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Phenol is an important intermediate for manufacturing chemical products in industry. In recent decades,
phenol synthesis by one-pot oxidation of benzene has aroused tremendous interest in phenol synthesis due
to the enormous energy consumption of the three-step cumene method in the industry. Photocatalysis is
promising for the selective conversion of benzene to phenol because it can proceed under mild reaction
conditions. However, overoxidation of phenol by photocatalysts with high oxidation ability decreases the
yield and selectivity, which is the major limiting factor. Thus, increasing the phenol formation efficiency
plays a crucial role in photocatalytic systems for benzene oxidation. In this context, selective photocatalytic
benzene oxidation over several types of photocatalytic systems has been developed rapidly in the past few
years. In this perspective, current homogeneous and heterogeneous photocatalytic systems for this reaction
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have been reviewed systematically first. Then, an overview of some strategies from the last decade for
increasing phenol selectivity has been provided. In the end, a summary and outlook on the challenges and
future directions in the research field are included in this perspective, which would be of great interest for
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1. Introduction

Synthetic organic chemistry is important in producing chemi-
cals essential to human life, such as pharmaceuticals, agricul-
tural chemicals, and food additives." Among these chemicals,
phenol (hydroxybenzene) is an important example since it is a
precursor of the industrial production of many materials and
useful compounds.>™ For example, phenol is a raw material
for bisphenol A, which is important for producing polycarbo-
nate. Another example is a phenolic resin produced from the
reaction between phenol and substituted phenol with formal-
dehyde. Phenol can also be reduced to cyclohexanol, which is
important for polyamide production. The annual production
of phenol is 8.9 million tonnes worldwide, and most of them
(~95%) are industrially produced from benzene by the three-
step cumene process (Fig. 1a).> This process is energy-consum-
ing due to the requirement of high temperature and high
pressure. Moreover, the highly explosive cumene hydroperox-
ide is produced as an intermediate. In contrast, an equal
amount of acetone as a byproduct was produced in the
cumene process.®
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further improving the selectivity of the photocatalytic benzene oxidation reaction.

One-pot oxidation of benzene to phenol has been actively
studied as an alternative for phenol synthesis over the past few
decades (Fig. 1b).”** Most reported catalytic systems require
harsh reaction conditions, such as high temperatures and
pressures. Photocatalytic processes have attracted attention as
“green” alternatives because they can activate benzene mole-
cules using light as an energy source and convert them to
phenol under mild reaction conditions."**® Several photocata-
lysts have been developed for benzene oxidation to phenol by
oxidants, including H,O, and O,.

Photocatalysis can be homogeneous and heterogeneous.
Homogeneous photocatalysts such as organic photocatalysts
and polyoxometalates (POMs) commonly show high activity for
phenol formation but are difficult to be recovered after the
reaction.”” ™ On the other hand, heterogeneous photocata-
lysts, mainly semiconductor-based photocatalysts, such as tita-
nium dioxide (TiO,), have been actively studied for the oxi-
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Fig. 1 (a) Reaction steps for phenol synthesis via the cumene process;
(b) one-pot oxidation of benzene to phenol.

Dalton Trans., 2023, 52, 9525-9540 | 9525


http://rsc.li/dalton
http://orcid.org/0000-0002-4819-9755
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt01360j&domain=pdf&date_stamp=2023-07-13
https://doi.org/10.1039/d3dt01360j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052028

Published on 16 June 2023. Downloaded by Y unnan University on 8/25/2025 2:23:38 AM.

Perspective

dation of aromatic compounds.”® Heterogeneous photocata-
lysts have the advantage that the catalyst and product are
easily separated after the reaction. A major challenge in the
photocatalytic oxidation of benzene to phenol is that phenol is
easily overoxidized, and the selectivity of phenol is low. This is
due to the formation of non-selective radicals and holes
during the photocatalytic process. Furthermore, phenol is
more reactive than benzene due to the lower bond energy of
O-H in phenol (~371 kJ mol™") than the C-H bond energy in
benzene (~473 kJ mol™).*' Thus, various photocatalytic
systems have been reported to increase phenol selectivity in
benzene oxidation. Therefore, two aspects have been con-
sidered to suppress phenol overoxidation, including modifi-
cation of photocatalysts and reaction conditions. Several
review papers have reported one-pot oxidation of benzene to
phenol in the past several years. Fukuzumi et al. reviewed the
catalytic mechanism of the one-step selective hydroxylation of
benzene to phenol.>? Mancuso et al. summarized one-step cat-
alysts or photocatalysts for oxidizing benzene to phenol in
recent years.'* Rahmani et al. summarized developments in
transition metal-based mesoporous catalysts for the hydroxy-
lation of benzene to phenol.’® Han et al reviewed hetero-
geneous photocatalytic hydroxylation of benzene to phenol
since 2015.*

In this perspective, we comprehensively and historically
summarize the design of homogeneous and heterogeneous
photocatalysts to oxidize benzene to phenol using H,O, or O,
as an oxidant. Then, attention was turned to the most difficult
and important issue in this research field: strategies to inhibit
phenol overoxidation and increase phenol selectivity. Finally,
the challenges of photocatalytic systems for producing phenol
from benzene are noted, and future prospects are discussed.

2. Homogeneous photocatalysts
2.1 Organic homogeneous photocatalysts

Homogeneous photocatalysts have been extensively employed
as efficient catalysts for one-pot benzene oxidation to phenol
in the presence of oxidants such as O, and H,0,. The advan-
tage of homogeneous systems is that the catalyst can be
designed at the molecular level, and the active site structure
can be homogeneous. As a result, homogeneous photocatalysts
commonly showed high activity and high selectivity.

The first homogeneous photocatalyst for benzene oxidation
to phenol was 3-cyano-1-methylquinolinium ion (QuCN")
reported by Ohkubo et al. in 2011.>* Due to the strong oxidiz-
ing ability at the singlet excited state (Eyeq vs. the SCE = 2.72 V),
QuCN" efficiently oxidized benzene to phenol (Fig. 2a). In
addition, phenol was also generated when 1-methyl-
quinolinium (QuH') and 1,2-dimethylquinolinium (QuMe")
were utilized instead of QuCN'. The reaction catalyzed by
QuCN" was initiated by the electron transfer from benzene to
UV light-excited QUCN' (QuCN'*). In these quinoline ion-
based systems, O, was selected as an easily available green
oxidant. The benzene cation radical readily reacted with water
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Fig. 2 Reaction mechanisms for organic homogeneous photocatalysts.
(@) QUCN+; adapted with permission from ref. 21. Copyright 2011 Wiley.
(b) [Rull(Me,phen)s]®* with [Colll(Cp*)(bpy)(H,0)1?*; adapted with per-
mission from ref. 28. Copyright 2017 RSC. (c) 2,3-Dichloro-5,6-dicyano-
p-benzoquinone (DDQ), tert-butyl nitrite (TBN), and N,O. Adapted with
permission from ref. 29. Copyright 2013 ACS.

to give an OOH adduct radical, which then reacted with the
HO," radical derived from O, reduction to give H,O,. Thus, an
equal amount of H,0, is generated simultaneously with
phenol in this system. The high activity of the quinoline ion as
a homogeneous photocatalyst for benzene oxidation has been
further reported by Long et al.>® Their work proposed that a
commercially available quinoline sulfate (QuH,SO,) acted as
the photocatalyst, although the phenol yield was lower than
that of QuCN". This result also indicates that the anion influ-
ences the photocatalytic activity of the quinoline cation. Zheng
et al. developed a dual catalytic system in an anaerobic system
without any oxidant, which coupled QuUCN" and a cobalt cata-
lyst in 2016.”° In this system, phenol was produced from
benzene and water by using the quinoline ion as the photo-
catalyst. In contrast, cobalt catalysts reoxidized the reduced
quinoline ion and produced H, to complete the catalytic cycle.
The above result indicates that the quinoline ion is an efficient
homogeneous organic photocatalyst for benzene oxidation to
phenol in the presence and absence of O, as the oxidant.
Compared with O,, H,0, is a more efficient oxidant for
benzene oxidation to phenol because highly active radicals are
easily formed. Asghari et al. introduced iron(u) phthalocyanine
(FePc) as an efficient photocatalyst for benzene oxidation with
H,0, in acetonitrile as a solvent (2020).>” The FePc catalyst
was prepared by microwave irradiation during the cyclotetra-
merization of phthalic anhydride in the presence of iron(u)
sulfate and urea. The in situ generated H,0, can function as

