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Recent progress in polymer nanosheets for
photocatalysis

Shunhang Wei, @ +2° Lei Wang, i€ Jianyong Yue,i® Rong Wu, ©¢ Zebo Fang*?
and Yuxi Xu @ *®

Polymers have been considered as promising photocatalysts for energy conversion and environmental
remediation, because of their inherent advantages such as adjustable optical and electronic properties as
well as abundant active sites. However, it is difficult for polymers without effective design to achieve
ideal photocatalytic performance. Compared with bulk polymers, polymer nanosheets obtained by
exfoliation have the thickness of single or multiple atomic layers, which possess numerous unique
advantages, such as more accessible active sites, shorter carrier transport distances, a prolonged lifetime
of photogenerated carriers and the atomic level regulation of the backbone. Therefore extensive efforts
have been focused on photocatalysts based on polymer nanosheets, and remarkable progress has been
reported. In this review, the principles of photocatalytic water splitting, pollutant degradation and CO,
reduction are briefly introduced. And then recent advances in polymer nanosheets (conjugated
microporous polymers, covalent organic frameworks, conjugated triazine frameworks and carbon
nitrides) and their heterojunctions in the above-mentioned fields are highlighted. Specifically, the effects
of the modification strategy on their light absorption ability, carrier migration, and photocatalytic activity
are discussed. Finally, the important challenges and potential opportunities for developing polymer
nanosheets and their heterojunctions as high-performance photocatalysts are envisaged. The insights
exhibited in this review can provide a useful guidance for the design and development of polymer
nanosheet based photocatalysts.

1. Introduction
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The energy of sunlight reaching the Earth per hour is enough to
meet the energy demand of modern society per year,"? thereby
the efficient use of solar energy is expected to alleviate the
energy crisis and environmental pollution.>® Due to some
inherent properties of sunlight (low energy density, intermit-
tency, diffusion, etc.), converting solar energy into chemical
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energy is considered as an effective way to improve solar energy
utilization efficiency.”™* Inspired by photosynthesis in nature
through which green plants convert carbon dioxide and water
into energy-rich organic matter under mild conditions, artificial
photosynthesis based on semiconductor photocatalytic tech-
nology is proposed and widely concerned. For example, photo-
catalytic water splitting to produce clean hydrogen fuel*>° and
photocatalytic CO, reduction to produce high value-added
chemicals (methane, methanol, etc.)*** have shown great
prospects in alleviating the energy crisis. In addition, solar-
driven degradation of pollutants (such as volatile organic
compounds, antibiotics and organic dyes) is a powerful tech-
nology to solve the problem of environmental pollution.>**

Since the successful application of TiO, in photocatalytic
water splitting,®* a large number of inorganic photocatalysts
have been explored, such as oxides (NaTaO;, ZnO, and
SrTi0;),*** sulfides (In,S; and ZnIn,S,)**** and oxynitrides
(TazNs, LaTiO,N, and BaTaO,N).***' Although a series of
advances have been achieved in photocatalysis, they usually
exhibit low quantum efficiency due to rapid carrier recombi-
nation. In addition, some of them have poor visible-light
absorption ability, toxicity, photocorrosion and costly transi-
tion metals, which severely limit their large-scale applications.
More importantly, the optical and electronic properties of
inorganic materials can only be adjusted within a relatively
limited range due to their inherent properties.*” Therefore, it
remains an urgent need to develop inexpensive, stable, harm-
less and structurally adjustable photocatalysts to achieve high
photocatalytic performance.

Polymer photocatalysts, composed of earth-abundant light
elements (C, H, N, S, etc.), possess excellent designability of the
structure and functionality and can overcome some shortcom-
ings of inorganic photocatalysts. Most polymer photocatalysts
have visible-light absorption ability benefited from their delo-
calized m-system.”® More importantly, their electronic and
optical properties can be effectively regulated via controlling the
synthesis conditions. For example, Cooper et al. synthesized
a series of conjugated microporous polymers (CMPs) with an
optical gap ranging from 1.94 eV to 2.95 eV via changing the
monomer compositions involved in the synthesis reaction.** At
present, carbon nitrides, covalent organic frameworks (COFs),
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conjugated triazine frameworks (CTFs), CMPs and linear
conjugated polymers are the main polymer photocatalysts.
Among them, although linear conjugated polymers are first
reported,* their photocatalytic activity is generally poor due to
the limited electron delocalization.*® Therefore, the evolution of
polymer photocatalysts mainly focuses on the other four types.
To further improve the photocatalytic performance of polymers,
morphology design and construction of heterojunctions are
widely adopted. Compared with other morphologies, polymer
nanosheets display distinctive advantages including a large
specific surface area, abundant active sites and a short carrier
migration distance. The construction of heterojunctions can
improve various properties such as light absorption and carrier
migration. Therefore single-component polymer nanosheets
and polymer nanosheet-based heterojunctions are important
research directions for polymer photocatalysts.

This work summarizes the research progress of COF, CTF,
CMP and carbon nitride nanosheets and their heterojunctions
in photocatalytic hydrogen production, CO, reduction and
pollutant degradation (Scheme 1). Firstly, the basic rules of the
above three types of photocatalytic processes and the advan-
tages of polymer nanosheets in photocatalysis are briefly dis-
cussed. Subsequently, the current advances and optimization
methods of single-component polymer nanosheets and polymer
nanosheet-based heterojunctions are summarized. Finally,
some beneficial guiding opinions of polymer nanosheets for
photocatalysis are put forward and expected to obtain better
photocatalytic activities.
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Scheme 1 Schematic illustration of the properties and photocatalytic
applications for polymer nanosheets. (a) Reproduced with permission
from ref. 175, © American Chemical Society 2022. (b) Reproduced with
permission from ref. 176, © Wiley-VCH GmbH 2020. (c) Reprinted with
permission from ref. 84, © Wiley-VCH GmbH 2022. (d) Reprinted with
permission from ref. 177, © Royal Society of Chemistry 2022. (e)
Reprinted with permission from ref. 148, © Royal Society of Chemistry
2020.
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2. Basic principles for photocatalytic
water splitting, pollutant degradation
and CO, reduction

Photocatalytic water splitting and CO, reduction convert solar
energy to chemical energy (such as H,, CH, and CH;OH), which
have attracted enormous attention in alleviating energy
shortage and greenhouse effects. In addition, thanks to the
green, efficient and secondary pollution free characteristics,
photocatalytic degradation shows promising potential in
pollutant removal (dye molecules, antibiotics, NO,, etc.). The
photocatalytic process needs to meet both dynamic and ther-
modynamic requirements. Photocatalytic water splitting,
degradation and CO, reduction have the same dynamic process,
as shown in Fig. 1a. First, electrons and holes are generated
under irradiation. And then, some of the generated carriers will
migrate to the surface active sites for a redox reaction. Mean-
while, some carriers will be recombined in the bulk and on the
surface of photocatalysts. Inhibiting carrier recombination is an
important means to improve photocatalytic activity, and lots of
effective methods have been proposed, including doping,***
constructing heterojunctions,** and loading cocatalysts.>*>*
On the other hand, thermodynamic requirements for the three
photocatalytic reactions are different (Fig. 1b). For water split-
ting, the conduction band minimum (CBM) for H, production
needs to locate at a more negative position than —0.41 V (vs.
NHE, pH = 7), and the valence band maximum (VBM) location
for O, production should more positive than 0.82 V (vs. NHE,
PH = 7). Generally, the photocatalytic CO, reduction reaction is
more difficult than the photocatalytic water splitting, because
the high stability of CO, molecules requires a significant energy
input for C=O bond cleavage (bond enthalpy +
805 kJ mol ).>**¢ The photogenerated electrons and holes
reduce CO, to various products with the corresponding redox
potentials (eqn (1)-(5)) and oxidize water to O,, respectively.®”~>°
For photodegradation, the photogenerated electrons and holes
can directly decompose pollutants via redox reactions. Also,
they can firstly react with O, dissolved in water and water

(a)

Reduction reaction
ecombination

Oxidation reaction

Fig. 1
photocatalysis.
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molecules to form superoxide radicals ('O, , —0.33 V vs. NHE,
pH = 7),*® hydroxyl radicals ("OH, 2.34 V vs. NHE, pH = 7),** etc.,
and then decompose pollutants.

CO, + 2H* + 2¢- — HCOOH —0.61 V vs. NHE (pH = 7) (1)
CO, + 2H" +2¢~ —CO + H,0 —0.53 V vs. NHE (pH = 7) (2)
CO, +4H" + 4e~ »HCHO + H,0 —0.48 V vs. NHE (pH = 7)(3)
CO, + 6H* + 66~ — CH;OH + H,0 —0.38 V vs. NHE (pH = 7)(4)

CO, + 8H™ + 8¢~ —CH, + 2H,0 —0.24 V vs. NHE (pH = 7)(5)

For the three photocatalytic reactions, there are different
research focuses in increasing photocatalytic performance. For
example, H, and O, can combine to form water on the surface of
photocatalysts, so the inhibition of the H,-O, recombination
reverse reaction is a research focus for photocatalytic water
splitting. Several strategies have been proven to be effective,
such as selective cocatalyst deposition** and introducing amino
functional groups on the catalyst surface.®® Some pollutants
(antibiotics, etc.) cannot be completely degraded to non-toxic
substances, so the design of photocatalysts with high redox
ability based on the degradation pathway is a research focus of
photocatalytic degradation. The photocatalytic CO, reduction
reaction undergoes various intermediate steps and produces
various by-products, resulting in a complex reaction mecha-
nism and low selectivity of products. Therefore achieving effi-
cient CO, conversion with high selectivity is a research focus of
photocatalytic CO, reduction.

