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Strategies to improve the photocatalytic
performance of covalent triazine frameworks

Yubing Liu,? Hao Wuf? and Qian Wang & *°

Covalent triazine frameworks (CTFs) have emerged as a prominent group of organic semiconductors,
distinguishing themselves from covalent organic frameworks (COFs) for their applications in
photocatalysis. Their unique features, such as a fully conjugated structure, triazine unit, interlayer ©—m
interaction, large specific surface area, and exceptional thermal and chemical stability, make them
promising candidates for artificial photosynthetic processes, including photocatalytic water splitting and
CO, reduction reactions. However, challenges like high exciton binding energy and carrier
recombination need to be addressed. In this review, we highlight the latest advances in utilizing CTFs for
photocatalytic applications and delve into strategies aimed at modifying the band structure, enhancing
photoexcited carrier separation, and improving carrier transfer processes in CTFs. These approaches
involve molecular design, structural regulation, and the creation of heterostructures, all aimed at
boosting the quantum efficiency of photocatalytic reactions. These efforts hold tremendous potential for

rsc.li/materials-a advancing solar fuel production.

1. Introduction

As one of the most popular star materials in recent years,
covalent organic framework materials (COFs)"* have been
intensively studied in various fields including photocatalysis,**
electrocatalysis,” drug delivery,® heterogeneous catalysis,”®
batteries® and environmental applications.'>** Covalent triazine
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framework materials (CTFs)'* are a type of covalent organic
framework material that are generally constructed by connect-
ing different monomers with triazine rings as linking groups
(Fig. 1). CTFs, as ordered crystalline organic semiconductor
materials, exhibit the following characteristics: (1) rich N
content. The triazine structure as a connecting group greatly
increases the N content of CTFs. This high N content contrib-
utes to the heteroatom effect, resulting in abundant active and
functional centers for catalytic reactions.”*'* Moreover, the N-
rich structure enables CTFs to exhibit certain basic and elec-
tron donor properties.’>*® (2) Ordered conjugated structure.**
The ordered arrangement of triazine rings and functionalized
monomers in the structure of CTFs forms a highly conjugated
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Fig. 1 (a) The structures of CTF and CTF-1. (b) Energy diagram of CTF-1 (ref. %) (t-BuOK-assisted synthesis).

structure. This ordered conjugation of crystalline states can
facilitate the transport of non-equilibrium carriers in the
excited state and reduce the chance of charge recombination.
(3) Large specific surface area.'” The ordered in-plane arrange-
ment of monomers in the CTF structure and the ordered
stacking between layers lead to the formation of regular pore
channels. This unique structure contributes to a large specific
surface area, providing a significant number of active sites for
catalytic reactions. (4) Diverse monomer selection.*® The diverse
range of organic monomers used in the construction of CTFs
allows for easy modulation of the optoelectronic properties of
the synthesized CTF materials by altering the monomer
composition. This tunability of properties makes CTFs highly
promising for applications in the field of photocatalysis.'>™* (5)
High thermal and chemical stability due to C=N in the triazine
structure.*

Due to the growing scarcity of energy resources and the
environmental impact associated with the extensive use of fossil
fuels, there is an urgent need to explore and develop alternative
clean energy sources. Converting and storing solar energy into
chemical energy via artificial photosynthetic processes, such as
photocatalysis, offers a promising approach to alleviate the
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reliance on fossil fuels while simultaneously reducing green-
house gas emissions. These processes involve using solar
energy to drive the water-splitting reaction that produces green
hydrogen (H,) from water and convert CO, into high-value
carbon-based chemicals and fuels (C1 to C4 species).?**

Since the groundbreaking work by Fujishima and Honda on
water splitting over TiO, photoelectrodes under UV light irra-
diation,* the field of photocatalyst research has experienced
rapid development. Efficient photocatalysts are characterized by
several key factors, including (1) a narrow bandgap to ensure
effective utilization of solar energy; (2) suitable conduction and
valence band positions to drive desired oxidation and reduction
reactions involved in processes like proton/CO, reduction and
water oxidation; (3) good stability during the photocatalytic
reaction; (4) low cost; (5) good recyclability; and (6) practicality
and feasibility for commercial-scale applications.