This journal is © The Royal Society of Chemistry 2023
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an oxidant for benzene oxidation to phenol in an O,-saturated
solvent mixture of acetonitrile and H,O (v/v = 23 : 2) containing
Sc(NO3);.*® In this system, [Rull(Me,phen);]** acted as a
photocatalyst for efficient H,O, production by O, activation in
the presence of Sc(NOj);. A cocatalyst ([CollI(Cp*)(bpy)
(H,0)*") can efficiently utilize the generated H,O, for sub-
sequent benzene oxidation (Fig. 2b). Being environmentally
benign, H,0, and O, are the most frequently used oxidants in
photocatalytic benzene oxidation. Another oxidant has been
rarely reported unless the very high activity. For example, an
efficient system was reported by Ohkubo et al. in 2013, in
which light-excited 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ) was utilized as a powerful oxidant for benzene oxidation
by electron transfer in an O, saturated acetonitrile solution
(Fig. 2c).>® Then, tert-Butyl nitrite (TBN) can be used as a re-
cycling reagent to convert DDQH, to DDQ via NO, under
aerobic conditions.

Organic homogeneous photocatalytic systems commonly
show highly efficient benzene oxidation to phenol. However,
they are expensive or need additional cocatalysts and oxidants,
increasing the operating cost.

2.2 Inorganic homogeneous photocatalysts

Polyoxometalates (POMs) and heteropolyacids (HPAs) are
representative inorganic homogeneous photocatalysts that are
relatively inexpensive, have high structural stability, and can
oxidize benzene to phenol. They are anionic nanoclusters of
early transition metal oxides that adopt various structures.**>
HPA with the Keggin structure has been most widely studied
because of its thermal stability and high activity in various
catalytic reactions.®® As shown in Fig. 3, the Keggin structure
has a central tetrahedron (XO,, X = P, Si...) surrounded by four
vertex-sharing trimers (M3;0;3, M = Mo, W, V...). Each trimer
has three octahedral units (MOg), which are linked in a tri-
angular arrangement by sharing edges. They can be used as
photocatalysts, as they absorb near-ultraviolet light and are
excited to be highly reactive chemical species (HPA*).**3® The
HPA* species acts as a better oxidant than HPA in the ground
state for the oxidation of organic substrates, resulting in the
formation of products and heteropolyblues (the reduced state
of HPA). The generated heteropolyblue is then readily reoxi-
dized by O, to complete the catalytic cycle.

In 2005, Park et al first reported that Keggin-type HPA
exhibited activity comparable to TiO, in photocatalytic
benzene oxidation in an aqueous solution.?” As in the case of
TiO,, phenol overoxidation over HPAs was inevitable, and the
selectivity was low in this system. The oxidation of benzene to

Vertex sharing

i

Fig. 3 The structure of POMs with the Keggin structure.
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phenol with a vanadium tungsten polyoxometalate
NaH;PW,,VO,, was then investigated in a dual-phase system
by Schulz et al*® The authors found that benzene was very
efficiently photo-oxidized to phenol under light irradiation.
This process was accompanied by the reduction of the photo-
catalyst as indicated by a color change from yellow to violet-
blue and the formation of a vanadium(wv) multiline EPR signa-
ture. These reduced photocatalysts were not reoxidized with
0,, which needed additional electron acceptors such as Fe**
and HNO;. However, these electron acceptors dramatically
decreased the phenol selectivity.

Recently, we have reported that POMs can be utilized as in-
organic homogeneous photocatalysts using O, as an oxidant
without adding other reagents under aerobic conditions.?! For
example, H3;PW;,0,0, a commercially available catalyst,
showed a high phenol yield and selectivity in a 50% aceto-
nitrile solution under ambient conditions (Fig. 4).>' The
excited state of HyPW 1,0, (PW;,040° %) can oxidize benzene
to give a benzene cation radical, while H;PW,,0,4, reduced to
heteropoly blue. The kinetic isotope effect (KIE) showed that
this process obeys the electron transfer (ET) process but not
the hydrogen atom transfer (HAT) process. The benzene cation
radical generated phenol in the presence of H;PW;,04, and
H,0. Then, the reduced H3PW;,04, was readily reoxidized
with O, in air to give H,O,. The in situ-generated H,O, can
also be an oxidant to reoxidize the reduced Hz;PW;,0,, to
generate a highly active OH radical for benzene oxidation to
phenol by another minor route. Compared with the homo-
geneous organic systems, the advantages of this inorganic
system are the low price of H3PW;,0,4,, requirement of no
additional reagent, and high stability. In addition, this high
stability of H;PW;,0,, ensures that it can be recovered after
reaction with rotary evaporation for recycling of at least 5
cycles.

As another common polyoxometalate, decatungstate has
been widely utilized for photocatalytic synthesis.>® However, it
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Fig. 4 (a) UV-vis spectra of the reaction solution after 30, 60, 90, 120,
150, 180, 210, and 240 min of irradiation under argon; (b) time course for
the phenol formation under anaerobic conditions; (c) proposed mecha-
nism of the photocatalytic oxidation of benzene to phenol with O,.
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Table 1 Catalytic performance of homogeneous photocatalysts for benzene oxidation to phenol

Photocatalysts Reaction conditions Yield/% Selectivity/% Ref.
QuCN* 500 W xenon lamp (4 = 290-600 nm), 30 mM benzene, O,, Acetonitrile, 1h 30 98 24
QuH,SO, 500 W mercury lamp (4 > 290 nm, 200 mM benzene, O,, aqueous aceto- 11 — 25

nitrile solution (80 vol%), 10 h
QuCN*/Co(dmgBF,),(CH;CN),
acetonitrile, 5 h

300 W mercury lamp (4 > 300 nm), 10 mM benzene, without oxidant, 90 100 26

[Rull(Me,phen),;**/[Colll(Cp*)(bpy) 4 > 420 nm, 1 mM benzene, O,, mixture of acetonitrile and H,O (v/v = 30 — 28

(HO)* 23:2),24h

NaH;PW,,VO,, 100 W mercury lamp (4 > 200 nm), 1.58 mM benzene, O,, acetonitrile, 5 h 25 63 38

H;PW;,0,, 300 W xenon lamp (4 > 300 nm), 30 mM benzene, O,, mixture of acetonitrile 41 80 21
and H,O (v/v=1:1),24 h

NayW;(03, 300 W xenon lamp (4 > 300 nm), 8.5 mM benzene, O,, mixture of H,O and 31 74 39

aceticacid (v/v=5:1),2h

can hardly activate C-H in the benzene molecule due to the
high band activation energy via a HAT process in an organic
solvent. Our group found that an efficient ET process occurred
in an aqueous acetic acid solution. In this system, a reaction
mechanism similar to that of H;PW,,0,,, which is different
from TiO,, has been proposed. Notably, the phenol production
in this decatungstate system was higher than that in other
polyoxometalates and semiconductor-based photocatalysts.

The results of photocatalytic hydroxylation of benzene to
phenol using homogeneous photocatalysts are summarized in
Table 1. In homogeneous systems using molecular photocata-
lysts, the difficulty in recovering the photocatalyst after the
reaction is a major limiting factor in its application.