3. Advantages of polymer nanosheets
for photocatalysis
For semiconductor photocatalysts, the morphology has an

important effect on carrier migration and surface transfer.
Therefore photocatalysts with different morphologies are

(b)
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(@) Schematic diagram of the photogenerated carrier transfer process. (b) Schematic illustration of thermodynamic requirements for
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developed to achieve excellent photocatalytic performance.
Compared with other morphologies, nanosheets have a cross
section that can be as large as micrometers and a thickness as
thin as a single atomic layer. The wide cross section is beneficial
for receiving solar photons, and the ultra-thin thickness greatly
shortens the carrier migration distance. Recently, abundant
polymer nanosheets with an adjustable thickness have been
prepared by top-down (exfoliation method, etc.) or bottom-up
(interface polymerization, solution polymerization, mechano-
chemistry, etc.) approaches.***>**

Modification strategies (doping, increasing active sites, etc.)
are considered as important routes to enhance the photo-
catalytic performance of polymer nanosheets. Generally, the
modifications in bulk photocatalysts are limited to the surface
or the shallow depth below the surface because of the low ratio
of surface atoms to entire material. In contrast, the thin poly-
mer nanosheets are mostly composed of surface atoms, which
can be modified adequately. More importantly, polymer nano-
sheets can even realize atomic-level regulation of the backbone
and targeted introduction of active sites, resulting in precise
and diversified modifications.®® For example, on-surface
synthesis (surface as a template to catalyze bond formation)
could achieve the atomically precise design of polymer nano-
sheets.®®®” Song et al. constructed a compact active site layout
(boron atoms as the active sites) by adjusting the molecular size
of monomers.”® In addition, the band gap and electronic
properties of polymers can be effectively regulated by adjusting
monomer types and the conjugation degree.**’® In light of the
above-mentioned features, polymer nanosheets show bright
application prospects in the field of photocatalysis.

4. Single-component polymer
nanosheets for photocatalysis
4.1 CMP photocatalysts

CMP photocatalysts are a class of amorphous polymers with an
expanded m-conjugated structure and continuous networks,
featuring excellent chemical and thermal stability.”* Because
CMPs can be synthesized using thousands of monomers, their
band structure and active sites can be flexibly regulated.” Over
the past decade, various CMPs have exhibited outstanding
photocatalytic activity, for example, perylene-containing
CMPs,”® dibenzothiophene dioxide containing CMPs,”*
spirobifluorene-linked CMPs,” and dibenzothiophene-S,S-
dioxide-containing CMPs.”® Typical CMPs usually show a nano-
particle-like morphology because of the highly cross-linked
network. In order to enrich the morphologies of CMPs, some
effective strategies have been developed. For example, using
carbon nanospheres, single-walled carbon nanotubes and
reduced graphene oxide as templates can form ball-, stick- and
sandwich-like CMPs, respectively.”” Selecting toluene, p-xylene
and mesitylene as solvents can obtain CMPs with sphere-,
tubular- and plate-like structures, respectively.” Limited by the
synthesis methods of CMP nanosheets, their applications in
photocatalysis have been rarely reported so far. Nonetheless,
some representative articles are still worth mentioning.

This journal is © The Royal Society of Chemistry 2023
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4.1.1 Photocatalytic water splitting

4.1.1.1 Photocatalytic H, production. Jiang et al. used 1,4-
benzenediboronic acid bis(pinacol)ester (DBABz), 1,3,6,8-tetra-
bromopyrene (TBrPy) and 3,7-dibromodibenzothiophene-S,S-
dioxide (DBrBTDO) as the m-bridge, donor and acceptor,
respectively, to prepare D-w-A CMP photocatalysts (Fig. 2a).”
D-7-A CMP nanosheets with a thickness of around 100 nm
(denoted as PyBS-4) were obtained when the ratio of donor to
acceptor was 15 : 85. The high content of acceptors resulted in
high hydrophilicity (Fig. 2b), which was beneficial for the
contact between water and the CMP photocatalyst surface. More
importantly, thanks to the structural nature of D-7-A polymers,
the light-induced electrons could rapidly transfer from the
HOMO orbits of the donor to the LUMO orbits of the acceptor
along the polymer skeleton, inhibiting photogenerated carrier
recombination efficiently (Fig. 2c). Therefore the photocatalytic
H, evolution rate of PyBS-4 reached 0.21 mmol h™" under
visible-light irradiation (2 > 420 nmj; its dosage was 25 mg),
which was higher than that of D-t—-A CMP photocatalysts with
other morphologies.*

4.1.1.2  Photocatalytic O, production. Xu et al. successfully
synthesized aza-fused CMP (aza-CMP) nanosheets using 1,2,4,5-
benzenetetramine tetrahydrochloride and hexaketocyclohexane
octahydrate as the raw monomers.** The band gap of the aza-
CMP nanosheets was ~1.22 eV, and their VBM potential
(6.08 eV vs. vacuum level) far exceeded the required potential for
water oxidation. Therefore, the aza-CMP nanosheets exhibited
photocatalytic O, production activity under visible-light irradi-
ation (4 > 420 nm; ~1.0 umol h™") and even near infrared light
irradiation (A > 800 nm; ~0.4 pmol h™'). When the aza-CMP
nanosheets were further treated using the liquid exfoliation
method, ultrathin aza-CMP nanosheets with a thickness of
~10 nm were obtained. Benefiting from improved photo-
responsivity and more accessible reaction sites, the ultrathin
aza-CMP nanosheets exhibited a three-fold enhancement in the
photocatalytic O, production visible-light
irradiation.

4.1.1.3 Photocatalytic overall water splitting. Xu et al.
employed terminal alkynes (1,3,5-tris-(4-ethynylphenyl)-
benzene (TEPB) and 1,3,5-triethynylbenzene (TEB)) as raw
materials to fabricate 1,3-diyne-linked CMP nanosheets.*” The
obtained CMP nanosheets prepared from TEPB (denoted as
PTEPB) exhibited a single-layer or possible double-layer
morphology (Fig. 2d). In contrast, the CMP derived from TEB
(denoted as PTEB) was prone to form aggregated structures due
to its large interlayer interaction energy (0.035 ] m~>) and planar
molecular structure. Thanks to the role of 1,3-diyne covalent
linkage in tuning band structures, both PTEPB and PTEB
exhibited narrow band gaps (~2.85 eV and ~2.94 eV, respec-
tively). And their VBM and CBM positions satisfied the ther-
modynamic requirements for water splitting. Therefore they
exhibited stable photocatalytic overall water splitting activity
under visible-light irradiation. Theoretical calculations further
revealed the possible reactive sites for water oxidation (Fig. 2e
and f): the O, evolution for PTEPB could occur spontaneously
under visible-light irradiation via a dual-site process, while both
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(a) The synthesis of the D—m—A containing copolymer photocatalysts with the notional polymer structure. (b) Water contact angles for the

copolymers. (c) The proposed photocatalytic mechanism of the D—mt—A copolymer photocatalyst. Reprinted with permission from ref. 79, ©
Wiley-VCH GmbH 2021. (d) TEM image of PTEPB. Proposed photocatalytic cycles of the oxygen evolution reaction (via single-site and dual-site
processes) and hydrogen evolution reaction with the energetically most feasible active sites in both PTEPB (e) and PTEB (f). Reprinted with
permission from ref. 82, © Wiley-VCH GmbH 2017. (g) Synthetic routes of the TzTz-based conjugated porous polymers. Reprinted with
permission from ref. 83, © American Chemical Society 2019. (h) Schematic illustration of CoPcPDA-CMP NS synthesis. Reprinted with permission

from ref. 84, © Wiley-VCH GmbH 2022.

single-site and dual-site processes might take place for PTEB.
Benefiting from the ultrathin thickness and reactive sites, the
average H, production rate of PTEPB (218 umol h™" g™') was
better than that of PTEB (102 umol h™" g™ "). These findings
provided a new insight into designing and synthesizing CMP
nanosheets for photocatalytic overall water splitting.

4.1.2 Photocatalytic degradation. Jin et al. synthesized
a series of thiazolo[5,4-d] thiazole (TzTz)-linked CMP nano-
sheets via incorporating a TzTz unit and polyphenyl molecules
with C,, Cs, and D,;, symmetric groups (Fig. 2¢2).** These CMPs
were denoted as TZCP-1, TZCP-2 and TZCP-3 based on the
symmetric groups, respectively. The introduction of the
heteroatom-S/N and conjugated structure resulted in three
samples with different colors (red TZCP-1, green TZCP-2 and
deep-green TZCP-3) and specific surface areas (110 m?> g~ ' for
TZCP-1, 385 m* g ' for TZCP-2 and 673 m”> g~ ' for TZCP-3),
which indicated that the change of building blocks could tune
physical characteristics. The monolayer thicknesses of TZCP-1,

23724 | J Mater. Chem. A, 2023, N, 23720-23741

TZCP-2, and TZCP-3 were around 4.1, 4.4 and 4.8 nm, respec-
tively. TZCP-1 and TZCP-3 exhibited the largest sheets and
a uniform smallest sheet morphology, respectively, indicating
that the geometry of the aldehyde monomers had a direct
impact on the morphology of the polymers. The high specific
surface area and small size of layers could improve the inter-
action area between catalysts and dyes, which benefited the
photocatalytic degradation activity. Therefore, TZCP-3 had the
highest photodegradation rate under visible-light irradiation
(completely degraded RhB in 30 min and degraded 80% MO in
60 min).

