmol h™* m™>
after 6 h irradiation with visible light. Furthermore, a 7.2%
yield of DFF production and a 6.2 mmol h™* m? rate of H,
evolution were obtained under natural sunlight for 6 h.

3. Photocatalytic oxidative coupling
reactions integrated with H,
generation

3.1 Integration of H, production with C-C coupling reactions

In addition to the unimolecular oxidation reactions for the
consumption of photo-generated holes, bimolecular oxidative
coupling reactions can also be achieved on semiconductors
under visible light irradiation with simultaneous H, production
(Scheme 4).>>7** For instance, Xie and co-workers reported a
CdS nanorod photocatalyst decorated with MoS, nanofoams for
the direct conversion of methanol to ethylene glycol (EG) with
90% selectivity and high efficiency together with H, production
upon visible light irradiation.>® CdS enables the facile genera-
tion of *CH,OH for subsequent C-C coupling and the MoS,
nanofoam co-catalyst improves the evolution of H, and the
overall photocatalytic activity. A concerted proton-electron
transfer mechanism was proposed wherein a hydroxymethyl
radical (*CH,OH) intermediate was formed after the selective
activation of the C-H bond in methanol. The weak adsorption
of *CH,OH and CH3;O0H on the catalyst surface facilitates the
C-C coupling reaction and decreases the possibility of O-H
bond activation of CH;OH. Very recently, as shown in Fig. 3a,
the same group developed an environmentally friendly CoP/
Zn,In,Ss catalyst via a simple low-temperature hydrothermal
and ultrasonic method for transforming methanol to EG under
visible-light irradiation without using the toxic Cd metal
element.*> CoP in the hybrid CoP/Zn,In,S; photocatalyst facil-
itates charge separation and promotes its photocatalytic per-
formance for the formation of both EG and H,. Zn,In,Ss was
demonstrated to selectively activate the o-C-H bond in alcohols
without affecting the O-H group. Besides, this catalytic system
was also demonstrated to be effective for the coupling of
ethanol to 2,3-butanediol arising from the formation of the
*CH(OH)CH; radical. Mechanistic studies indicated that the
redox potential of Zn,In,S,,.; was substantially more positive
than that of EG/CH;0H (Fig. 3b), which provided sufficient

OH
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Scheme 4 Representative photocatalytic C-C coupling reaction.

Mater. Adv., 2020, 1, 2155-2162 | 2157


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00327a

Open Access Article. Published on 27 2563. Downloaded on 7/1/2569 18:31:48.

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

(cc)

Review
@ Hydrothermal synthesis Ultrasonication
xt, gZn(Ac), Zn,,In;S .3 Zn,InS s
e ~ 2InClI
(*f "r : p y
—_—~
,HsNS multi-layer few-layer

-~ N
208 g | £ (V vs. NHE, pH=7)
[ I Zn,In,S -
¥ 4o} cds ins, ZninsS, 2_32?1285 o7 -
2 s 22 . O/H, (-0.42)
L o - [ =EEICH o (0.37)
= N 3 0 © g
3 3 o oi 3% ol (eV)
2 1of | —0,/H,0(0.81)
> o —
b s 8 R 3 I
20F 175 175 183 ==VBF

Fig. 3 (a) Schematic illustration of the low-temperature hydrothermal
and ultrasonic process used to synthesize Zn,InsS,.3. (b) Energy levels
of several related redox couples and band-edge positions of selected
semiconductors. Reprinted from ref. 32 with permission from Royal
Society of Chemistry, copyright 2020.

redox power for the oxidative coupling of methanol to EG and
ethanol to 2,3-butanediol with the co-production of H,.

Besides alcohols, C-H bonds in furanics could also be
activated for C-C coupling reactions on semiconductor-based
photocatalysts. Recently, Wang et al. reported a Ru-doped ZnIn,S,
photocatalyst, which was prepared following a one-pot hydro-
thermal method, in order to achieve the dehydrogenative C-C
coupling of lignocellulose-derived methylfurans to diesel fuel
precursors and H, under visible light irradiation.*® Benefiting
from the Ru dopants to improve the light harvesting and charge
separation efficiency, this Ru-ZnIn,S, photocatalyst showed
decent performance with a diesel fuel precursor production rate
0f 1.04 g Zeatayst + h™ ' and high selectivity (>96%), as well as a H,
production rate of 6.0 mmol geaaysc * h~'. Subsequent hydro-
deoxygenation treatment of the obtained coupling products of
furanics would result in the desired diesel fuels containing
straight- and branched-chain alkanes. By modulating the Zn/In
ratio in the ZnIn sulfides, the same group also demonstrated
controllable production of deoxybenzoin or benzoin from
benzyl alcohol integrated with H, evolution under visible light
irradiation.*® It’s worth noting that they successfully synthe-
sized deoxybenzoin derivatives on a gram scale by using this
photocatalytic system.