Therefore, immobilizing the photocatalyst on supporting
supported photocatalysts as heterogeneous catalysts for
benzene oxidation has rarely been reported, although they
have been reported for other selective oxidation reactions. A
possible reason is that the oxidizing ability of the molecular
photocatalyst is weakened by being immobilized on the sup-
porting materials, which alters the reaction rate and reduces
its activity. Another 7 is the leaching of active species from the
supported photocatalysts during the reaction, especially in a
solvent with high polarities, namely water.

3. Heterogeneous photocatalysts

Heterogeneous photocatalysts have advantages such as low
cost and easy separation from reaction products. Studies have
been conducted on benzene oxidation reactions using TiO,,
C;3;N,4, WO3, MOFs, and other photocatalysts. These catalysts
have their specific characteristics based on their activities and
selectivities.

3.1 Titanium dioxide (TiO,)

Titanium dioxide (TiO,) is the first and most reported photo-
catalyst for benzene oxidation after Honda and Fujishima
found that it can simultaneously produce electrons and holes
for subsequent reactions under UV light irradiation in 1972.>°
It showed high activity due to the suitable band structure and
capability of active species generation. Until now, both H,0,
and O, have been utilized as the oxidants for benzene oxi-
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dation in the TiO, systems. H,O, is an efficient oxidant for
benzene oxidation due to the generation of highly active
hydroxyl radicals ("OH).**** The "OH radical directly attacks
benzene to produce phenol via a hydroxycyclohexadienyl
radical as an important intermediate. However, raw TiO,
showed low activity for benzene oxidation due to the fast
recombination of electron-hole pairs and low efficiency for
H,0, activation. Thus, suitable decoration methods, including
doping or heterojunction formation, are needed to improve
the activity. For example, Fe and Cr dual-doped nanocrystalline
titania (Ti;_x—yM,:,0,) has been synthesized for highly selec-
tive photocatalytic conversion of benzene to phenol with H,0,
as the oxidant (2018).** TiO, doped with Fe (TigogFes.0,0,)
showed higher catalytic activity for benzene oxidation, indicat-
ing the importance of introducing Fe. Introducing Cr as a
second doping atom (Tiy ggFeg.01Crg.010,) further enhanced the
phenol yield, which was ~2 times higher than that with
Tip.0sF€0.0202. The increased photocatalytic activity of
Ti;_x_yM,,0, was mainly due to the generation of an electron
trapping level composed of Fe** and Cr** in the TiO, conduc-
tion band. As shown in Fig. 5, Fe doping improves electron-
hole pairing separation, and Fe plays an important role in OH-
formation and phenol formation through H,O, activation
(Path-A). The holes also react directly with benzene to form
benzene cation radicals, giving phenol (Path-B). The same
group reported Cu(OH), decorated on two-dimensional (2D)

H,0,
‘OH
Path-A\ - _H
B
Benzene I))Fe:/ h*
. _H on/"

Over oxidation

Path-B/ Phenol ——=— p-BQ +CO, +H,
i) "OH
ii) —H*

Side products

p-BQ = p-Benzoquinone

Fig. 5 Possible mechanism of photocatalytic benzene oxidation to
phenol by Fe and Cr dual-doped nanocrystalline titania (Ti;_,_,M,.,0>).
Adapted with permission from ref. 43 Copyright 2018 ACS.

This journal is © The Royal Society of Chemistry 2023
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dual-phase mesoporous leaf titania (LT) for photocatalytic
benzene oxidation to phenol by H,O,. The Cu(OH), modifi-
cation improves electron-hole pair separation and activates
H,0, for benzene oxidation, a role similar to that of Fe*" in
Tio.05F€0.01C0.0105-

Apart from a transition metal, noble metal decoration could
also enhance the photocatalytic benzene oxidation to phenol.
Hosseini et al. synthesized Au-Pd NPs on the surface of
carbon fiber felt (CFF) coated with amorphous TiO, for
enhanced photocatalytic benzene oxidation to phenol with
H,0, under mild conditions.** In another work, Pd nano-
particles and CeO, were decorated on TiO, (Pd/CeO,/TiO,).*>
The synergic effect between the active metal and supports was
important for excellent catalytic activity.

Above TiO,-based systems utilized H,0, as an efficient
oxidant for benzene oxidation, but its high price is a major
limitation of its application. O, is an ideal oxidant, especially
when available directly from air. TiO, has been extensively
used as a photocatalyst for multiple oxidation reactions by O,,
especially in organic pollutant degradation. Bui et al. (2010)
systematically studied the photocatalytic benzene oxidation
process using isotopic oxygen tracers (H,'°0 and '®0,) in
aqueous solutions with different TiO, powders.’® In their
work, the crystal phase of TiO, was found to play an important
role in the activity and reaction pathway for benzene to
phenol. The anatase powder showed higher activity than rutile
powder. They proposed that benzene oxidation by TiO, can be
considered to be due to either oxygen transfer or hole transfer.
The former is likely via a complicated intermediate from
water, including "OH, Ti-O", Ti-OO’, or more complicated
surface peroxides. The pathway has been well known as the
main reaction pathway for benzene oxidation by TiO,, as
shown in Fig. 6. Their work revealed that phenol was also gen-
erated using O, as an oxygen source via the hole transfer
pathway. The generated hole can directly oxidize benzene to a
benzene cation radical as an important reaction intermediate

(a)

OH h* @ CgHg+h* 0 H0 OH
i~ A = —— —Ti— + —Ti—

@ e
Fig. 6 Possible mechanism of photocatalytic benzene oxidation via

oxygen transfer (a) and hole transfer (b). Adapted with permission from
ref. 46. Copyright 2010 ACS.

CeHg — ‘
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that reacts with O, to form phenol. These holes can also
oxidize water to give "OH, which can attack benzene to give
phenol through a reductive process. On the other hand, O, can
be activated and reduced to reactive oxygen species, which also
contribute to phenol formation. In addition, O,”” generated
from the reduction of O, can be used in the reaction with
benzene cation radicals. The pathway using water as an oxygen
source is important in the efficient oxidation of benzene, and
is the major pathway of anatase powder. Conversely, O, is
involved in phenol formation, and O, reduction is the main
pathway of rutile powder.

Like the TiO,-based systems utilizing H,O,, the doping and
metal particle loading effectively increase the activity of TiO,
by using O, as an oxidant. Devaraji et al. synthesized V-doped
anatase TiO, (TV,, TiposV0.0202) by a solution combustion
method and used it for photocatalytic benzene oxidation to
phenol in a biphasic system under photoirradiation.?” Charge
carrier generation was promoted due to the formation of
Schottky junctions of Au and Tig 9gV¢.0202, which reduced the
recombination of the excited electron-hole pair and increased
the migration of electrons and holes for benzene oxidation.
The hole was the main active species for benzene oxidation to
phenol via the formation of a benzene cation radical. The Au
particle does not seem to be the active species for benzene oxi-
dation, although it absorbed visible light through surface
plasmon resonance (SPR). Au and V acted as electron sinks to
increase the electron-hole separation for benzene oxidation by
holes.

In another study by Dasireddy et al, a noble metal-free
photocatalyst for benzene oxidation to phenol was prepared by
loading copper and anatase TiO, on multi-walled carbon nano-
tubes (CNT).*® The positively charged CNT can draw the elec-
trons from the valence band of TiO,, improving the following
benzene oxidation reaction by the holes. Furthermore, the tita-
nium-oxygen-carbon bonds (Ti-O-C) formed between TiO,
and CNT enhanced the light absorption and photocatalytic
activity.

3.2 Carbon nitride (C;N,)

Carbo nitride (C3N,) as a visible light-responsible photocatalyst
has received wide attention due to its advantages, such as a
moderate bandgap (2.7 eV), low cost, good stability, and easy
preparation. Since the first report on photocatalytic H, evol-
ution over C3N, by Wang et al. in 2009, many efforts have been
devoted to improving the performance of C3;N, under visible
light (1 > 420 nm) for various reactions.**">

The first example of photocatalytic benzene oxidation to
phenol by C;N, was reported by Chen et al in 2009.>* Fe-
doped C;N, exhibited enhanced activity for photocatalytic
benzene oxidation to phenol by H,0, under visible light. The
leaching experiment of Fe indicates that phenol was formed
mainly by the heterogeneous photocatalytic reaction. In
addition, the loading of Fe-doped C;N, on SBA-15 (Fe-g-C3;N,/
SBA-15) significantly improved the photocatalytic performance
due to the increased surface area. The same group also
reported that the supporting material was important for
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phenol formation.”> When they used titanium silicate zeolite
(TS-1) instead of SBA-15, the phenol yield significantly
increased due to the promoting effect of H,0, activation by
TS-1.