4.1.3 Photocatalytic CO, reduction. Jiang et al. used tet-
raaminophthalocyanatocobalt(u) (CoTAPc) and 3,4,9,10-per-
ylenetetracarboxylic dianhydride (PTCDA) as raw materials to
prepare bulk imide-based covalent organic polymer CoPcPDA-
CMP, and further exfoliated it into CoPcPDA-CMP nanosheets
with a thickness of ~5 nm (Fig. 2h).** The CoPcPDA-CMP
nanosheet itself constructed a Z-scheme system, in which

This journal is © The Royal Society of Chemistry 2023
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cobalt phthalocyanine (CoPc) moieties were used for CO,
reduction and 3,4,9,10-perylenetetracarboxylic diimide (PDI)
moieties were used for H,O oxidation. In the CoPcPDA-CMP
nanosheet, the CoPc and PDI moieties were integrated
through an imide ring. The CO formation rate for bulk
CoPcPDA-CMP is almost two times faster than that for the
mixture of CoTAPc and PDI (1:2), indicating that the unique
structure is beneficial for electron-hole separation. When the
bulk CoPcPDA-CMPs were exfoliated into nanosheets, the
exposed active sites were obviously increased and the electron
transfer process was more efficient, so that the CoPcPDA-CMP
nanosheets exhibited a faster CO formation rate (14.27 pmol
g ' h™") and a higher CO selectivity (92%) under visible-light
irradiation. This work developed a new high-performance
CMP nanosheet photocatalyst for CO, conversion with H,O as
an electron donor, which was competitive to the state-of-the-art
visible-light-driven organic photocatalysts for overall CO,
reduction.

4.2 COF photocatalysts

COFs are a class of highly crystalline porous polymers with
a high specific surface area, abundant active sites and chemical
stability.®*® Their light absorption ability can be adjusted by
modifying building blocks. In addition, their highly ordered
structures and strong interlayer interactions provide unique
advantages in separation of photogenerated carriers.*® There-
fore, COFs have great application potential in photocatalysis.

The preparation strategies of COF nanosheets can be clas-
sified into top-down and bottom-up strategies.?” The top-down
strategy aims to exfoliate a bulk polymer into single- or multi-
layer nanosheets via utilizing external forces to break the
weak interlayer interactions. So far, the well-developed exfolia-
tion strategies generally include sonication exfoliation, chem-
ical exfoliation, mechanical exfoliation and self-exfoliation. For
example, Dichtel et al. exfoliated a hydrazone-linked COF into
bulk quantities of two-dimensional (2D) polymer nanosheets by
immersing in several common laboratory solvents (THF,
dioxane, MeOH, etc.).*”® Tsuru et al. prepared COF-1 nanosheets
by ultrasonic exfoliation through dispersing COF-1 powder in
dichloromethane.® Banerjee et al. used a mechanical grinding
route to obtain graphene-like layered COF nanosheets.”® The
bottom-up methods are usually realized via interfacial synthesis
(such as liquid-liquid interface and gas-liquid interface). For
example, Zhang et al. prepared an imine-linked covalent
organic monolayer at the air-water interface.”* Ma et al
synthesized high-quality COF nanosheets at the interface of two
miscible organic solvents.” It is worth noting that reports of
COF nanosheets for photocatalysis are still rare, which may be
ascribed to the limited synthesis methods.®*** Herein, the
relevant important developments of COF nanosheets in pho-
tocatalysis are discussed.

4.2.1 Photocatalytic water splitting

4.2.1.1 Photocatalytic H, production. Osakada et al. used
a liquid-phase exfoliation method to obtain thin-layered
porphyrin-comprised COF nanosheets (denoted as e-CON) in
common solvents (dichloromethane, methanol, pyridine,

This journal is © The Royal Society of Chemistry 2023
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nitrobenzene and H,0).°® Compared with other solvents, the
surface energy of H,0 (102.8 mJ m™~?) was closer to that of bulk
porphyrin-comprised COFs (DhaTph) (106.6 mJ m™?), so the
porphyrin-comprised COFs could be easily exfoliated in H,O
(denoted as e-CON(H,0)). The produced e-CON(H,O) had
a thickness of 1-2 nm and a width of 50-60 nm. Using Pt/RGO
as the co-photocatalyst and methanol as the sacrificial agent, its
photocatalytic H, yield rate was nearly five times higher than
that of unexfoliated DhaTph. Cooper et al. used 3,9-diamino-
benzo[1,2-b : 4,5-b']bis[1]benzothiophene sulfone (FSA) as the
monomer to produce FS-COF via a Schiff-base condensation
reaction.”” It could be partially exfoliated into thin stacks with
thicknesses of 5-25 nm. Using ascorbic acid as the sacrificial
agent and Pt as the co-catalyst, its photocatalytic H, yield rate
reached 10.1 mmol g~' h™" under visible-light irradiation (1 >
420 nm), which was ~6.5 times higher that that of TP-COF
(synthesised using 4,4” diamino-p-terphenyl as the monomer).
Besides the longer absorption edge and higher BET surface
area, the authors believed that the partial exfoliation of FS-COF
also contributed to the improved photocatalytic performance
because the nanosheet-like morphology could provide more
active sites for hydrogen evolution.®**°

4.2.1.2 Photocatalytic overall water splitting. Lan et al. exfo-
liated three B-ketoamine COFs (TpBD-COF with biphenyl units,
and TpBpy-COF and TpBpy-2-COF with a bipyridine structure)
to obtain nanosheets (NSs) with a thickness of 3-4 nm via
a “top-down” route, and then in situ incorporated 1.19-1.28 wt%
ultra-small Pt nanoparticles (around 1.1 nm) co-catalyst into
their open channels (Fig. 3a—c)."® The obtained samples were
denoted as Pt@ TpBD-NS, Pt@TpBpy-NS and Pt@TpBpy-2-NS,
respectively. Except Pt@TpBD-NS, both Pt@TpBpy-NS and
Pt@TpBpy-2-NS exhibited overall water splitting activity. The H,
and O, evolution amounts in 5 h under visible-light irradiation
for Pt@TpBpy-NS were 9.9 and 4.8 pmol, respectively, and those
for Pt@TpBpy-2-NS were 3.1 and 1.4 pmol. The different pho-
tocatalytic performance indicated that the bipyridine structure
and the position of N sites in the heterocyclic ring were
important for overall water splitting. Control experiments using
bulk COFs without a nanosheet morphology and post-loading
Pt on COF NSs confirmed that the nanosheet morphology and
ultra-small Pt NPs uniformly distributed in the pores of COFs
were key factors for enhancing the water splitting activity. DFT
theoretical calculation (Fig. 3d-f) further indicated that the
electron transfer from the Bpy to the Tp section was more effi-
cient in TpBpy-NS than that in TpBpy-2-NS, and C2d was the
optimal oxygen evolution reaction path.

4.3 CTF photocatalysts

CTFs are composed of covalent and aromatic triazine linkages,
possessing high pore density, rich active sites and chemical and
thermal stability. Currently, most of the reported CTFs are
amorphous or semicrystalline. Although CTFs have an intrin-
sically 2D layered structure, the -7 interaction between layers
generally results in the formation of bulk CTFs. The long charge
diffusion distance, abundant defects and boundaries in bulk
CTFs seriously restrict photocatalytic performance. In order to

J. Mater. Chem. A, 2023, 11, 23720-23741 | 23725
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synthesize CTF nanosheets, different strategies have been
developed, including chemical exfoliation, interfacial polymer-
ization, mechanical exfoliation and monomer-dependent
synthesis.’®* For example, Fan et al utilized an acid-base
driven intercalation reaction to obtain 1-2 layered CTF nano-
sheets.’ Xu et al. exfoliated bulk CTFs into micrometer-size
few-layer CTF nanosheets with a thickness of 2-3 nm through
micromechanical cleavage and liquid sonication.'” Wang et al.
used a ball mill strategy to break the interlayer - interactions
of bulk perfluorinated CTFs and obtain ultrathin nanosheets
with a thickness of ~4.2 nm.***