CTFs have demonstrated great potential in terms of
controllable energy band structures, photocatalytic perfor-
mance, stability, and cost-effectiveness. However, unmodified
CTFs still face challenges, including low utilization of visible
light, high recombination probability of photogenerated
carriers, and tight stacking that hinders the exposure of active
sites.’** In this review, we investigate the recent advancements
in the utilization of CTFs for photocatalytic applications,
specifically in the areas of water splitting, CO, reduction, and
organic transformations. We also outline emerging techniques
that have been employed to enhance the photocatalytic
performance of CTFs, including molecular design, structural
regulation, and heterostructure engineering (Fig. 2).
Throughout the review, we not only highlight the significant
findings and achievements in this field but also identify the
remaining challenges ahead, aiming to provide valuable
insights and guidance for the development of new and highly
efficient photocatalytic systems based on CTFs.

2. CTFs for photocatalytic
applications

Photocatalytic reactions (Fig. 3) involve three key steps:*” (1)
photon absorption: photocatalysis begins with photons being
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Fig. 3 Scheme of the photocatalytic CO, reduction reaction and
water splitting for the semiconductor. CBM: conduction-band
minimum; VBM: valence-band maximum. (i) Absorption of photons. (ii)
Charge separation, migration and recombination. (iii) Surface
reactions.

absorbed, elevating electrons from the valence band (VB) to the
conduction band (CB) and generating electron-hole pairs (e™/
h"). (2) Charge separation and migration: excited electrons and
holes move within the photocatalyst material, concentrating at
active surface sites for subsequent reactions. (3) Redox reac-
tions: accumulated electron-hole pairs initiate redox reactions
facilitated by cocatalysts. Electrons participate in reduction
reactions, while holes engage in oxidation reactions. Thus, the
CB minimum must be more negative than the reduction
potential, and the VB maximum must be more positive than the
oxidation potential.

To achieve specific photocatalytic reactions, for example,
water splitting, an energy requirement (AE) of 1.23 V is neces-
sary to decompose one molecule into H, and 1/2 O,, corre-
sponding to a change in Gibbs free energy of 237.2 kJ mol .
Consequently, the photocatalyst must possess a bandgap wider
than 1.23 V. In practice, a bandgap greater than 1.6 eV is often
desired to fulfill additional kinetic requirements.** CO, is

21472 | J Mater. Chem. A, 2023, 11, 21470-21497

known to be a thermodynamically stable and chemically inert
molecule, making the breaking of the C=O bond a highly
energy-demanding process.*> Photocatalytic CO, reduction is
a complex process that produces various reduction products
including gaseous products (CO, CHy, etc.) and liquid products
(CH30H, CHOOH, etc.)* through single or multiple electron
transfer processes.

CTFs are well suited for photocatalytic hydrogen production
reactions in terms of the energy band structure. As an example,
CTF-1 (Fig. 1), the most representative CTF, has a bandgap of
about 2.35 eV.”® The valence and conduction band positions
(Fig. 1b) are suitable for enabling both hydrogen and oxygen
evolution. Additionally, the energy band structure of CTF-1 can
finely be tailored by employing different synthesis methods and
selecting different monomeric raw materials, linkage groups,
and functional groups,* adjusting the crystallinity of the
material,® or introducing donor-acceptor (D-A)*® structures.
These strategies provide opportunities to optimize the energy
band alignment to suit a specific photocatalytic reaction.
Furthermore, the inherent basicity of CTFs*”*® and the incor-
poration of basic functional groups can enhance the adsorption
of CO, and promote the activation of CO, molecules in the
photocatalytic CO, reduction reaction,* which contribute to
enhanced conversion efficiency of CO,, making CTFs promising
materials for efficient photocatalytic CO, reduction.