Besides Fe doping, combining FeCl; with C;N, improved
the activity for photocatalytic benzene oxidation by H,O,
under visible light. In 2013, Zhang et al. reported the FeCl;™
mesoporous C3;N, combined material (FeCls/mpg-C3N,) as a
photocatalyst to activate H,O, for the oxidation of benzene to
phenol under visible light.*® The fast reduction of Fe** to Fe**
by photo-generated electrons from mpg-C;N, is crucial to the
high activity. More recently, Wang et al. reported that ternary
hexagonal boron carbon nitride (h-BCN) nanosheets were syn-
thesized by doping biomass glucose in situ into hexagonal
boron nitride (h-BN).>” The prepared h-BCN showed high
activity for photocatalytic benzene oxidation to phenol in the
presence of H,0, and FeCl;. The introduction of conductive
graphene into this material provides a catalyst that combines
the advantages of graphene and h-BN with good performance
in the oxidation of benzene. Fig. 7 shows the photocatalytic
reaction conducted in the dual-phase system. The electron
from h-BCN under visible light in the organic phase was trans-
ferred to the aqueous phase for the reduction of Fe** to Fe®~,
which promotes the activation of H,0, to produce "OH. The
‘OH radical subsequently attacks benzene to give phenol.

Ye et al. reported that ferrocene covalently linked to the
C;N, exhibited activity for photocatalytic benzene oxidation to
phenol with H,0,.’® Due to the stable n-conjugation between a
molecular iron catalyst and a C3;N, organo-photocatalyst, the
prepared photocatalyst showed high stability, which was con-
firmed by stability tests and optical characterization.

Metal particle loading effectively increased the activity of
C;N, for photocatalytic benzene oxidation by H,0, under
visible light irradiation. Hosseini et al. developed an Au-Pd bi-
metallic-loaded C3;N, photocatalyst (Au-Pd/C3;N,) using a sol-
immobilization approach.>® In this synthesis method, the Au-
Pd nanoparticles were embedded in a C3N, matrix, resulting
in a very small loading and high nanoparticle distribution.

\Fe”
H,0,

Fig. 7 Reaction mechanism for photocatalytic hydroxylation of
benzene by h-BCN combined with FeCls. Adapted with permission from
ref. 56. Copyright 2013 Elsevier.
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The catalysts combining Au and Pd on C3;N, showed higher
activity than those incorporating only Au or Pd. Density func-
tional theory (DFT) calculations indicated that the simul-
taneous presence of Au and Pd in the C3;N, matrix resulted in
more probable electron transfers from bimetallic Au-Pd NPs to
C;3N, for H,0,, leading to a higher phenol yield.

Verma et al. investigated some other inexpensive metal par-
ticles loaded with C3N,.°° They first confirmed that the metal
particle without loading on C3;N, did not show excellent
results. Copper (Cu) is an efficient transition metal in H,O,
activation. The C3N,-supported Ag-Cu catalysts showed higher
activity compared to other dual metal particles. The "OH rad-
icals formed by H,O, activation react with C-H bonds of
benzene activated on the surface of C;N, to form phenol
(Fig. 8).

In other research, Pd-combined Cu was loaded on a whole
surface of C;N,.*' The as-prepared CuPd/C;N, composite
photocatalysts were tested for benzene oxidation to phenol
with H,0, under visible light irradiation (Fig. 9a). The uniform
distribution of CuPd on C;N, improved the light absorption
properties of the photocatalyst. The edge of the CB minimum
of HCN-5 was up-shifted by 0.39 eV with respect to pristine
C3;N, and HCN. This up-shift of the CB promoted the
reduction of electrons in the CB, enhancing the photocatalytic
performance of benzene oxidation to phenol. From the result
of the reaction mechanism, ‘OH and O, ~ were the main reac-
tive species for benzene oxidation. Due to the electron trap
ability of CuPd, the photogenerated electron from C3;N,
reacted with O, to O, and ‘OH. Besides, H,0, or H,O was
activated by holes to give "OH. The generated 'OH radical
attacked benzene to produce phenol. In addition, the hole
directly oxidized benzene to a benzene cation radical, which
reacted with O, to give phenol in a minor yield. In Fig. 9(b),

H
.OH C-H activation\©

Fig. 8 Plausible mechanism for the hydroxylation of benzene with
H,O, by CuAg@ C;3N. Adapted with permission from ref. 60. Copyright
2017 ACS.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3dt01360j

Published on 16 June 2023. Downloaded by Y unnan University on 8/25/2025 2:23:38 AM.

Dalton Transactions

Major Route

Free Energy (eV)
RV ) & A b v s o
i |
Fi
B
i I

f\ i W I
ot”’_p ©F oF  0F  oF of

2F ¥ oo IR
3 o¥ 9 ¢
S L o 9 G o

Fig. 9 (a) Plausible mechanism for the hydroxylation of benzene with
H,O, by CuAg@ C3Nj4. (b) Free energies of various structures. Adapted
with permission from ref. 58. Copyright 2019 Elsevier.

the calculation result confirms two main steps in the reaction:
H,0, activation to form "OH and the subsequent selective oxi-
dation of benzene by the generated "OH radical.

More recently, Sun et al. synthesized MOF-derived CuO and
loaded it on the surface of tubular C;N, (CuO/CN) by the high-
temperature calcination of the Cu-MOF/TCN precursor
(2022).*° In another work, Cu single atoms were anchored on
C;3;N, with the help of abundant N sites to maximize Cu utiliz-
ation.®” The above two systems promoted the separation of
photogenerated charge carriers due to the incorporation of Cu,
resulting in almost full conversion of benzene to phenol using
H,0, as the oxidant under visible light.

Except for using Cu as a noble metal-free co-catalyst, Devi
et al. prepared a photocatalyst by modifying C;N, nanosheets
with a NiO/WO; nanohybrid via a simple ultra-sonication
method.®* This noble metal-free photocatalyst exhibited high
activity for photocatalytic benzene oxidation to phenol with
H,0, under visible light due to heterojunction formation. The
electron transfer from NiO/WO; to C;N, facilitated the acti-
vation of H,O, for "OH and phenol production.

C;N, has been well studied for photocatalytic benzene oxi-
dation to phenol due to its tunable activity under visible light.
The oxidizing power of C3;N, is considered relatively mild
because H,0, is used as the oxidant, and O, is unavailable.

3.3 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are hybrid materials with
diverse structures used as adsorbents and catalytic materials.
MOFs can also be applied to MOF photocatalytic reactions. In
2015, Wang et al. developed the first MOF-based photocatalytic
system for benzene oxidation with H,0,.°* Two kinds of Fe-
based MOFs (MIL-100 and MIL-68) have been utilized and
compared in this reaction system (Fig. 10). The structure of
MOFs significantly influences the photocatalytic performance.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a) Topological view of MIL-100 and MIL-68; (b) possible reac-
tion mechanism for the photocatalytic benzene hydroxylation over
MIL-100(Fe). Adapted with permission from ref. 64. Copyright 2015 ACS.

The kinetic isotope effect (KIE) study revealed that the reaction
obeyed a photo-Fenton reaction mechanism in the presence of
Fe. Later, Xu et al. synthesized MIL-100 with a uniform size
and morphology assisted by glycol. The as-prepared MIL-100
sphere also exhibited high activity for phenol formation.