4.3.1 Photocatalytic water splitting

4.3.1.1 Photocatalytic H, production. Xu et al. prepared
layered crystalline CTF powders using terephthalonitrile as the
monomer and CF;SO;H as the catalyst.'® The obtained layered
crystalline CTFs were treated with sulfuric acid so that they were
exfoliated into nanosheets containing amide groups and
oxygen-containing groups (o-CTFNSs) through a rapid
exothermic effect formed by adding water into the mixture
containing sulfuric acid. Finally, these oxygen-containing
groups were reduced using hydrazine hydrate to obtain
amide-functionalized CTF nanosheets with an ultrathin thick-
ness of ~1.5 nm (Fig. 4a-c). The amide functional groups served
as electron donors, which could adjust the band gap and
promote charge separation. The photocatalytic H, yield rate of
the amide-functionalized CTF nanosheets could reach 512.3
umol h™" under visible-light irradiation, which was around 17
times higher than that of pristine layered crystalline CTFs
(Fig. 4d). More importantly, the amide-functionalized CTF
nanosheets have an apparent quantum yield of 11.3% at 420 nm
and excellent photostability for photocatalytic H, evolution.
Afterwards, Xu's group focused on scalable production of high-
quality CTF nanosheets for photocatalytic H, evolution.'*®'%”
For example, CF;SO;H catalysts were employed to absorb

23726 | J Mater. Chem. A, 2023, 11, 23720-23741

microwave energy, which could exclusively transfer energy to
the nitrile-based monomers (1,3,5-tricyanobenzene, 1,4-dicya-
nobenzene and 4,4’-dicyano-1,1"-biphenyl) under solvent-free
conditions to facilitate a continuous cyclotrimerization reac-
tion (Fig. 4e).’® The microwave-assisted synthetic route can
obtain a series of highly crystalline layered CTFs with the
hundred-gram level in a short time (within 20 minutes).
Abundant crystalline single-layer/few-layer CTF nanosheets
with a thickness of 0.6-3 nm could be obtained after simple
ball-milling exfoliation of the above bulk layered crystalline
CTFs (Fig. 4g and h). The photocatalytic hydrogen evolution rate
of the CTF nanosheets reached up to 7971 umol g~* h™*, which
was nearly five times higher than that of bulk CTFs. Such high
photocatalytic performance could be ascribed to the more
accessible active sites and higher carrier separation efficiency of
exfoliated nanosheets. In the subsequent research, bulk layered
crystalline CTFs were further homogeneously mixed with
a sodium 1-pyrenebutyrate (PB) aqueous solution.'”” The PB
molecules could spontaneously adsorb on the surface and
interlayer edges of the bulk CTF, and the introduced negative
charges enhanced interlayer repulsion of the CTF layers
(Fig. 4i). Under mechanical ball-milling treatment, the formed
shear force slipped the 2D triazine layers of the bulk CTFs into
CTF nanosheets (PB-modified 2D-TP) on a large scale in water
(Fig. 4j). The adsorbed PB caused a molecular doping effect on
the CTF nanosheets, resulting ineffective carrier separation.
The interaction between 2D-TP and PB formed a strong built-in
electric field, which also accelerated photogenerated charge
separation and transfer. Therefore, the photocatalytic H, yield
rate of the PB-modified 2D-TP nanosheets (50 mg dosage)
reached 1249 pmol h™" under visible-light irradiation, which
was 24-fold improvement in comparison with that of the bulk
CTFs (Fig. 4k). In addition, they found a new solvent-free salt-
catalyzed nitrile cyclotrimerization process, which could result

This journal is © The Royal Society of Chemistry 2023
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GmbH 2023.

in the formation of atomic-thin CTF nanosheets on a large scale
(Fig. 5a).**® Common salts (KCl, etc.) could not only facilitate the
formation of a nanosheet morphology but also act as a kind of
green solid catalyst to catalyze the cyclotrimerization reaction of
carbonitrile monomers. The obtained crystalline CTF nano-
sheets (CTF NSs) with a thickness of ~80 nm could be further
exfoliated into single-layer crystalline 2D triazine polymers (2D-
TPs) with a thickness of ~0.6 nm via simple liquid ultra-
sonication. The obtained atomic-thin 2D-TPs with a suitable
band structure and rich triazine active groups exhibited an
excellent photocatalytic H, evolution rate (1321 pmol h™*)
under visible-light irradiation.

Fan et al. synthesized few-layer CTF nanosheets using H,SO,
and (NH,),S,05 as an intercalant and mild oxidant, respectively,
to intercalate and exfoliate bulk CTFs (Fig. 5b).'® The defect
states introduced by exfoliation could improve visible-light
absorption and suppress the radiative electron-hole recombi-
nation. Besides, the ultrathin structure could shorten the
diffusion length of the photoexcited carriers and expose more
active sites. Under optimum conditions, the exfoliated CTF
nanosheets exhibited a high H, production rate (1527 pmol h™!
g ") under visible-light irradiation, which was much better than
that of bulk CTFs. Afterwards, Fan et al. firstly obtained thin
CTF-1 nanosheets (denoted as E-CTF) using the above exfolia-
tion method, and then obtained protonated CTF-1 nanosheets
(P-CTF) through the reaction of E-CTF with H;PO, (Fig. 5¢)."*°

This journal is © The Royal Society of Chemistry 2023

The protonation could improve the interaction among the P-
CTF, H,0 molecules and Pt co-catalyst, thus facilitating the
transfer of the photogenerated electrons from the Pt co-catalyst
to the H,O (Fig. 5d and e). Therefore, in the presence of a Pt (3
wt%) co-catalyst and triethanolamine sacrificial agent, the
photocatalytic H, production rate of P-CTF (6595 pmol g ' h™*)
under AM 1.5 irradiation was higher than that of E-CTF (3972.5
pumol ¢~' h™") and bulk CTF-1 (810 pumol g~* h™").

4.3.1.2 Photocatalytic = O,  production. The amide-
functionalized CTF nanosheets prepared by Xu et al also
showed a better photocatalytic O, production rate (12.37 pmol
h™") than the corresponding bulk CTFs (0.52 pmol h™*) under
visible-light irradiation (Co®" and AgNO; served as a co-catalyst
and sacrificial agent, respectively).'*® Besides the advantages of
amide functional groups and morphology, the more positive
VBM potential of the amide-functionalized CTF nanosheets
resulted in adequate thermodynamic driving force, which was
also an important reason for the enhanced photocatalytic water
oxidation performance.

4.3.1.3 Photocatalytic overall water splitting. High crystal-
linity and hydrophilicity are the key factors to obtain photo-
catalytic overall water splitting activity. Besides the amide-
functionalized CTF nanosheets and atomically thin crystalline
2D-TPs prepared by Xu et al.**>*® the crystalline CTF nanosheets
with high hydrophilicity (denoted as CTF-HUST-A1) prepared by
Jin et al. also exhibited photocatalytic overall water splitting

J. Mater. Chem. A, 2023, M, 23720-23741 | 23727
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(a) Proposed salt-catalytic method based on the chemical interaction between the salt lattice and carbonitrile monomers during the

polymerization process, SEM image of CTF-DCB NSs and TEM image of 2D-TPs with the inset showing the Tyndall effect of 2D-TP dispersion.
Reprinted with permission from ref. 108, © American Chemical Society 2023. (b) Illustration of the preparation of exfoliated CTF nanosheets.
Reprinted with permission from ref. 109, © Elsevier B.V. 2020. (c) Schematic diagram of protonation modification of CTF-1. (d) Optimized
configurations for E-CTF-1, P-CTF, Pt@E-CTF and Pt@P-CTF after binding with a H,O molecule. (e) Differential charge density for Pt@E-CTF and
Pt@P-CTF. Reprinted with permission from ref. 110, © American Chemical Society 2022.

activity."* The crystalline CTF-HUST-A1 nanosheets were
synthesized using p-xylylenediamine as the monomer and
a strong base as the catalyst. Among various base reagents
(K,CO3, KOH, EtOK and ‘BuOK), the CTF-HUST-A1 synthesized
in ‘BuOK (denoted as CTF-HUST-A1-‘BuOK) showed the highest
crystallinity and BET surface area (644 m® g~ '). The CTF-HUST-
A1-"BuOK nanosheets had a thickness of around 5 nm. Struc-
tures analysis showed that the -C=0 groups (formed by the
hydrolysis of the -C=N- groups or the oxidation of the ben-
zylamine groups under alkaline conditions) and the -C-O-H
groups (formed from the -C-NH, groups or by further hydro-
lysis of the -C=0 or -C=NH groups under alkaline conditions)
were the major reason for the good hydrophilicity. In addition,
the high surface area and the layer structure might also partially
contribute to the high hydrophilicity. The high crystallinity
could inhibit the recombination of photogenerated charge
carriers, the thin nanosheets could provide a shortcut for the
photo-generated charges to the surface and the high hydro-
philicity could promote interactions between the CTF nano-
sheets and water. Their synergistic roles resulted in a good
overall water splitting activity (25.4 mmol g* h™' and
12.9 mmol g~' h™") under visible-light irradiation (1 > 420 nm)
of CTF-HUST-A1-‘BuOK with 4.5 wt% NiP, and 3.0 wt%Pt as
dual cocatalysts.