3.2 Integration of H, production with C-N coupling reactions

Photocatalytic C-N coupling of amines integrated with H,
production on semiconductors has emerged as a mild and
green method for the efficient synthesis of imines, which have
important applications in the research fields of pharmaceuti-

cals and agricultural chemistry (Scheme 5).>°% For example,

N Cat Semiconductor
2 NH, +H2 lR pOCngCngHprCh
S F Solvent
R
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Scheme 5 Representative photocatalytic C—N coupling reaction.
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Ni/CdS was reported to be able to photocatalyze the C-N
coupling of amines to produce imines under visible light
irradiation, while H, was produced in the meantime.?” Speci-
fically, the synthesized Ni/CdS nanoparticles showed superior
benzylamine conversion (close to 100%) and excellent imine
selectivity (97%). The maximum H, production rate was
21.4 mmol g~ " h™" with an apparent quantum yield of 11.2%.
Compared to the use of common sacrificial reagents such as
TEOA or Na,S/Na,SO;, the H, production rate increased two
orders of magnitude when integrated with C-N coupling of
amines to imines. Moreover, the obtained photocatalysts
can be recycled several times without visible photocatalytic
activity loss, indicating their robust stability and recyclability.
A plausible mechanism was proposed that photo-excited elec-
trons on CdS rapidly migrated to Ni nanoparticles to reduce
protons to H,, while photo-excited holes generated carbon
cationic species to afford the target imine product. This photo-
catalyst also exhibited great tolerance of a wide substrate scope
with various substituents on aryl amines with outstanding
photocatalytic performance.

By rational design, Zhang et al. developed nickel-decorated
ultrathin CdS nanosheet (Ni/CdS) photocatalysts with signifi-
cantly enhanced photocatalytic performance (Fig. 4a) for the
C-N coupling of amines. As shown in Fig. 4b, the high resolu-
tion transmission electron microscopy image of Ni/CdS showed
the uniform deposition of Ni clusters on the two-dimensional
ultrathin CdS nanosheets. A remarkable apparent quantum
yield of 44% together with high efficiency and excellent stability
was realized under visible light irradiation (Fig. 4c and d). The
kinetic study of H,qs desorption to form molecular H, indicated
that the Ni clusters on CdS were the active sites to promote
the recombination of H,q4s. The photo-generated holes on the
surface of CdS oxidize amines to aldimine intermediates and
generate protons. Another amine molecule reacts with the
aldimine intermediate to form the imine and NH;. A series of

s
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Fig. 4 (a) Schematic representation of nickel-decorated ultrathin CdS

nanosheets as photocatalysts for the C—N coupling of amines to imines.
(b) HRTEM of the Ni/CdS photocatalyst. (c) Photocatalytic performance of
Ni/CdS for the production of imines and H, during photolysis. (d) Stability
test of Ni/CdS for five consecutive photolysis experiments. Reprinted from
ref. 36 with permission from American Chemical Society, copyright 2020.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00327a

Open Access Article. Published on 27 2563. Downloaded on 7/1/2569 18:31:48.

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

(cc)

Materials Advances

Cat. Semiconductor R T e .
2R-SH —————— 3= S-S *+ H :R = alkyl, aryl |
Solvent, = lemaoeiod

Visible light

Scheme 6 Representative photocatalytic S—S coupling reaction.

primary and secondary amines with different functional groups
were feasible to be coupled on Ni/CdS, suggesting a great
universality of the ultrathin Ni/CdS nanosheets for the C-N
coupling of many amines to yield value-added chemicals.*®

3.3 Integration of H, production with S-S coupling reactions

Disulfides, as a category of important chemicals that contain
S-S bonds, have attracted extensive research interest in syn-
thetic chemistry, pharmaceuticals, and materials science
(Scheme 6).%° Traditional synthetic approaches of disulfides
usually rely on the oxidative coupling of thiols, which are
hindered by limitations like over-oxidized byproducts, compli-
cated purification processes, and the requirement for expensive
reagents.’®*" Recently, photocatalytic S-S coupling for the selec-
tive and efficient conversion of thiols into disulfides and H, has
been reported under visible-light irradiation without the require-
ment for any sacrificial reagent or oxidant.*>** For instance, Li
et al. reported PtS/ZnIn,S, nanocomposites for the photocatalytic
S-S coupling of thiols to produce disulfides and H,.*> The
photocatalyst was prepared by photo-reduction of [PtClg]*~ on
ZnIn,S, and the resulting PtS/ZnIn,S, displayed high stability and
recyclability. The optimum photocatalytic performance of 0.5 wt%
PtS/ZnIn,S, showed a complete transformation of thiols to
disulfides and H, in 6 h under visible light irradiation without
over-oxidized products. It was demonstrated that PtS acted as an
efficient hydrogen evolution co-catalyst to enhance the photo-
catalytic behavior of PtS/ZnIn,S, nanocomposites, which could
be applied in transforming various thiols into their corres-
ponding disulfides ranging from benzyl mercaptanes with
different substituents to furfuryl mercaptan and thiophenols.