The variable structure of MOFs plays a key role in the modi-
fication of photocatalytic activity. Fang et al. prepared a hetero-
geneous catalyst UiO-66-NH,-SA-V by anchoring vanadium oxy
acetylacetonate on the Schiff base UiO-66-NH,-SA (2019).%> The
UiO-66-NH,-SA-V catalyst was used for photocatalytic benzene
oxidation using H,0, as an oxidant in an acetonitrile and
acetic acid mixture. The Zr-MOF material promoted benzene
absorption, and VO(acac), activated H,O, to "OH, oxidizing the
absorbed benzene to phenol. Thus, the high benzene oxi-
dation performance is attributed to the synergetic effect
between the Zr-MOF and the vanadium complex. More
recently, Xu et al. incorporated the Keggin-type vanadium-sub-
stituted polyoxometalate (PMo;,V,) into the MOF (NH,-
MIL-88/PMo,4,V,) material with strong interaction between
positively charged -NH*" of the support and the negatively
charged Keggin anion (2021).°® The as-prepared composites
showed high activity for photocatalytic benzene oxidation to
phenol with H,0,. Both PMo,,V, and Fe promoted the acti-
vation of H,O, to produce "OH for the subsequent benzene oxi-
dation reaction. Furthermore, the recycling experiments and
FTIR analysis proved the high stability of NH,-MIL-88/
PMo,,V,. Wang et al. decorated MIL-53-NH, with Fe and Cr
single atoms.®” The Fe and Cr atoms act as electron donors
and electron acceptors respectively, which promoted charge
separation during the photocatalytic process. As a result, an
enhanced photocatalytic benzene oxidation to phenol has
been achieved in this system.

3.4 Tungsten oxide (WO3)

Tungsten oxide (WO;) is another type of semiconductor-based
photocatalyst that attracted wide attention recently due to its
advantages, such as nontoxicity, physicochemical stability, and
low cost.®®*7° As an Earth-abundant metal oxide, WO; is an
n-type semiconductor with a band gap between 2.4 and 2.8 eV
and is active under visible light.”* Pristine WO; usually showed
poor activity because of the fast recombination of light-
induced electrons and holes. Appropriate co-catalysts
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(especially noble metals such as Pt, Pd, and Au) are commonly
needed and enhance the photocatalytic activities of WO;.”

Tomita et al. modified commercially available WO; with Pt
nanoparticles to obtain Pt/WOj;, which can synthesize phenol
by photocatalytic oxidation of benzene with O, under UV
irradiation (2014).”> Compared to Pt/TiO,, Pt/WOj; exhibited a
much higher yield and selectivity of phenol due to a different
photocatalytic reaction mechanism. In benzene oxidation on
TiO,, the main route was the direct oxidation of adsorbed
benzene to form a benzene cation radical, which was sub-
sequently converted to phenol. On the other hand, the adsorp-
tion capacity of WO; for benzene was relatively low, and
benzene oxidation proceeded through an indirect pathway
where WO; first oxidizes H,O to the ‘OH radical, which acti-
vated benzene to form phenol.

Kurikawa et al investigated Pt nanoparticle-loaded com-
mercial WO; (Pt/WO;) for photocatalytic benzene oxidation to
phenol with 0,.7%”® They reported that the phenol yields
under visible light irradiation were much lower than those
obtained under UV irradiation. Furthermore, the reaction
mechanism under visible light was different from that under
UV light irradiation. In this system, the reduction of O, to
H,0, at the Pt surface was critical to phenol formation.
Besides, Ohno et al. developed stabilized subnanometer WO;
quantum dots for an efficient noble metal-free photocatalyst
for benzene oxidation with O, under UV light irradiation.”®
The quantum size effect successfully controlled the band
structure of the WO; photocatalyst. As shown in Fig. 11, an
increase in the band gap of WO; and an upshift of CB
occurred, which increased the rate for the photocatalytic oxi-
dation of benzene to phenol. These studies revealed that WO;
is an efficient photocatalyst for benzene oxidation with O,
under aerobic conditions other than TiO, because the phenol
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Fig. 11 (a) Uv-vis spectra of different WO3 structures; (b) Proposed
reaction mechanisms for phenol production over Pt/WOs and Pt/TiO,
photocatalysts. Adapted with permission from ref. 76. Copyright 2021
RSC.
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selectivity is higher with WO;. In addition, noble metal par-
ticles are commonly needed as cocatalysts to increase the
activity for photocatalytic benzene oxidation in the WO;
systems.

Recently, our group reported that a Pt-loaded 1D monocli-
nic WO; nanorod (Pt/m-WNR) shows higher activity than other
WO; structures, due to the significant effect of the crystal
phase and morphology (Fig. 12a).”” In this work, an oxygen
reduction mechanism has been proposed for benzene oxi-
dation to phenol over Pt/m-WNR based on both experimental
and DFT calculation results (Fig. 12b and c). This oxygen
reduction mechanism is significantly distinct from the water
oxidation mechanism or direct hole oxidation mechanism in
the other reported photocatalytic systems. Based on the oxygen
reduction mechanism, the crucial role of the work function
and Schottky barrier on oxygen reduction over different WO,
crystal structures has been further proposed by DFT
calculations.

3.4 Other heterogeneous photocatalysts

Semiconductor-based materials are the major heterogeneous
photocatalysts for benzene oxidation to phenol with H,0, and
0O,. Some other heterogeneous photocatalysts have recently
been reported for benzene oxidation to phenol. Zhang et al.
prepared polyoxometalates paired ionic salts (IL-POMs) using
quinoline cations with Keggin-type phosphotungstic (PW)
anions (2019).”® The complex contains two photocatalytic ions,
an organic molecule, quinolinium salt, and an inorganic mole-
cule, POM, whose photocatalytic properties can be modulated
by changing the anions of the organic cation and POM.

Gu et al. prepared a series of supramolecular catalysts
based on alkoxohexavanadate anions and quinolinium ions
for photocatalytic benzene hydroxylation.”® They clarified the
crucial role of the synergistic effect of quinolinium salt and
POMs, in which the in situ H,0, generation was important for
benzene oxidation, as shown in Fig. 13. The length of the
carbon chains could easily modify the pore structure of photo-
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Fig. 12 (a) Photocatalytic benzene oxidation to phenol over different
photocatalysts under visible light. (b) Proposed mechanism for photo-
catalytic benzene oxidation to phenol over Pt/m-WNR. (c) Charge
density differences of O, benzene, and H,O adsorption on Pt13/
WO3(002), respectively.
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Fig. 13 The proposed mechanism of hydroxylation of benzene by
supramolecular catalysts, O,, H,O/CH3zCN and H,SO, under light
irradiation conditions. Adapted with permission from ref. 79. Copyright
2021 Wiley.

catalysts. The longer the carbon chains of quinolinium ions,
the larger the pores and channels formed in supramolecular
catalysts, and the higher the catalytic efficiency and high
phenol selectivity obtained. The comprehensive mechanism
study revealed that the reaction includes two steps. First,
phenol and H,O, are produced by quinolinium ions under
photocatalytic conditions. Second, it produced H,O,, which
was then exploited further by the catalytic activation of the
alkoxohexavanadate anion to oxidize benzene again.

The photocatalytic hydroxylation of benzene to phenol can
be achieved by using several types of catalysts such as TiO,,
C;3N,;, WO3, MOFs, and others. Their performances are sum-
marized in Table 2. Except for TiO,, most of them can be acti-
vated by visible light irradiation using H,0, as the oxidant.
The WO; based photocatalyst can actively oxidize benzene
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under visible light by O,. The unique performance of WO; can
be attributed to the suitable band structure which promotes
the O, activation under mild conditions.

4. Strategies for increasing phenol
selectivity

Photocatalysts have the advantage of being able to activate
benzene molecules under mild conditions. However, as
described above, photocatalytic phenol synthesis generally has
low phenol selectivity because of the tendency for overoxida-
tion of phenol products. The proposed process for photo-
catalytic benzene oxidation is shown in Fig. 14. Benzene can
also be directly oxidized to CO, when the photocatalysts have a
strong oxidation ability.