23728 | J. Mater. Chem. A, 2023, 11, 23720-23741

4.4 Carbon nitride photocatalysts

Carbon nitrides are star semiconductors in the field of photo-
catalysis due to the advantages of easy preparation, low cost,
non-toxicity, stable physical and chemical properties and suit-
able band structure. Carbon nitrides have different allotropes,
among which graphitic carbon nitride (g-C3;N,) is the most
stable.”>'* Recently, g-C;N, with an amorphous, semi-
crystalline or highly crystalline structure has been widely re-
ported. Since Wang's pioneering report showed that g-C3;N,
possessed photocatalytic H, and O, production activity,"** it has
been extensively studied in different photocatalytic applications
(CO, reduction, pollutant degradation, hydrogen peroxide
production, etc.)."***** However, bulk g-C3;N, exhibits low charge
carrier separation efficiency and a small surface area, resulting
in poor photocatalytic activity."*>*** Therefore g-C;N, photo-
catalysts with different morphologies (nanosheets,'*****> hollow
spheres,'?*'** nanofibers'”® and nanotubes'**'*”) have been
developed to enhance photocatalytic performance. Among
them, g-C;N, nanosheets have attracted much attention due to
the advantages of a high specific surface area, short diffusion
length of photogenerated carriers and abundant accessible
active sites.""® g-C3N, has been extensively reviewed in the field
of photocatalysis.***'>1?$135 Here, we provide a brief summary of

This journal is © The Royal Society of Chemistry 2023
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the photocatalytic properties of exfoliated ultrathin g-C;N,
nanosheets.

4.4.1 Photocatalytic water splitting

4.4.1.1 Photocatalytic H, production. Fang et al wused
a liquid-phase ultrasonic exfoliation method to prepare meso-
porous few-layer g-C3N, nanosheets.”*® Compared with bulk g-
C;N,, the g-C;N, nanosheets possessed a higher specific surface
area, abundant mesopores and a narrower bandgap. Therefore
a high hydrogen evolution rate (97.6 umol h™* g ™) of the g-C3N,
nanosheets under visible-light irradiation was achieved, which
was 3.3 times higher than that of bulk g-C;N,. Kang et al
prepared g-C;N, nanosheets with a thickness of ~4 nm by the
hydrothermal exfoliation method (NaClO as the exfoliation
agent) (Fig. 6a).*” The simultaneous Na' intercalation and ClO~
oxidation resulted in the formation of abundant in-plane holes
on g-C;N, nanosheets, which accelerated the cross-plane diffu-
sion of photogenerated carriers. Thanks to the inherent advan-
tages of exfoliated nanosheets and the holey structure, the
hydrogen evolution rate of the g-C;N, nanosheets reached
0.89 mmol g~ h™*, which was 9 times higher than that of bulk g-
C;N,. The photocatalytic activity can be further enhanced by
introducing element doping during the preparation of ultrathin
nanosheets. For example, Xu et al. prepared ultrathin g-C3N,
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nanosheets co-doped with S, P and O non-metal atoms by
a thermal-assisted exfoliation method (Fig. 6b).**® The exfoliation
resulted in an increase in the specific surface area (almost 2
times that of bulk g-C;N,) and more exposure of active sites,
which was beneficial for photocatalysis. Upon elemental doping,
S atoms occupied the interstitial sites, and P and O atoms
replaced the C and N atoms, respectively, resulting in the
formation of an O-P-C-N,-S-N,’ (or N,-S-N,-C,-P-O) chain
between two adjacent heptazine units (Fig. 6¢). The chain as
a more favorable charge transfer pathway significantly enhanced
photo-induced charge transfer and separation. Therefore, the
multi-atom doping and ultrathin nanosheet morphology
remarkably enhanced the photocatalytic H, production rate
(2480 umol g~ h™") under visible-light irradiation, which was
about 5.3 times that of pure g-C3N,. Zhang et al. firstly prepared
ultrathin g-C;N, nanosheets doped with O atoms (denoted as O-
CNS) by the oxygen etching method, and then incorporated P
into the basal plane of g-C3N, (Fig. 6d-g). Finally, oxygen and
phosphorus dual-doped ultrathin g-C;N, nanosheets (denoted as
O, P-CNS) with a thickness of about 2.5-3.0 nm were obtained.*
The O, P-CNS with enhanced electronic conductivity and an
activated basal plane exhibited a superior H, generation rate of
8.7 mmol g ' h™" under visible-light irradiation.
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(a) Schematic illustration of the NaClO (aq) hydrothermal exfoliation of bulk g-C3sN, into single-layer nanosheets for the photocatalytic H,

evolution. Reprinted with permission from ref. 137, © Royal Society of Chemistry 2018. (b) Schematic illustration of the exfoliation procedure of
g-CsN4 from CN to CN-SP and CN-SPO, and corresponding AFM images and height profile. (c) Schematic illustration of P (or S/O) doped
monolayer g-CsN,4 atomic structures with substitutional-doped sites (left), interstitial-doped sites (right) and the pathway for electron transport
(middle). Reprinted with permission from ref. 138, © Elsevier B.V. 2019. (d) Fabrication process of O, P-CNS. (e-g) TEM images of CN, O-CNS
and O, P-CNS. Reprinted with permission from ref. 139, © American Chemical Society 2020.
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4.4.1.2 Photocatalytic overall water splitting. Bao et al. used
a femtosecond pulsed laser to exfoliate bulk g-C3N, into ultra-
thin nanosheets with a thickness of ~2 nm (Fig. 7a).*** The
femtosecond laser pulses broke the strong C-N covalent bonds
and cleaved the s-triazine units as well, forming abundant -
C=N defects on the ultrathin g-C;N, nanosheet surface. These
cyano (-C=N) defects not only favored the anchoring of Pt
atoms but also shifted down the band edge positions. Mean-
while, the atomically dispersed Pt provided abundant active
sites for the surface reaction and inhibited the back-oxidation of
H,. In addition, the more positive valence band edge position
enhanced the water oxidation ability of the holes. Therefore the
laser-exfoliated g-C3;N, nanosheets with Pt cocatalysts achieved
overall water splitting activity (42.6 umol g~ h™" for H, and 18.7
umol g~* h™' for O,; Fig. 7b).

4.4.2 Photocatalytic degradation. Yang et al. used different
exfoliation strategies (such as thermal, chemical, ultrasonic
and one-step exfoliation) to prepare ultrathin g-C;N; nano-
sheets for photocatalytic degradation.™* Among them, ultra-
thin g-C;N, nanosheets obtaining by one-step exfoliation
exhibited a high specific surface area, optimal band structure
and high charge separation efficiency. It showed the best
bisphenol A (BPA) photodegradation efficiency under visible-
light irradiation, which was 6.5 times that of bulk g-C;N,.
Mao et al. and Jia et al. also demonstrated that wet ball milling
and gas bubble exfoliation methods were efficient methods to
obtain thin g-C;N, nanosheets for photodegradation.'**'*
Although the two methods could quickly obtain thin g-C;N,

nanosheets on a large scale, their improvement in
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photodegradation efficiency was relatively limited (2~2.5
times that of bulk g-C3N,).

Due to the quantum size effect, the bandgap of g-C;N,
nanosheets was generally widened after exfoliation. Exfoliation-
induced element doping was an efficient method to enhance
visible-light absorption ability and photodegradation activity.
For example, Li et al. introduced (NH,),S,0g (APS) into the
thermal exfoliation approach to prepare O-doped g-C;N,
nanosheets (Fig. 7¢).*** The method realized the synchroniza-
tion control of the electronic structure and morphology. Due to
the enlarged specific surface area, more accessible active edges,
narrowed bandgap and efficient carrier separation, the O-doped
g-C3N, nanosheets showed 1.6 times higher photocatalytic RhB
degradation activity than bulk g-C;N,. More importantly, RhB
was completely decomposed into small inorganic salt molecules
(Fig. 7d). Kim et al. used ammonium salts (NH,Br) and mela-
mine as raw materials to prepare Br-doped g-C;N, nanosheets
via a one-step exfoliation method (Fig. 7e).**® Br doping
increased the visible-light absorbance and inhibited photo-
generated carrier recombination, which resulted in an increase
in the degradation performance of OTC antibiotics from 30% of
bulk g-C;N, to 76% of Br-doped g-C;N, nanosheets under
visible-light irradiation for 2 h (Fig. 7f).

4.4.3 Photocatalytic CO, reduction. Ye et al. obtained
atomically protonated porous g-C;N, nanosheets with a thick-
ness of ~1 nm (denoted as P-PCNNS) through protonation
exfoliating with phosphoric acid (H;PO,)."** Abundant micro-
and meso-pores were formed on P-PCNNS, which were benefi-
cial for exposing more active catalytic sites and facilitating the
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Elsevier B.V. 2021. (c) Illustration of the formation process of O-doped g-CzN4 nanosheets (OCNSs). (d) EEM fluorescence spectra of the residual
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mass and charge transport via cross-plane diffusion channels.
In addition, the protonation of g-C;N, polymer enhanced
charge separation and enlarged the specific surface area. The
large specific surface area and micro/mesoporous structure of
P-PCNNS resulted in higher CO, uptake ability (6.6 ecm® g™")
than that for bulk g-C;N4 (0.4 ecm® g™ ') and ultrathin g-C3;N,
nanosheets without protonation (2.5 cm® g~ '). The synergetic
effects of the large specific surface area,
recombination rate and strong CO, adsorption ability resulted
in P-PCNNS with the highest CO,-to-CO conversion rate
(~1.23 pmol g~ * h™") under visible-light irradiation.

low carrier

5. Polymer nanosheet-based
heterostructures for photocatalysis

Although single-component polymer nanosheets have dis-
played conspicuous advantages in the field of photocatalysis,
the rapid carrier recombination rate still seriously limits their
photocatalytic activity, especially in the photocatalytic overall
water splitting and CO, reduction. Recently, polymer
nanosheet-based heterostructures are designed and prepared,
which reveal remarkably elevated photocatalytic performance.