In the design of photocatalysts, it is desirable for the catalyst
to have a wide absorption range, as approximately 43% of the
energy in solar radiation falls within the visible range (400-700
nm).>” In the structure of CTFs, m-conjugated units play
a crucial role in light absorption, where visible light allows
electrons to undergo the © — 7* transition.*® To enhance the
absorption range of CTFs and improve their photocatalytic
performance, specific groups are often introduced from
a structural design perspective.

In addition to the stringent thermodynamic requirements,
photocatalytic reactions also face kinetic challenges. The time-
scales for charge separation, migration of photogenerated
carriers, and surface reactions can range from picoseconds (ps)
to milliseconds (ms).*"** Achieving efficient solar energy
conversion requires effective synergy between each step. The
crystal structure, crystallinity, and particle size of the photo-
catalyst significantly influence charge separation and migration
of photogenerated carriers. CTFs exhibiting poor crystallinity
are often associated with a high density of structural defects.
These defects typically function as sites for the capture and

This journal is © The Royal Society of Chemistry 2023
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recombination of photogenerated electrons and holes, resulting
in a reduction in quantum efficiency and consequently low
photocatalytic activity.** Conversely, a higher crystal quality
promotes efficient charge separation and reduces carrier
recombination, enhancing the overall quantum efficiency and
photocatalytic performance. Controlling the particle size is
another crucial factor in optimizing photocatalytic activity.
Smaller particle sizes result in a shorter distance between the
photogenerated electrons and holes, facilitating their migration
to the surface reaction sites.** This reduced distance can also
reduce the probability of carrier recombination, thereby
enhancing photocatalytic efficiency. In the case of CTFs, their
- layered stacking structure and relatively fewer layers favor
the transport of photogenerated carriers from the bulk phase to
the surface through interlayer migration.® To further improve
the separation and migration efficiency of photogenerated
carriers, related studies have focused on strategies such as
increasing crystallinity, introducing D-A structures, and exfoli-
ating CTFs into oligomeric or monolayer.

The last step of surface chemistry involves the presence of
active sites on the photocatalyst surface. Even if photogenerated
electrons and holes possess thermodynamically sufficient redox
potentials, they will recombine with each other if there are no
active sites available for redox reactions on the surface. In the
H, evolution reaction (HER), Pt is commonly used as a cocata-
lyst. Pt not only promotes charge separation and transport but
also acts as a reaction site to catalyze the HER. However, Pt can
also facilitate the oxygen reduction reactions, which is the
reverse reaction of water splitting. This makes Pt unideal for use
in overall water splitting (OWS) processes.”” To address this,
materials such as Ru or Rh have been widely utilized as alter-
natives to Pt in promoting the OWS reaction.** For the CO,
reduction reaction (CO,RR), metal-organic complexes are often
employed as cocatalysts to provide active centers.*” The struc-
tural diversity and modifiability of CTFs can offer a rich variety
of active sites, while their high specific surface area and regular
pore structure facilitate the construction of numerous active
sites with well-defined structures. This property of CTFs allows
for the exploration of various active site structures and their
correlation with photocatalytic performance, serving as
research models for improving the photocatalytic performance
and elucidating the relationships between active site structures
and overall photocatalytic efficiency.