Several strategies have been employed to improve the
selectivity of phenol in photocatalytic benzene oxidation,
which can be broadly classified into the modification of photo-
catalysts and the change of external operational conditions
(Fig. 15). Photocatalysts can be utilized for benzene oxidation
reactions because light irradiation activates the photocatalyst,
producing active species and free radicals ("OH, O, , and
HO,"). Modification of the photocatalyst by establishing com-
posite structures of photocatalysts, such as metal loading, het-
erojunction formation, or modification of bandgaps, adjust
the generation behavior of these active species and free rad-
icals, which can increase phenol selectivity. Besides, the
adsorption properties of benzene and phenol on the catalyst
surface are recognized as an important factor in phenol selecti-

Table 2 Catalytic performance of heterogeneous photocatalysts for benzene oxidation to phenol

Photocatalysts Reaction conditions Yield/% Sel./% Ref.
TiO, 450 W xenon lamp (4 > 300 nm), 20 mM benzene, O,, aqueous acetonitrile solution (4 vol%), 4 h 3 86 37
Tii—x—yMy1y0, 450 W mercury lamp (4 = 200-400 nm), 1 mL benzene, H,O,, 2 mL acetonitrile, 12 h 25 90 43
Pd/Ce0,/TiO, 20 W domestic cool LED, 200 mM benzene, H,0,, 5 mL acetonitrile, 0.5 h 96 99 45
Tip.08V0.0202 400 W mercury lamp (4 = 200-400 nm), 1 mL benzene, H,O,, 2 mL acetonitrile, 24 h 11 85 47
Cu/TiO,/CNT Low pressure mercury lamp (1 = 200-400 nm), 20 mM benzene, O,, acetonitrile, 5 h 52 76 48
Fe-g-C3N,/SBA-15 500 W mercury lamp (4 > 420 nm), 0.8 mL benzene, H,0,, 4 mL acetonitrile, 4 h 12 — 54
Fe-CN/TS-1 300 W xenon lamp (4 > 420 nm), 0.8 mL benzene, H,0,, 4 mL acetonitrile, 4 h 10 18 55
FeCl;/mpg-C;N, 100 W mercury lamp (4 > 420 nm), 4.5 mmol benzene, H,0,, 4.5 mL acetonitrile, 4 h 37 97 56
h-BCN, FeCl; 300 W mercury lamp (4 > 420 nm), 0.8 mL benzene, H,0,, 4 mL acetonitrile, 4 h 14 88 57
Fc-MCN 300 W xenon lamp (4 > 420 nm), 0.8 mL benzene, H,0,, 4 mL acetonitrile, 4 h 10 19 58
Au-Pd@g-C3N, 100 W mercury lamp (4 > 420 nm), 1 mL benzene, H,0,, 5 mL acetonitrile, 2 h 26 100 59
CuAg@g-C3N, 100 W mercury lamp (4 > 420 nm), 1 mmol benzene, H,O,, 5 mL ethanol, 0.5 h 99 99 60
CuPd/C;3N, Solar simulator (Sun 2000, ABET), 0.5 mL benzene, H,0,, 60 mL mixture of acetonitrile and H,O 88 90 61
(viv=1:1),1.5h
CuO/CN 1 mmol benzene, H,0,, 6 mL acetonitrile, 12 h 99 99 40
NiO/WO;@g-C3N, LED light, 2 mL benzene, H,0,, 10 mL acetonitrile, 50min 84 99 63
MIL100(Fe) 300 W xenon lamp (4 > 420 nm), 0.5 mmol benzene, H,0,, 4 mL mixture of acetonitrile and H,O 23 92 64
(viv=1:1),24h
UiO-66-NH,-SA-V 300 W xenon lamp (4 > 420 nm), 1 mL benzene, H,0,, 6 mL mixture of acetonitrile and acetic acid 15 100 65
(viv=5:1),4h
NH,-MIL-88/ 5 W LED lamp (4 = 320-780 nm), 1 mL benzene, H,0,, 6 mL mixture of acetonitrile and acetic acid 12 99 66
PMo;,V, (viv=1:1),3 h
Pt/WO; 300 W xenon lamp (4 = 300-500 nm), 18.8 pmol benzene, O,, 7.5 mL water, 4 h 51 74 73
Pt/WO; Blue LED lamp (4 = 420-540 nm), 26.8 uL benzene, O,, 10 mL water, 14 h 14 64 74
Pt/m-WNR 300 W xenon lamp (4 > 420 nm), 12 pmol benzene, O,, 30 mL water, 1.5 h 39 93 77
C16Qu-PW 500 W Mercury lamp (4 < 365 nm), 1.28 mmol benzene, O,, 1 mL water, 10 h 21 99 78
(Cg-Quin), Vg UV light, 0.5 mmol benzene, O,, mixture of water and acetonitrile (v/v=3:17),12 h 50 99 79

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 Strategies for enhancing the photocatalytic selectivity.

vity and can be tuned by modifying the catalyst surface pro-
perties. The external operational conditions, including aera-
tion, solvent usage, and utilization of additional reagents, can
also control the phenol selectivity in photocatalytic benzene
oxidation.

4.1 Composite formation

Combining photocatalysts with metal nanoparticles and semi-
conductors allows efficient control of photocatalytic perform-
ance. Marino et al. showed that Au nanoparticle loading
affects the photocatalytic performance of anatase TiO, for
benzene oxidation (2013).*° The yield of phenol almost
doubled by selecting the appropriate gold loading. This influ-
ence of Au decreasing the initial reaction rate but reaching a
high phenol yield suggested that gold nanoparticles acted as
catalytic sites controlling the reactivity and phenol formation
in the photocatalytic process.

Su et al. reported a degree of control over the co-catalyst
nanoparticle morphology supported on TiO,, which can sig-
nificantly enhance the product selectivity for photocatalytic
benzene oxidation (2014).8! A systematic series of metal nano-
particles ranging from monometallic Au and Pd to random
Au-Pd alloys and core-shell configurations were synthesized
by colloidal methods and subsequently supported on a TiO,
(Degussa P25) photocatalyst by a sol-immobilization process. It
was found that hydroquinone formation and further polymer-
ization of phenolic compounds could be suppressed using Au
as a co-catalyst on TiO,, but the generation of phenol was
inhibited. Interestingly, replacing the monometallic Au co-
catalyst with Au-Pd core nanoparticles achieved an optimum
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phenol evolution while hindering hydroquinone formation.
The Au-Pd nanoparticles significantly suppressed phenol per-
oxidation, completely oxidized benzene, and improved the
phenol selectivity.

Very recently, Higashimoto et al. reported that incorporat-
ing metal nanoparticles onto the surface of WO; also showed
enhanced selective phenol formation.” This study modified a
series of noble metal (Pt, Au, and Pd) and bimetal (Pd/Pt, Pd/
Au, and Pt/Au) co-catalysts on the WO; photocatalysts. The co-
catalysts are crucial for O, reduction for benzene activation
during the photocatalytic process. The noble metal co-catalysts
and selectivity for photocatalytic benzene oxidation have estab-
lished a strong relationship. Pt-loaded WO; showed better per-
formance than WO; loaded with Au and Pd, which is much
higher than that of bare WO; without -co-catalysts.
Furthermore, introducing Pt-based bimetal co-catalysts such
as Pd/Pt and Pt/Au can further increase phenol formation, due
to the enhanced O, reduction activity.