5.1 CMP nanosheet-based photocatalysts

5.1.1 Photocatalytic water splitting

5.1.1.1 Photocatalytic overall water splitting. Xu et al
synthesized ultrathin aza-CMP and C,N nanosheets by the liquid-
phase exfoliation method."” aza-CMP/C,N van der Waals heter-
ostructures were obtained via annealing the mixture of the two
different nanosheets. Their electronic band structures resulted in
the formation of Z-scheme photocatalytic systems, in which the
aza-CMP and C,N served as O,- and H,-evolving catalysts,
respectively (Fig. 8a). The heterostructures facilitated photo-
generated charge separation and transfer. When the mass ratio of
aza-CMP and C,N was 1:1, a high STH conversion efficiency
(0.23%) was obtained. In contrast, the heterostructures formed
from bulk aza-CMP and bulk C,N did not exhibit overall water
splitting activity, indicating that the ultrathin sheet-like structure
of heterostructures were beneficial for charge utilization. In order
to further enhance photocatalytic activity, reduced graphene
oxide (RGO) sheets were used as good solid electron mediators to
shuffle electrons from aza-CMP nanosheets to C,N nanosheets
(Fig. 8b). The photocatalytic overall water splitting rate under
visible light irradiation (Fig. 8c) and STH conversion efficiency
(0.40%) of the aza-CMP/RGO/C,N heterojunction were nearly
twice as much as those of aza-CMP/C,N. When Pt and Co(OH),
cocatalysts were loaded onto C,N and aza-CMP nanosheets,
respectively, the STH conversion efficiency of the aza-CMP/RGO/
C,N heterojunction reached up to 0.73%, highlighting the
potential of the ultrathin polymer nanosheets for achieving high
overall water splitting activity.

5.2 COF nanosheet-based photocatalysts

5.2.1 Photocatalytic water splitting
5.2.1.1 Photocatalytic H, production. Zang et al. firstly used
2,3,6,7,10,11-hexaiminotriphenylene (HATP-6HCI), 2,6-

This journal is © The Royal Society of Chemistry 2023
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diformylphenol (DFP) and Cu(OAc), as raw materials to
synthesize bulk binuclear Cu-salphen-HDCOF. And then, facile
solvent-assisted liquid sonication was adopted to exfoliate it
into Cu-salphen-HDCOF nanosheets with a thickness of around
2.4-3.6 nm (Fig. 8d and e),*** in which the isolated Cu served as
the active site. The synergistic effect of the w-conjugated
framework of the COF and sufficient Cu active sites not only
efficiently increased the access of photogenerated charges to the
redox reaction centers on the surface of the photocatalyst, but
also inhibited photocarrier recombination (Fig. 8f). In addition,
the nanosheet morphology was beneficial for enhancing the
number of exposed Cu active sites. Therefore, in the presence of
the TEA sacrificial reagent and fluorescein photosensitizer, the
Cu-salphen-HDCOF nanosheets exhibited an excellent H,
evolution rate (36.99 mmol g~* h™") under visible-light irradi-
ation, which was much higher than that of bulk Cu-salphen-
HDCOF and salphen-HDCOF nanosheets. Xi et al. employed
B-ketoenamine-linked TpPa-1-COF nanosheets and g-C;N,
nanosheets to construct a w-m conjugated S-scheme hetero-
junction (Fig. 8g and h)."*® The formed built-in electric field
enhanced charge separation and utilization. When the mass
ratio of TpPa-1-COF nanosheets to g-C3N, nanosheets was 2: 1,
the highest photocatalytic hydrogen evolution rate (1153 pmol
¢~ " h™ ") was obtained under visible-light irradiation, which was
approximately 2.8 and 4.2 times as high as that for the
TpPa-1-COF nanosheets and the g-C;N, nanosheets, respec-
tively. The TpPa-1-COF nanosheets were also employed by Shi
et al. to construct a heterojunction with TiO, nanosheets via
a solvothermal strategy."® Different from the above S-scheme
heterojunction, the TpPa-1-COF nanosheets were used as the
photosensitizer in the 2D/2D COF-TpPa-1/TiO, heterojunction.
The photoinduced electrons were transferred from COF-TpPa-1
to TiO, under visible-light irradiation due to their different
band edges. The intimate hetero-interface contact between
them enhanced charge migration. Therefore, the COF-TpPa-1/
TiO, heterojunction with a mass ratio of 14/6 achieved the
highest hydrogen evolution rate (1.37 mmol g~ h™") under
visible-light irradiation, which was ~29 times as high as that of
COF-TpPa-1.

In addition, COF nanosheets also can serve as a special
modifier to improve the photocatalytic H, yield rate of other
semiconductors. For example, Yan et al. prepared a CNS-COF
nanosheet heterojunction via the reaction of graphitic carbon
nitride nanosheets (CNS) with 4,4’,4"-(1,3,5-triazine-2,4,6-triyl)
trianiline (TTA) and 1,3,5-tri-formylphloroglucinol (TP). In the
heterojunction, the percentage of COF nanosheets was below
2%."* The small amount of COF nanosheets integrated with the
CNS through chemical imine bonding, which not only signifi-
cantly passivated the surface termination of CNS, but also
enhanced charge separation due to the strong electronic
coupling between them. Under optimum conditions, the CNS-
COF nanosheet heterojunction could achieve a H, yield rate of
46.4 mmol g~' h™" under visible-light irradiation, which was
much better than that of the CNS itself.

5.2.2 Photocatalytic CO, reduction. Jiang et al. used an
imine-exchange synthesis strategy for synthesizing a series of
ultrathin imine-based 2D COF nanosheets with a thickness of

J. Mater. Chem. A, 2023, 1, 23720-23741 | 23731
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Reprinted with permission from ref. 149, © Elsevier B.V. 2022.

less than 2.1 nm on a large scale and in high yield."*> Among
them, the COF-367-Co nanosheets with a thickness of about
1 nm (Fig. 9a) were prepared using CoTAPB and 2,4,6-trime-
thylbenzaldehyde (TBA) as the building blocks, possessing high
adsorption capacity of CO, (34.4 cm® g™ ") and abundant Co-N,
active catalytic sites. The COF-367-Co nanosheets exhibited
a high photocatalytic CO,-to-CO conversion rate (10 162 umol
h™' ¢g") and CO selectivity (ca. 78%) under visible-light irradi-
ation (A = 420 nm). Its CO,-to-CO conversion rate was ~82
times that of bulk COF-367-Co, highlighting the significant
advantage of COF nanosheets in photocatalytic CO, reduction.
More importantly, the CO evolution rate and selectivity for COF-
367-Co nanosheets showed almost no decline after six succes-
sive cycles (Fig. 9b). Different from one step synthesis of a Co-
containing COF by Jiang et al., Copper et al. firstly synthesized
FPy-COF via a Schiff base condensation reaction, and then
ultrasonicated it in acetonitrile containing CoCl, to obtain Co-
loaded COF nanosheets (denoted as Co-FPy-CON).*** Co-FPy-
CON had a thickness of 1.9-4.4 nm and a BET surface area of
238 m> g '. Its fluorinated moieties could polarize CO,,
resulting in high CO, adsorption ability. However, it exhibited
very low CO, reduction activity in the presence of a hole scav-
enger. When the (Irf[dF(CF;)-ppy],(dtbpy))PF6 dye was used as
the photosensitizer (Fig. 9¢), the new system worked efficiently,

23732 | J Mater. Chem. A, 2023, 11, 23720-23741

which could produce 10.1 pmol CO over 6 h with a selectivity of
76% under visible-light irradiation (Fig. 9d). The reason was
that Co-FPy-CON served as a semiconductor support (trans-
ferring charge carriers generated in the dye to the Co centers)
rather than as a photocatalyst itself. Its excellent selectivity,
durability and cyclability were comparable to those of the most
advanced visible-light driven polymers.

5.3 CTF nanosheet-based photocatalysts

5.3.1 Photocatalytic water splitting

5.3.1.1 Photocatalytic H, production. Zou et al. firstly
prepared benzoic acid-functionalized CTF-1 nanosheets (deno-
ted as B-CTF-1) by the chemical grafting modification method,
and then constructed a type II heterojunction with amino-
functionalized Ti-based NH,-MIL-125(Ti) using a step-by-step
post-synthetic covalent modification method (Fig. 9e)."** The
two components were tightly bound through amide bonds.
More importantly, the photogenerated electrons were trans-
ferred from the CB of NH,-MIL-125(Ti) to the CB of B-CTF-1
through the amide bridge bonds. Therefore, the amide bonds
as a charge transfer mediator promoted photogenerated carrier
separation and improved the stability of the photocatalyst
(Fig. 9f). Under optimum conditions, the formed heterojunction
exhibited a H, production rate of 360 umol h™' g~ under

This journal is © The Royal Society of Chemistry 2023
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(a)TEM and AFM images of the as-prepared COF-367-Co NSs. (b) Stability tests of COF-367-Co NSs for the photocatalytic reduction of

CO.. Reprinted with permission from ref. 152, © American Chemical Society 2019. (c) DFT-optimized adsorption configuration of the dye on the
pyrene moiety of Co-FPy-COF. (d) CO and H, production by the nanosheet and bulk Co-FPy-COF, Co-Py-COF, and Co-Bp-COF, over 6 h
under visible light irradiation. Reprinted with permission from ref. 153, © American Chemical Society 2020. (e) Schematic illustration of the
formation of the TBC hybrid material. (f) Photocatalytic mechanism of the charge transfer for hydrogen evolution over 15TBC under visible light
irradiation. Reprinted with permission from ref. 154, © Elsevier B.V. 2019. (g) Schematic illustration of the preparation process of Co/CTF-1.