3. Strategies for improving the
photocatalytic activity of CTFs
3.1 Molecular design

3.1.1 Introducing functional groups. CTFs, as organic
photocatalytic materials, exhibit strong dependence on their
intrinsic photocatalytic performance of their structure. The
introduction of novel functional groups is a promising
approach to induce locally inhomogeneous electron distribu-
tion in CTFs, leading to reduced exciton binding energy and
enhanced carrier separation. Researchers have been extensively
exploring microstructural modulation strategies to enhance the

This journal is © The Royal Society of Chemistry 2023
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photoelectrochemical properties of CTFs by introducing func-
tional moieties around the triazine ring and designing rational
structures (Table 1). Lotsch's group® reported a series of azine-
linked COFs (N,-COFs) (Fig. 4a and b) with varying nitrogen
content in the central aryl ring (0-3 nitrogen atoms). The
experimental results showed that the photocatalytic hydrogen
evolution activity of N,-COFs increased gradually with the
nitrogen content in their central aryl rings (0 N for phenyl to 3 N
for triazine), which was closely correlated with the intrinsic
electronic properties, structure, geometry and morphology of
the precursors. Among them, N3;-COF, which had a triazine
structure, exhibited the highest hydrogen evolution perfor-
mance in the HER. The same group also investigated the
reversal of polarity through nitrogen substitution in the
peripheral aryl ring and emphasized the importance of precise
control over the structure, long-range orderliness, and
morphology of COFs through dynamic covalent chemistry.*

Van Speybroeck et al*® conducted a study combining
experimental and theoretical calculations to investigate the
modulation of the large m-system and m-electron defects in
CTFs in order to broaden the absorption range of the spectrum.
Their findings revealed that incorporating aromatic rings,
increasing the nitrogen content, or terminating the linker with
electron-withdrawing —CN groups were effective strategies for
enhancing the absorption capability. In the photocatalytic
reductive dehalogenation reactions,*” the introduction of -OH
substituents into the aromatic ring of CTFs resulted in a nar-
rower bandgap compared to -H and -CF; substituents, thereby
enhancing the photocatalytic activity under a green light-
emitting diode (LED) lamp (30 W, 520-530 nm) (Fig. 4c and d).

Other studies focused on enhancing the transfer of photo-
generated electrons by incorporating phenanthroline® and
bipyridine units®** into the CTF backbone through precise
control of the N-site positions at the atomic level. For instance,
the incorporation of phenazoline units in the conjugated Phen-
CTF demonstrated improved photoluminescence and strong
photoredox properties. In photocatalytic reactions involving
activated carbon-halogen bonds (C-Br and C-Cl), such as
dehalogenation processes, the presence of CTFs facilitated the
formation of C-C, C-P, and C-B bonds through radical trapping
under light illumination. Furthermore, investigations into the
photocatalytic HER and OWS of various bipyridine-based
COFs*'* revealed that even slight variations in the N sites
within COFs can lead to significant differences in electron
transfer and band structures.

Jin's group designed and synthesized CTFs based on pyrene
(Py)*® and thiazolo[5,4-d]thiazole (TzTz).*® The introduction of
pyrene, a well-known fluorescent group, into CTF-PY resulted in
high activity in the photocatalytic HER and CO,RR in the
presence of triethanolamine (TEOA) as an electron donor under
visible light irradiation (A > 420 nm). On the other hand, the
TzTz moieties in CTF-NWU-1 exhibited excellent light absorp-
tion properties and strong electron acceptor characteristics,
leading to a narrower bandgap and enhanced charge separation
ability. In addition to TzTz, other organic sulfides such as
thiophene (Th),”” thiourea,”® benzothiadizole (BT)*** and
sulfone® are frequently utilized to construct novel CTF

J. Mater. Chem. A, 2023, 1, 21470-21497 | 21473
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materials containing triazine rings. Thiophene, for instance,
possesses a higher dipole moment, and its incorporation into
CTF backbones created a strong internal electric field,*® which
promoted efficient separation and migration of photogenerated
charge carriers, thereby enhancing the photocatalytic activity in
processes such as the HER,***” Ugi reaction, and functionali-
zation of thiophenols.*