Semiconductor materials were also utilized to form hetero-
junctions for the photocatalytic oxidation of benzene to
phenol. Chen et al. constructed the Bi,WO4s/CdWO, hierarchi-
cal heterostructure of Bi,WOs using CdWO, micro rods as
support materials (2018).%> The as-prepared Bi,WO¢/CdWO,
composites showed high phenol selectivity (>99%) in the
photocatalytic benzene oxidation with O,. The unique hier-
archical heterostructure promoted the separation of photo-
induced charge carriers. In addition, the author investigated
the crucial role of "OH and proposed a plausible mechanism
for the hydroxylation reaction. As shown in Fig. 16, "OH was
generated in both water oxidation by photo-generated holes of
Bi,WO¢ and O, reduction by photo-generated electrons. The
generated 'OH further oxidized benzene as a major reaction
pathway. Furthermore, the photoinduced holes efficiently
migrated to the CB of CdWO, and reacted with benzene to
form the benzene cation radical as an intermediate which
further reacted with O, to give phenol.
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Fig. 16 Plausible mechanism of photocatalytic benzene hydroxylation
to phenol over the hierarchical heterostructure of Bi,WOg/CdWO,.
Adapted with permission from ref. 82. Copyright 2018 Elsevier.
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Later, Han et al synthesized Cr-doped CdS/ZnO for photo-
catalytic benzene oxidation to phenol with H,O, under visible
light.*® The result showed that the as-prepared heterostructure
exhibited higher phenol selectivity than CdS and ZnO. This
enhanced phenol formation is also ascribed to the facilitated separ-
ation of photoinduced charge carriers, which improved the electron
utilization for H,0, activation for benzene oxidation to phenol.

4.2 Bandgap modification

The bandgap of semiconductor-based photocatalysts efficiently
affects the photocatalytic performance. A suitable conduction
band edge can contribute to the generation of superoxide rad-
icals. In a semiconductor with a low position of the CB, photo-
induced holes with strong oxidizing properties are formed. This
high over potential causes the overoxidation of phenol, resulting
in a lower phenol selectivity. For example, ZnO and TiO,, as com-
monly studied photocatalysts, show high activity for benzene oxi-
dation but low phenol selectivity due to the unsuitable position
of the CB. Although chemical doping can modify the band edge
position, the existence of the carrier recombination centers pro-
duces new sites for the fast recombination of photo-induced
charges, thereby restricting their further applications.

Li et al reported a Zn,Ti-layered double hydroxide (Zn,Ti-
LDH) photocatalyst with a suitable bandgap (2020).** The
band position was further modified by the oxygen vacancy in
the layer structure of the photocatalysts. As shown in Fig. 17,
the top of the VB of Zn,Ti-LDH was 2.52 V versus the NHE (pH
= 7). Compared to TiO, and ZnO, the VB edge potential of
Zn,Ti-LDH was close to the oxidation potential of benzene
(2.48 V). The lower overpotential of Zn,Ti-LDH provides an
appropriate thermodynamic driving force for the oxidation of
benzene and simultaneously avoids phenol overoxidation.
Thus, Zn,Ti-LDH exhibited much higher phenol selectivity
than other photocatalysts, including P25, TiO,, and ZnO.

4.3 Control of surface properties

Since photocatalytic benzene oxidation always occurs on the cata-
lyst surface under photoirradiation, the selective adsorption
ability of the photocatalyst for benzene and phenol is crucial to
the phenol selectivity. Thus, it is possible to increase the phenol
selectivity by a surface modification to promote phenol desorp-
tion from the photocatalysts. For this purpose, specific strategies
can be utilized, such as transforming the surface charge/func-
tional group and constructing specific structures.
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Fig. 17 (a) Schematic band diagrams; (b) selectivity of phenol, acid, and
benzoquinone. Adapted with permission from ref. 84. Copyright 2020
Elsevier.
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Shiraishi et al. developed various mesoporous TiO, (mTiO,)
structures with different pore sizes and surface areas for photo-
catalytic benzene oxidation to phenol (2005).%> Based on these
photocatalysts, the authors established a photocatalytic activity
of mTiO, driven by an adsorption degree of various substrates,
including phenol and phenoxyacetic acid derivatives onto the
catalyst surface. This result indicated that phenol was scarcely
adsorbed on the surface of mTiO,, and suppressed the sub-
sequent oxidation of phenol. Therefore, mTiO, exhibited much
higher selectivity than TiO, nanoparticles.

Zhang et al. developed a photocatalyst by constructing
specific structures and transforming the functional group
(2011).%° TiO, nanoparticles were entrapped into mesocellular
siliceous foam (TiO,@MCF) prepared by the “co-conden-
sation” method. The as-prepared TiO,@MCF was further
modified by surface organo-grafting with a silylation agent to
make it hydrophobic (TiO,@MCF). Due to the lack of a polar
group, benzene was easily absorbed and accumulated in the
pore structure of the photocatalyst. After the reaction, the gen-
erated phenol was rapidly desorbed due to the hydrophobic
properties of the surface, resulting in inhibited phenol oxi-
dation and increased phenol selectivity.

Carbon-based materials are very attractive for catalytic reac-
tions because of their high stability, large surface area, and
ability to change surface properties. Recently, some carbon-
based materials have been used in photocatalytic benzene oxi-
dation systems to increase phenol selectivity owing to their
hydrophobic properties.’”” " For example, benzene can be selec-
tively oxidized to phenol by reduced graphene oxide (rGO) with
H,0, under visible light irradiation (2018).*° The performance
for benzene oxidation was significantly improved by more than
three times when changing the surface wettability of rGO from
hydrophilic (with a contact angle of 52°) to hydrophobic (with a
contact angle of 127°). He et al. showed that a considerable
increase in phenol selectivity could be achieved by modifying
the surface of the Cu,O nanoparticles supported on defective
graphene with long-chain alkanethiols (2018).°° Due to the
hydrophobic properties, the modified photocatalysts exhibited
much higher phenol selectivity than unmodified samples.

Very recently, Yang et al. reported that a carbon shell coated
on ZnFe,0, significantly enhances the benzene oxidation to
phenol with H,0,, as shown in Fig. 18 (2022).°" The carbon
shell exhibited the composite hydrophobic properties, which
promoted benzene accumulation and phenol desorption. As a
result, inhibited overoxidation and high phenol selectivity have
been achieved. Besides, the carbon shell prevents the leaching
of iron species during the reaction, which increases the stability
and reusability of the as-prepared photocatalyst.

4.4 Solvent optimization

In addition to photocatalytic properties, external conditions
affect the selectivity of phenol in benzene photocatalytic oxi-
dation. Our group recently reported that the solvent signifi-
cantly affects the phenol selectivity in the photocatalytic
benzene oxidation by H;PW;,0,, using a mixture of water and
acetonitrile as the solvent.?! Phenol oxidation was inhibited by
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Fig. 18 (a) Photocatalytic hydroxylation of benzene to phenol over
ZFO@C; (b) photograph of ZFO (left) and ZFO@C-2 (right) after being
acid etched in 1 M HCl for 4 h; (c) ICP results of Fe and Zn leaching from
ZFO and ZFO@C-2 during acid etching; (d) photocatalytic synthesis of
phenol over ZFO (black), ZFO@C-1 (red), ZFO@C-2 (blue) and ZFO@C-3
(pink). Adapted with permission from ref. 91. Copyright 2022 Elsevier.

adding an optimized amount of acetonitrile as a co-solvent
from the experiment result, as shown in Fig. 19a. A large
amount of phenol was decomposed in pure water without the
addition of acetonitrile. Further investigation revealed that the
inhibition of phenol oxidation was due to the suppression of
the complexation between phenol and H;PW,;,0,, by the
addition of acetonitrile (Fig. 19b). Thus, the reaction solvent
affects the interaction between phenol and the photocatalyst
and is an important factor in phenol selectivity.