Reprinted with permission from ref. 155, © Elsevier B.V. 2022.

visible-light irradiation, which was more than twice as high as
that of B-CTF-1.

5.3.2 Photocatalytic degradation. Liu et al. firstly prepared
ultrathin CTF-1 nanosheets by ultrasonic exfoliation, and then
used Co(NO3), as the raw material to load single-atom Co on the
nanosheets via pyrolysis and phosphorization (denoted as Co/
CTF-1) (Fig. 9g2)."** Co atoms were uniformly dispersed onto
ultrathin CTF-1, and the two components were tightly bound
through a stable Co-Nj architecture. The Co single atoms in the
CTF-1 skeleton served as oxidation centers to capture holes
from ultrathin CTF-1, which could enhance charge separation.
Therefore, in the presence of H,0,, Co/CTF-1 exhibited excel-
lent MB photodegradation efficiency (99.9%) under visible-light
irradiation, which was much better than that of pristine CTF-1
(68.8%). In the photodegradation process, holes and superoxide
radicals were dominant active species.

5.3.3 Photocatalytic CO, reduction. Bai et al. firstly ob-
tained CTF nanosheets (denoted as CTFN) using an
ultrasonication-assisted exfoliation method, and then loaded
ultrafine Ag nanoparticles on them via a solution infiltration
method (denoted as Ag°@CTFN) (Fig. 10a).'*® Ag nanoparticles
were encapsulated in the CTFN interlayers through the inter-
action between N sites of triazine units and Ag nanoparticles.

This journal is © The Royal Society of Chemistry 2023

Compared with the CTF, Ag°@CTFN exhibited high photo-
catalytic activity and good recyclability in the carboxylation of
various alkynes with CO, under mild conditions. In the CO,
transformation process (Fig. 10b), the Ag nanoparticles coor-
dinated terminal alkynes with Cs,CO; to form a silver acetylide
intermediate. Meanwhile, CO, was adsorbed on the basic sites
of the CTFN and activated into electrophilic species, which
subsequently could attack the silver acetylide to form the silver
carboxylate. In the presence of Cs,CO; and alkynes, the silver
carboxylates were quickly transferred to cesium carboxylate
through transmetallation, and the cesium carboxylate could be
acidified to generate carboxylic acid products. More impor-
tantly, their photocatalytic performance did not exhibit
a significant loss after six recycles (Fig. 10c).

The self-assembly method was also a commonly used method
to prepare CTF nanosheet-based heterojunctions for CO,
photoreduction.””**® For example, Zhong et al. synthesized black
phosphorus (BP)/CTF nanosheets (denoted as CTF-BP) with
a thickness of ~1.2 nm.*” The strong interaction between CTF
and BP resulted in fast charge transfer, and the CO production
rate of CTF-BP under visible-light irradiation was 3 and 2 times
higher than that of BP and CTF, respectively. More importantly,
the strong interaction between CO and CTF-BP could prevent CO

J. Mater. Chem. A, 2023, M, 23720-23741 | 23733
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visible illumination. Reprinted with permission from ref. 158, © American Chemical Society 2022.

desorption from the photocatalyst surface, which was beneficial
for photoreducing CO, to CH, via an 8-electron process
(Fig. 10d). Therefore, the CTF-BP catalyst exhibited a high CH,
production rate of 7.81 pmol g~ ' h™" under visible-light irradia-
tion, which was 23 and 16 times higher than that of BP and CTF,
respectively (Fig. 10e). Xu et al. prepared Cs,AgBiBrg nanosheets
and CTF-1 nanosheets.” The ionization of surface capping
ligands resulted in Cs,AgBiBr with positive charges, and the lone
pair electrons of the nitrogen atoms in the triazine units resulted
in CTF-1 with negative charges, so the Cs,AgBiBrs/CTF-1 (deno-
ted as CABB/CTF-1) nanosheet heterojunction with a large
surface-to-surface contact could be formed through electrostatic
self-assembly. The two components formed an S-scheme heter-
ojunction, resulting in efficient electron transfer and high redox
capacity (Fig. 10f). The CABB/CTF-1 heterojunction with 10%
CTF-1 (Fig. 10g) exhibited the highest photocatalytic CO, reduc-
tion activity under visible-light irradiation (~30.7 pmol g~ h™"
for CO and 8.6 umol g~* h™* for CH,), which was much better
than that of the Cs,AgBiBrs nanosheets and CTF-1 nanosheets.

5.4 Carbon nitride nanosheet-based photocatalysts

Carbon nitride nanosheet-based heterojunctions have been
widely reported. In this section, heterojunctions formed from
exfoliated with other

carbon nitride nanosheets Zero-

23734 | J Mater. Chem. A, 2023, 1, 23720-23741

dimensional (0D)/one-dimensional (1D)/2D/three-dimensional
(3D) photocatalysts are briefly displayed and their photo-
catalytic performances are discussed.

5.4.1 Photocatalytic water splitting

5.4.1.1 Photocatalytic H, production. Li et al. inserted 0D N-
doped carbon dots (NCDs) onto g-C;N, nanosheets with
a thickness of 1 nm via a two-step thermal exfoliation
method.” The introduction of NCDs provided catalytic active
sites and shortened the distance of charge transfer to the g-C;N,
surface. Compared with bulk g-C;N,/NCDs, g-C;N, nanosheet/
NCDs possessed a larger number of exposed NCDs, and thus
exhibited a better photocatalytic H, production rate. Under
optimal conditions, its H, production rate reached 3319.3 pmol
¢ ' h™", which was about 13 fold that of bulk g-C3N, and 2.7
fold that of bulk g-C3N,/NCDs. Jia et al. prepared an isotype
heterojunction of 1D/2D g-C;N, through thermal polymeriza-
tion (melamine grafted with ethylenediamine was used as the
precursor) and subsequent HCl-assisted hydrothermal exfolia-
tion (Fig. 11a)."® In the preparation process, the grafted ethyl-
enediamine limited the directional growth of g-C;N, into
nanowires and introduced carbon doping, and the exfoliation
resulted in ultrathin g-C;N, nanosheets. The carbon doping
increased visible-light absorption ability. And the ultra-thin

nanosheets provided more photogenerated charges to

This journal is © The Royal Society of Chemistry 2023
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(a) Schematic representation of the preparation process of U-ECN. (b) The migration direction of photogenerated electrons and holes

and the possible mechanism of PCN and ECN for photocatalytic H, evolution. Reprinted with permission from ref. 160, © Elsevier B.V. 2021. (c)
The formation schematic diagram of 2D/2D WOs/g-CsN4 heterojunctions by coulomb electrostatic interaction. (d) The S-scheme formation
mechanism between WOz and g-C3Ng4. Reprinted with permission from ref. 161, © Elsevier B.V. 2019. (e) Schematic illustration of the synthetic
strategy of producing the CoSAs/PtCo@CNN sample. (f) Free energy diagram for the HER and the OER under standard conditions for the CoSAs/
PtCo@CNN catalyst. Reprinted with permission from ref. 163, © American Chemical Society 2022.

participate in the transfer among isotype heterojunctions.
Moreover, the formed built-in electric field between the two
components facilitated rapid migration of photogenerated
charges at the interface (Fig. 11b). Therefore the photocatalytic
H, evolution activity of the isotype heterojunction under visible-
light irradiation was 8.2 times that of pristine g-C3N,. Yu et al.
fabricated ultrathin WO; and g-C;N, nanosheets with a thick-
ness of 2.5-3.5 nm by electrostatic-assisted ultrasonication of
bulk WO; and thermal-etching exfoliation of bulk g-C;N,,
respectively (Fig. 11c).*** The ultrathin WO;/g-C3N, nanosheets
formed an S-scheme heterojunction through electrostatic self-
assembly (Fig. 11d). The ultrathin layered heterojunction
structure was beneficial for the transfer of photogenerated
electrons and holes at the heterogeneous interface to the
surface of photocatalysts, and the S-scheme heterojunction
inhibited the recombination of useful electrons and holes.
Therefore the H,-production activity of the WO;/g-C3N, nano-
sheets under xenon lamp irradiation was better than that of
pure g-C;N, and WO; nanosheets. Parida et al. deposited
MgIn,S, microflowers onto the surface of exfoliated B-doped g-
C3;N, nanosheets (e-BCN) to form a p-n heterojunction.’®* e-
BCN provided abundant active sites to the MgIn,S,

This journal is © The Royal Society of Chemistry 2023

microflowers for water molecule adsorption, and the built-in
electric field inhibited carrier recombination. Under the
optimal conditions, the heterojunction exhibited an excellent
photocatalytic H, generation rate with an apparent conversion
efficiency of 5.27%.