Liu et al.®® compared the photocatalytic HER activity of CTF-7
and CTF-8 synthesized using thiophene and furan as building
blocks, respectively. The experimental results revealed that CTF-7
exhibited better performance than CTF-8 for the HER, primarily
attributed to its polarized  electron distribution structure, which
facilitated efficient charge separation. Thiourea derivatives can
activate substrates in organocatalytic reactions by forming two
hydrogen bonds through the acidic N-H groups. Building on this
concept, the introduction of thiourea groups in CTFs enhanced
their polarization and significantly promoted proton transfer as
well as electron/hole accumulation at the N 2p and C=0/C=S
groups.”® These thiourea functionalized CTFs were found to
activate the two-electron reduction of O, to H,O, without sacri-
ficial agents or cocatalysts, and the yields of H,O, increased with
the polarity of the thiourea moieties. Benzothiadiazole (BT)
moieties are commonly employed in the design of organic
photovoltaic materials. By incorporating electron-deficient BT
moieties into the conjugated structure of CTFs (CTF-BT), the
electronic structure can be tuned to enhance the performance of
various photocatalytic reactions such as H,0, production,®
syntheses of dibenzofuran, and organic reactions involving
dehalogenation, hydroxylation, and benzoimidazole (Fig. 5).*

Cooper et al. synthesized crystalline CTFs using benzobis
(benzothiophene sulfone), and the obtained CTFs showed
much higher HER activity compared to their amorphous or
semicrystalline counterparts.®* The experimental data suggest
that the high quantum efficiency of fused sulfone CTFs was
attributed to their crystallinity, strong visible light absorption,
and wettable hydrophilic pores.

The introduction of m-conjugation units effectively expands
the m-conjugated system of CTFs, leading to a broader absorp-
tion of visible light and accelerated separation of electrons and
holes. Carbon-carbon double bonds (-C=C-)** and triple
bonds (-C=C-)* are considered as an effective m-bridge unit in
organic semiconductor materials, which facilitates the exten-
sion of m-conjugation to improve the charge carrier mobility.
Olefin or acetylene-linked COFs containing these double or
triple bonds exhibit exceptional stability compared to their
imine or C-C single-bond linked analogs. Furthermore, these
COFs demonstrate intriguing properties such as magnetic
coupling, electrochemical behavior, and photocatalytic activity,
allowing their application in various fields.***** CTFs that
contain sp> carbon-conjugated linkages are renowned for their
exceptional chemical stability and extended electron delocal-
ization. These unique features have made them highly sought-
after for various photocatalytic applications. For instance,
researchers have utilized a Knoevenagel condensation approach
to synthesize sp*-carbon-linked COFs with well-defined, crys-
talline honeycomb-like structures (Fig. 6).** The obtained
triazine-cored COFs with microfibrillar morphologies were used

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) The design of a tunable triphenylarene platform for photocatalytic hydrogen evolution under visible light irradiation by using TEOA as
a sacrificial agent. ‘N atoms’ replace ‘C—H’ at the green dots and change the angle between the central aryl and peripheral phenyl rings, leading to
varied planarity in the platform. (b) Synthesis of N,-COFs from N,-aldehydes and hydrazine. Reproduced with permission from ref. 54. Copyright
2015, Springer Nature. (c) UV-vis spectra, (d) Schematic energy band structures (vs. SCE, with reference to the redox potential of 2-bromoa-
cetophenone) of COFs with —OH, —H and —CF3 substituents. Reproduced with permission from ref. 49. Copyright 2020, American Chemical

Society.

for the fabrication of thin film photoelectrodes, which exhibited
good photocatalytic HER activity in the presence of ascorbic
acid (AA) as an electron donor under visible light irradiation.
Additionally, a novel sp*-carbon triazine-based COF has been
synthesized using an acid-catalyzed aldol reaction, which
exhibited satisfactory efficiency and reusability in organic dye
photodegradation as well as C-H functionalization of hetero-
arenes and arenes.® Electron spin resonance (ESR) spectros-
copy has revealed the generation of superoxide radical anions as
the dominant species responsible for degrading organic dyes,
thus expanding the applications of sp®-carbon triazine-based
COFs to photocatalytic aerobic reactions. For instance, olefin-
linked CTFs have demonstrated selective oxidation of phenyl
methyl sulfide with O, under blue light irradiation.”®”*