The solvent can change the reaction process, affecting the
phenol selectivity. In another work, we reported that decatung-
state is an efficient photocatalyst for benzene oxidation to
phenol in acetic acid and water.** One-electron and two-elec-
tron-reduced decatungstate photocatalysts were observed in
benzene oxidation by adding a small amount of acetic acid
into a solvent under anaerobic conditions. In contrast, only
one-electron-reduced decatungstate has been formed in pure
water. The solvent, acetic acid, altered the oxidation reaction
process to some extent, favourably promoting the formation of
phenol.
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Fig. 19 (a) Time course for phenol decomposition in acetonitrile solu-
tion (50 vol%, the red line) and water (the blue line). (b) Changes in the
UV-vis absorption spectra of HzPW;,040 in aqueous solution at the
acetonitrile concentration.
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4.5 Additional reagents

The addition of organic compounds such as methanol,
ethanol, IPA, and tert-butanol to the reaction mixture can alter
the active species produced in the photocatalytic system and
change the catalytic pathways. In the photocatalytic benzene
oxidation reaction, the product phenol is usually utilized as an
additional reagent to increase the phenol selectivity. Ide et al.
first reported that photocatalytic benzene oxidation to phenol
in water on Au-nanoparticle-supported layered titanate was
accelerated when the reaction was conducted in the presence
of phenol (2010).°> In a more systematic study, Zheng prepared
noble-metal loaded TiO, photocatalysts M@TiO, (M = Au, Pt,
Ag) for benzene oxidation to phenol by adding phenol to the
solution (2011).”> Among the three photocatalysts, the
Au@TiO, catalyst exhibited the highest phenol yield and
selectivity. The author proposed that the electron generated on
the Au nanoparticle by the surface plasmonic resonance (SPR)
effect was transferred to TiO,. Then, this electron was con-
sumed by phenol to generate phenoxy free radicals in the
aqueous solution, which was confirmed by the spectroscopic
studies. These phenoxy radicals in turn oxidized benzene to
phenol, becoming phenoxy anions again. The addition of
phenol significantly made the photocatalytic reaction process
a more efficient and selective pathway. Furthermore, the
author explained the higher activity of Au than those of Pt and
Ag in terms of the larger electronegativity of Au which easily
oxidized the phenoxy anions to phenoxy radicals.

4.6 Reaction atmosphere

0O, is an important oxidant, and in photoreactions in air, O,
dissolves in a solution and participates in the reaction. When
O, in the reaction solution is removed by inert gases such as
Ar or N,, the oxidizing ability of the photocatalysts will
decrease and subsequently affect the phenol selectivity.
Yoshida et al. investigated the photocatalytic benzene oxi-
dation in water without O, to produce phenol and H, (2008).”*
Phenol was obtained as the main product under these reaction
conditions, while benzene degradation mainly occurred with
low selectivity to phenol in the presence of O,.

In addition, the presence of CO, can promote the selective
oxidation of benzene to phenol by TiO,-supported Au
(Au@TiO,) under light irradiation, as reported by Ide et al
(2011).%> The formation of the successive oxidized products
was largely suppressed, and the phenol selectivity significantly
increased under a CO, atmosphere (Fig. 20). On the other
hand, various overoxidation byproducts were formed, leading
to a low phenol selectivity under an aerobic atmosphere. It is
supposed that the CO, atmosphere suppressed the CO, gene-
ration from successive oxidation of phenol, which increased
the yield and selectivity of phenol formation.

4.7 Reactor engineering

The reactor design influences the photocatalytic reaction and
product separation, which may affect the photocatalytic activity
and product selectivity. Molinari et al. constructed a photo-
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catalytic membrane reactor (PMR) for coupling benzene oxi-
dation and phenol separation together (2009).°® They showed
that using this extractive system suppressed phenol overoxida-
tion. Recently, a continuous-flow microreactor with 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) as the oxidant
and water as the oxygen source was developed for photooxida-
tion of benzene to phenol under visible light, as shown in
Fig. 21 (2021).”” From the reaction mechanism, the excited
state of DDQ (3DDQ*) first oxidizes benzene to form benzene

| / /
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Fig. 21 System set-up: photocatalytic reactor (a) coupled with the
membrane contactor (b); (1: batch reactor, 2: UV lamp, 3: magnetic
stirrer, and 4: peristaltic pump). Adapted with permission from ref. 97.
Copyright 2021 Elsevier.
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radical cations and becomes DDQ™ itself. Then the benzene
radical cations react with H,O to form the hydroxyl radical
adducts, which further react with DDQ'™ to produce phenol
with enhanced efficiency.

5. Summary, challenges, and future
perspective

One-step photocatalytic benzene oxidation for synthesizing
phenol by using H,0, and O, has attracted great attention in
the past few decades. The main challenge of this reaction is
the high activity of the phenol product, which can be easily
overoxidized. Thus, increasing the phenol yield and selectivity
is an important research topic. Various homogeneous photoca-
talysts and heterogeneous photocatalysts have been developed
for this reaction. Homogeneous photocatalysts commonly
show high activity and phenol selectivity due to good inter-
actions between photocatalysts and benzene molecules.
However, they can hardly be recovered after the reaction,
which hampers their application. Heterogeneous catalysts,
especially semiconductor-based materials including TiO,,
C;3N,, and WO3;, are the main photocatalysts for benzene oxi-
dation, while their selectivity is generally lower than that of
homogeneous photocatalysts.

Several strategies have been developed for increasing the
phenol selectivity, including modification of photocatalysts
and reaction conditions. An important method for suppressing
phenol overoxidation and increasing phenol selectivity is pre-
venting the interaction of phenol and photocatalysts. For
example, hydrophobic modification of the photocatalyst
surface promotes the fast desorption of phenol to prevent over-
oxidation. This method can be achieved by using organically
modified reagents or directly encapsulating the photocatalyst
into a hydrophobic support material that shows low affinity
toward phenol. Solvent utilization also affects the interaction
between photocatalysts and phenol when using polyoxometa-
lates as catalysts and O, as an oxidant.

Another method is to reduce the oxidation ability of photo-
catalysts which is beneficial for the suppression of overoxida-
tion—for example, utilization of semiconductors with low
bandgaps and suitable VB band positions. Typical examples of
photocatalysts with low bandgaps are Zn,Ti-LDH and Bi,WOg/
CdwWO,, which show high selectivity but low activity using O,
as an oxidant. A disadvantage of using these kinds of photoca-
talysts is the low activity of benzene oxidation due to the high
stability of benzene and O,. C3;N, is another typical visible
light photocatalyst with a low bandgap. They have been uti-
lized for photocatalytic benzene oxidation to phenol by using
H,0, as an active oxidant. Some paper also reported that the
atmosphere, namely a CO, or anaerobic atmosphere, affects
the activity and phenol selectivity. The reaction mechanism
also affects the phenol selectivity. Phenol can be utilized as a
reagent to change the reaction mechanism by introducing a
phenol radical to activate benzene molecules and increase
phenol selectivity.
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Despite the enormous achievements and attempts made in
the photocatalytic benzene oxidation to phenol, the enhance-
ment of phenol selectivity is the main challenge, making this
research area constrictive. Due to the easy recovery after the
reaction, more efforts should be paid to heterogeneous photo-
catalysts for benzene oxidation. Very few heterogeneous photo-
catalysts have been reported for benzene oxidation, mainly
focusing on TiO,, C;N4, MOFs, and WO;. Both O, and H,0,
have been utilized as oxidants in these photocatalytic systems,
where H,0, is more easily activated. Photocatalysts with
narrow bandgaps and mild oxidation ability, such as C;N, and
MOFs, only can utilize H,O, as an oxidant. However, since
H,O0, is expensive, developing a photocatalytic benzene oxi-
dation system using O, as the oxidant is desirable. Only TiO,-
and WO;-based semiconductor photocatalysts have been
reported for benzene oxidation to phenol with O,. Thus,
further development of semiconductor-based photocatalysts
for benzene oxidation using O, is required. Attention should
be paid to visible light photocatalysts because UV light
accounts for only ~5% of solar light. The rational design and
synthesis of efficient photocatalytic materials with high phenol
selectivity are still challenging. Developing technologies to
convert benzene to phenol under mild conditions is required
to decentralize chemical industrial processes for decarboniza-
tion. The catalytic materials and process designs described in
this paper must be refined further.
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