5.4.1.2 Photocatalytic overall water splitting. Yao et al
anchored 0D single-atom Co and PtCo alloy nanoparticles on
exfoliated g-C;N, nanosheets to achieve overall water splitting
(Fig. 11e).**® The single-atom Co and PtCo alloys acted as highly
active sites for the hydrogen evolution reaction and the oxygen
evolution reaction, respectively (Fig. 11f). In addition, the authors
suggested that there might be a spillover phenomenon of protons
or hydroxyl groups between the single-atom Co centers and PtCo
alloy nanoparticles. Ajayan et al. used small amounts of a-Fe,O;
nanosheets to promote exfoliation of g-C;N,."** Meanwhile, the a-
Fe,0; nanosheets and g-C;N, nanosheets were tightly bound and
formed an all-solid-state Z-scheme heterojunction, which served
as an oxidation counterpart and reduction counterpart, respec-
tively. Thanks to the Z-scheme structure and tight interface,
electron-hole recombination in both materials was effectively
inhibited, which resulted in good overall water splitting activity
under visible-light irradiation.
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5.4.2 Photocatalytic degradation. Yang et al firstly
prepared g-C3N, nanosheets (CNNSs) and 0D SnO, nano-
particles (NPs) via multiple thermal exfoliation and hydro-
thermal methods, respectively.'®® And then the electrostatic self-
assembly method was used to construct a SnO, nanoparticles/g-
C;N, nanosheet type IT heterojunction. The built-in electric field
could specify the charge transfer direction and promote charge
separation. In addition, the re-adjustment of the band created
new energy level platforms in SnO, and CNNSs, improving the
redox capacity of the heterojunction. Therefore the hetero-
junction exhibited an excellent RhB degradation activity (96.9%
within 50 min) under visible-light irradiation. Li et al. used
a simple hydrothermal method and in situ calcination to obtain
ZnO nanorods/K-doped exfoliated g-C3;N, nanosheet type-II

KOH

Melamine

@ Hydrothermal, 180 °C, 12h

View Article Online
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heterojunctions (Fig. 12a).'*® The excellent interface contact
and strong interaction between the two components promoted
the absorption of sunlight as well as separation and migration
of photogenerated carriers (Fig. 12b). In addition, the changed
surface {-potential enhanced the adsorption capacity to tetra-
cycline. Therefore the synergistic effects of photocatalysis and
adsorption enabled the optimized type-II heterojunction to
achieve a tetracycline degradation rate of 90% under simulated
sunlight irradiation. Basu et al. covered BiOCI nanoplates on g-
C;N, nanosheets via a hydrothermal method.'”” The formed
heterojunction had a high surface-area, narrow bandgap and
low recombination rate, which exhibited good degradation
performance of color (methylene blue)/colorless (imidacloprid)
pollutants under natural sunlight irradiation. Zhu et al. coated
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Fig. 12

(a) Schematic diagram of the synthesis and assembly route of photocatalyst materials. (b) Schematic diagram of the charge separation

and photocatalytic mechanism of type-Il ZnO/K-CNO.5 heterojunctions under simulated sunlight. Reprinted with permission from ref. 166, ©
American Chemical Society 2020. (c) Illustration of the photocatalytic mechanism of the 2D BP/2D g-C3N4 system under visible-light irradiation.
Reprinted with permission from ref. 169, © Elsevier B.V. 2020. (d) Schematic illustration of the synthesis process of g-CszN4/NiAl-LDH hybrid
heterojunctions. Reprinted with permission from ref. 170, © American Chemical Society 2018. (e) Proposed mechanism and stability analysis of
photocatalytic CO, reduction with H,O over the Bt-mediated WO3/g-C3N4 composite under visible-light irradiation. Reprinted with permission
from ref. 172, © American Chemical Society 2020.
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g-C3N, nanosheets (CN) or Eu doped g-C;N, nanosheets (Eu-
CN) on the surface of flower-like BiVvO, through sonication
impregnation and heating processes, forming a core-shell
heterojunction (CN@BiVO, or Eu-CN@BiVO,)."*® The tight
contact between the two components was beneficial for charge
transfer across the interface, and therefore the tetracycline
degradation performance of CN@BiVO, was better than that of
BiVO,. In addition, the degradation rate of Eu-CN@BiVO, was
higher than that of CN@BiVO, because the Eu(m) in Eu-
CN@BiVO, could capture photoinduced electrons and enhance
the photogenerated carrier migration and separation rate.

5.4.3 Photocatalytic CO, reduction. The large specific
surface area is conducive to CO, adsorption, so most reported
2-C3N, nanosheet based heterojunctions are 2D/2D and 2D/3D
heterojunctions. For example, Li et al. used freezing exfolia-
tion and thermal exfoliation methods to prepare ultrathin
black phosphorus (BP) and g-C3;N, nanosheets, respectively,
and then obtained a 2D BP/2D g-C;N, heterostructure by
freeze-drying treatment.'® The tight contact extremely boos-
ted the separation of photogenerated carriers (Fig. 12c),
resulting in an excellent CO generation rate (187.7 umol g~*
h™') and high selectivity for CO (92.55%). Ogale et al. prepared
2D/2D interface heterostructures of g-C;N, and NiAl-LDH
nanosheets via electrostatic self-assembly (Fig. 12d)."”® The
synergistic effect of a strong interfacial contact and effective
separation and transfer of photogenerated carriers resulted in
an enhanced CO production rate. Yu et al. constructed a 2D/3D
2-C3N,/ZnO S-scheme heterojunction.””* The ZnO hollow
spheres were wrapped by 2D g-C;N, layers, and the electro-
static attraction between them facilitated the exfoliation of g-
C;N, layers and strengthened the photocatalyst framework.
The extended light absorption and suppressed charge carrier
recombination resulted in a high CH, production rate of the
heterojunction, which was about 40 and 7 times higher than
that of pure ZnO and g-C3;N,, respectively. Tahir et al. designed
a 3D/2D/2D WO;/bentonite/g-C;N, Z-scheme heterojunction
through a facile ultrasonication approach.'”> WOj;-coupled
with g-C3N, was favorable for CO production. In contrast, the
Z-scheme of the WO;/g-C3N, composite with bentonite as the
electron moderator was in favor of CH, formation during the
CO, reduction process, which led to a high quantum yield of
20.106% and an excellent selectivity of 72.82% for CH,
(Fig. 12e).

6. Conclusions and prospects

We summarized the recent advances in polymer (CMPs, COFs,
CTFs and carbon nitrides) nanosheets for photocatalysis,
including water splitting, pollutant degradation and CO,
reduction. Besides the conventional advantages of low cost,
good visible-light absorption ability and chemical stability, as
well as tunable electronic and optical properties, polymer
nanosheets have some special virtues, such as a short carrier
migration distance, atomic-level regulation of the backbone
and targeted introduction of active sites. Therefore polymer
nanosheets generally exhibit better photocatalytic activity than
bulk polymers and most traditional inorganic semiconductors.

This journal is © The Royal Society of Chemistry 2023
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In addition, the abundant surface active groups and conjugated
porous architecture of polymer nanosheets provide the poten-
tial for tightly bonding with organic or inorganic materials to
form heterojunctions.

Although significant progress has been achieved in these
photocatalytic applications, polymer nanosheets and their
heterojunctions still face some obvious challenges. (1) The
preparation methods of polymer nanosheets have rarely been
reported, especially for single-layer/few-layer nanosheets.
Meanwhile, the large-scale preparation of polymer nanosheets
is also highly challenging. (2) The structural properties of
polymer nanosheets like thickness, size and surface active
groups have great effects on photocatalytic performance, yet
there are few in-depth reports. (3) The effective guidance for
obtaining high-performance polymer nanosheets is still lack-
ing. Effective theoretical prediction of structural properties
(such as surface active sites and backbone) is encouraged,
which can avoid many useless experimental studies. For
example, Cooper et al. integrated robotic experimentation with
high-throughput computation and discovered new polymers
with high H, production activity.””® (4) Polymer nanosheet-
based heterojunctions for photocatalytic application are still
rarely reported, especially those formed by in situ growth.
Compared with the common self-assembly method, the bonds
formed by in situ growth are more stable, which benefit charge
transfer and photostability. (5) Due to the poor water oxidation
ability caused by slow surface dynamics,'”* it is still difficult for
polymer nanosheets to achieve overall water splitting. Many
inorganic semiconductors with good visible-light absorption
ability possess excellent water oxidation ability, so it is very
valuable to construct S-scheme or Z-scheme heterojunctions
between polymer nanosheets and these inorganic semi-
conductors. (6) The photocatalytic CO, reduction activity of
polymer nanosheets and their heterojunctions is still low,
especially for reducing CO, to high-value chemicals (CH, etc.).
In addition, the reductive half reaction of the CO, trans-
formation process has been densely reported, while the
oxidation half reaction (H,O oxidation, etc.) is rare. (7) The
photodegradation of polymer nanosheets and their hetero-
junctions mainly focuses on dye degradation. It can be
extended to more types of pollutants (such as antibiotics and
volatile organic compounds) to further improve their
practicability.

Despite these challenges, the inherent advantages of poly-
mer nanosheets and their heterojunctions bring about infinite
opportunities to achieve high photocatalytic activity. We expect
that this review can provide a helpful reference for the rapid
development of polymer nanosheets for photocatalysis.
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