This journal is © The Royal Society of Chemistry 2023

The incorporation of acetylene (-C=C-) or diacetylene
(-C=C-C=C-) moieties in CTFs has been found to inhibit
backward charge recombination, thereby extending the lifetime
of charge carriers migrating from the donor to the acceptor.
These -C=C- and -C=C-C=C- moieties can significantly
reduce the formation energy of OH* and facilitate a two-
electron oxidation pathway for producing H,0,.”> The spatial
separation between the triazine and acetylene cores further
enhances charge separation and migration.” Acetylene-bridged
CTFs have demonstrated good performance in the selective
oxidation of sulfides and oxidative coupling of amines under
visible light irradiation.””® Optical and electronic analyses have
demonstrated that the introduction of vinylene and acetylene
moieties into the CTF skeleton promoted accelerated charge

J. Mater. Chem. A, 2023, 11, 21470-21497 | 21475
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mobility and improved the visible light absorption capacity.”™
The acetylene moiety, serving as a m-cross-linker within the
framework, plays a crucial role in promoting exciton dissocia-
tion, minimizing exciton binding energy, and enhancing oxygen
adsorption capacity for facilitating O, ~ and 'O, formation in
oxidative coupling reactions.” CTFs containing triazine rings
linked by both vinyl and acetylene groups, such as COF-TMT-A,
have exhibited excellent performance in the photocatalytic
CO,RR.”® In comparison to CTFs without acetylene groups,
these materials demonstrated significantly improved photo-
catalytic performance for the CO,RR, with a remarkable 99%
selectivity towards the product HCOO ™.

Obviously, the introduction of specific functional groups
plays a pivotal role in modulating the substrate affinity, conju-
gated structure, and inherent photoelectric characteristics of
CTFs (Fig. 7). This modulation is advantageous for enhancing
the adsorption of reaction substrates and facilitating the sepa-
ration and transport of photogenerated electrons and holes.
The deliberate design of CTFs with innovative and well-thought-
out structures shows immense potential to boost the efficiency
of photocatalytic reactions. It is important to note, however,

21476 | J. Mater. Chem. A, 2023, 11, 21470-21497

that CTFs currently tend to display suboptimal photocatalytic
performance when hosting various functional groups on their
surface simultaneously.

3.1.2 Donor-acceptor (D-A). The effective inhibition of
charge recombination by employing multiple electron donors
and acceptors in natural photosynthetic system II promotes the
separation of photogenerated electrons, which is attributed to
the presence of a photo-induced electron transfer system
composed of multiple donors and acceptors with energy
gradients.”” Furthermore, the covalent linkage of electron
donors (D) with high HOMO energy levels and electron accep-
tors (A) with low LUMO energy levels allows for the formation of
conjugated D-A molecules and macromolecules (Fig. 8). These
structures exhibit tunable LUMO and HOMO energies, as well
as absorption spectra and optical bandgaps, resulting from the
intramolecular D-A interactions. Inspired by these principles,
the design of organic donor-acceptor structures has gained
significant attention and has been widely explored in various
fields, including photocatalysis,”*®® organic photovoltaics
(OPVs),** organic light-emitting diode (OLED) materials,* and
molecular sensors.*

This journal is © The Royal Society of Chemistry 2023
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thieno[2,3-b]thiophene,® phenyl,”” amide,®® benzodifuran