4. Photo-reforming reaction together
with H, generation

4.1 Integration of H, production with the photo-reforming of
organic plastics and pollutants

Photo-reforming of organic plastics and pollutants to less-
hazardous products with the concurrent production of H,
not only reduces the global environmental crisis but also
produces a green energy carrier and clean chemical feedstock,
H, (Scheme 7). As such, Reisner et al. reported inexpensive CdS/
CdO, quantum dots as photocatalysts to convert plastic waste into
H, and organic products such as formate, acetate, and pyruvate
via visible light-driven photo-reforming (Fig. 5a and b).** The bulk

+ Ho/\/OH + H2T
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Scheme 7 Representative photo-reforming of polyethylene terephthalate
(PET).
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Fig. 5 (a) Schematic photo-reforming of plastic to organics via CdS/CdO,
quantum dots with the co-production of H, in alkaline aqueous media. (b)
Produced H, amount of the photo-reforming of PET bottles under
simulated solar irradiation over several days. Reprinted from ref. 44 with
the permission of Royal Society of Chemistry, copyright 2018. (c) Sche-
matic diagram of the polymer photo-reforming process using a CN,|Ni,P
photocatalyst. (d) Produced H, amount of the photo-reforming of PET and
PLA. Reprinted from ref. 45 with permission of American Chemical Society,
copyright 2019.

band gap (2.4 eV) and band positions (CB: —0.5 V vs. NHE, VB:
+1.9 V vs. NHE) of CdS enable its visible light absorption and
photo-reforming reactions without a co-catalyst. It's worth noting
that this reaction system enables photo-reforming a variety of
plastics in a straightforward manner, including polyethylene
terephthalate (PET), polylactic acid (PLA), and polyurethane. More
attractively, even real plastic samples were tested for photo-
reforming using the CdS/CdO, photocatalysts and a H, generation
activity of up to 4.13 £ 0.40 mmoly;, geqs” * h™ ' with an external
quantum yield of 2.17 + 0.38% and conversion of 5.15 + 0.72%
was achieved under visible light irradiation for 6 days.
Considering the toxicity of Cd in CdS/CdO,, the same group
further developed a Cd-free carbon nitride/nickel phosphide
(CN,|Ni,P) alternative for photo-reforming of plastic waste
(Fig. 5¢).*> As shown in Fig. 5d, photo-irradiation of PET and
PLA in the presence of CN,|Ni,P for 50 h produced 82.5 + 7.3
and 178 & 12 pmoly, goup - H, with turnover numbers of 7.8 + 0.7
and 16.8 + 1.1 moly, moly; *, respectively. The CN,|Ni,P photo-
reforming system can also transform real-world polymer samples
to H,, such as polyester microfibers and oil-contaminated PET. It
was proposed that the strong binding ability between the Ni,P
cocatalyst and CN, facilitated photo-induced charge separation
and enhanced the photocatalytic performance.

Other less toxic semiconductor-based photocatalytic systems
have also been explored. For instance, a ZnIn,S,@SiO,@TiO,
(ZIS@Si0,@Ti0,) ternary heterostructure photocatalyst was
prepared following facile sol-gel and solvothermal methods
and the resulting ZIS@SiO,@TiO, exhibited good activity for
the degradation of photocatalytic organic pollutants coupled

Mater. Adv., 2020, 1, 2155-2162 | 2159
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with H, production. The optimized 150%-ZIS@SiO,@TiO, catalyst
could produce H, at an excellent rate of 618.3 umol g~* h™"
and 99.7% efficiency was achieved for the degradation of
methylene blue under simulated sunlight. Compared to the
binary ZIS@SiO, and ZIS@TiO, counterparts, the ternary ZIS@
SiO,@TiO, possessed better photocatalytic performance under
identical conditions. It was rationalized that the heterojunction
in ZIS@SiO,@TiO, enhanced the separation and transporta-
tion efficiency of electron-hole pairs, which was beneficial for
outstanding photocatalytic activity.*®

4.2 Integration of H, production with biomass photo-
reforming

H, production arising from biomass-based photo-reforming is
regarded as a direct and sustainable route to utilize renewable
carbon resources to produce green fuels as alternatives to fossil
fuels (Scheme 8). In 2017, Wakerley et al. reported a CdS/CdO,
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Fig. 6 (a) Schematic photo-reforming of lignocellulose using N“NCN,, and
proton reduction co-catalysts. (b) Photocatalytic H, production from purified
lignocellulose components catalyzed by activated N“NCN, and NiP under
AMLSG light irradiation for one day at 25 °C. Reprinted from ref. 48 with
permission of American Chemical Society, copyright 2018.
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photocatalyst for the photo-reforming of cellulose, hemicellu-
lose, and lignin to H, under alkaline conditions.*” Moreover,
unprocessed lignocelluloses, such as wood and paper, were also
able to be reformed under solar irradiation together with
H, production. The photocatalytic mechanism involved the
formation of an oxide/hydroxide in situ on CdS/CdO, under
alkaline conditions to improve the photo-reforming perfor-
mance. To pursue an inexpensive, non-toxic and visible-light
absorbing photocatalyst, polymeric carbon nitride (CN,)
combined with various proton reduction co-catalysts such as
heterogeneous Pt or MoS, and a molecular Ni bis(diphosphine)
catalyst (NiP) was also developed by the same group for the
photo-reforming of biomass to yield H, (Fig. 6a). They demon-
strated that various purified lignocellulosic components and
even raw biomass substrates were able to be photo-reformed to
generate H, using activated Y“NCN, and NiP as a H, evolution
co-catalyst (Fig. 6b). It was found that ultra-sonication activated
cyanamide-functionalized carbon nitride exhibited an enhanced
photo-reforming performance under aqueous conditions with
tolerance of a wide pH window (pH = 2-15).*®

Very recently, Wang et al. developed an ethyl alcohol grafted
carbon nitride photocatalyst through an in situ C-N coupling
method which showed enhanced visible light absorption,
increased charge density, and prolonged lifetime of excited
charges relative to pristine carbon nitride. In the presence of Pt
co-catalysts, the ethyl alcohol grafted carbon nitride exhibited
superior visible light-driven activity for the photo-reforming of
several monosaccharides to produce H,.*’

5. Conclusion and outlook

Visible light-driven organic transformation integrated with H,
production on semiconductors represents an efficient approach
for solar to chemical conversion. According to the nature of the
organic reactions, we have presented three representative cate-
gories of organic transformations coupled with H, evolution:
(i) photocatalytic organic oxidation, (ii) photocatalytic oxidative
coupling, and (iii) photo-reforming reactions. It is apparent
that a number of semiconductor-based photocatalytic systems
have been developed to drive a wide range of organic reactions
with the aim of producing value-added chemicals and H,
simultaneously under visible light irradiation. Even though in
all the discussed photocatalytic reactions there is one basic
principle that all of the organic substrates act as hole scavengers,
the rational design of semiconductor-based photocatalysts
indeed plays a vital role in controlling the efficiency, selectivity,
durability, and scope of the overall reactions. For instance, for
integrated H, evolution with photocatalytic alcohol oxidation,
Ni/CdS NPs exhibit a much higher rate of H, production relative
to NiS/CdS NPs, while NiCl,/CdS NPs are unable to catalyze this
reaction.

Despite the rapid advancement in this emerging research
field, there are several issues that should be addressed before
practical application on a large scale. Firstly, given the require-
ment for long-term operation and environmental friendliness,

This journal is © The Royal Society of Chemistry 2020
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it is of critical importance to develop non-toxic semiconductor-
based photocatalysts with high efficiency, selectivity, and durability.
As implied in the aforementioned examples, Cd-based chalco-
genides have been widely utilized; however, the toxicity of Cd
and the potential for self-oxidation due to the chalcogenide
anions would restrict their practical employment. In contrast,
metal-free carbon-based photocatalysts tend to exhibit better
stability, in addition to their more benign and inexpensive
nature. However, in terms of photocatalytic activity, carbon-
based photocatalysts are currently inferior to the metal-based
counterparts. Future research efforts should be devoted to
designing and synthesizing novel semiconductors with better
visible light absorption, long-lived excited pairs, and sufficient
redox power. Secondly, investigation of reaction mechanisms
should be conducted at the molecular and even atomic level by
using in situ techniques and theoretical calculations. Unveiling
the catalytic mechanism is anticipated to elucidate the struc-
ture-performance relationship of photocatalysts and provide
guidance for the above rational design of high-performance
photocatalysts. Thirdly, in addition to typical batch-type reactors
for photocatalysis in research laboratories, it is more appealing
to assemble larger-scale photo-reactors, preferably flow reactors,
to demonstrate the real promise of any developed photocatalytic
systems for practical applications under solar irradiation.
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