«\‘\'\\‘l con/"/ga (BDF),* naphthalene,” carbazole,** triphenylamine,® benzo-
&QP (& dithiophene (BDT),” phenothiazine (PTZ)* as electron donors
.o‘.‘:‘s (}(’O/ and benzothiadiazole (BT)**** as an electron acceptor to design
m° . (46 CTFs for photocatalytic applications (Table 2). Notably, in these
3 N-containing 3 h D-A CTF materials, the role of triazine can vary, acting as either
e g“; S fbo 3. an electron donor or acceptor within the CTF structure, owing
g’ l@ é’ 64) % to the various electronic properties between triazine and the
§ /?p ‘g aforementioned moieties.?5#791-93
s Fl;;nzt:;onal =¢ Thiophene or benzothiadiazole (BT) units have been intro-
I S . .
- ),\bo P g duced as dopants to enhance the charge carrier separation and
% % 2% 'S migration in CTF-based photocatalysts. Experimental results
> |\ %% $ & P yeis. B
> N

Fig. 7 The roles of specific functional groups in modulating the
characteristics of CTFs.

The strategic modification of CTFs with donor-acceptor (D-
A) units can enable the fine-tuning of their properties and
facilitate anisotropic charge carrier migration, thereby D-A
enhancing the photocatalytic activity of CTFs. Recent studies Fig. 8 The effect of orbital coupling of donor and acceptor units on
have explored various D-A units, such as thiophene (Th),*****>  the bandgap and the transfer path of photogenerated electrons.
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and density functional theory (DFT) calculations have demon-
strated that CTFs modified with Th or BT exhibit extended
absorption of visible light and more efficient charge carrier
transfer compared to pristine CTF-1.** The incorporation of Th
in the CTF promoted m-electron delocalization and facilitated
charge transfer, as supported by DFT calculations.® As a result,
CTP-Th demonstrated remarkable photocatalytic activity in the
hydrogenation of maleic acid and furfural, leading to the
production of succinic acid and furfuryl alcohol, respectively. In
addition, the introduction of a D (carbazole)-Al (triazine)-A2
(benzothiadiazole) system led to a dramatically improved
apparent quantum yield (AQY) of CTF to 22.8% at 420 nm,
surpassing the performance of most conjugated porous poly-
mers, which typically achieve AQYs within the range of 10%
(Fig. 9).*° The bandgap of CTF-1 can be tuned in the range of
2.11 to 2.26 eV by adjusting the ratio of A2 in the structure and
the LUMO energy values of CTF-1 became less negative as the
amount of BT increased (Fig. 9e). To create molecular hetero-
structures, CTF-BT/Th was synthesized by incorporating ben-
zothiadiazole (an electron-withdrawing unit) and thiophene (an
electron-donating unit) into the covalent triazine frameworks
through sequential polymerization.®® The resulting CTF-BT/Th
exhibited a staggered bandgap arrangement at the hetero-
junction, resulting in significantly improved efficiency in charge
carrier separation.

A series of BDT-based CTFs were synthesized to investigate
the structure-activity relationship in these materials with
different D-A ratios.” The experimental results showed that an
appropriate D-A ratio in BDT-based CTFs led to efficient charge
separation and low electron-hole recombination rates, which
greatly promoted the photocatalytic activity for the HER.

The phenothiazine (PTZ) unit, known for its electron-rich
tricyclic heteroaromatic structure containing strong electron-
donating N and S atoms, is commonly utilized as an electron
donor or hole transport material. Incorporating the PTZ unit in
the CTF resulted in a broad visible light absorption range of
CTF-PTZ. Additionally, CTF-PTZ demonstrated efficient charge
separation and transfer, yielding a significant enhancement in
the photocatalytic performance for the selective aerobic oxida-
tion of sulfides to sulfoxides.**

Zhang et al. synthesized D-A CTFs containing thiophene
(Th),**  diphenyl-thiophene  (Th-Ph2) and diphenyl-
benzothiadiazole (BT-Ph2)*” units directly on the surface of
mesoporous silica (SBA-15). This approach aimed to combine
the advantageous properties of both SBA-15 and D-A CTFs to
form SBA-15-supported D-A CTF catalysts. These catalysts
exhibited a high specific surface area, water compatibility, and
demonstrated excellent photocatalytic performance in various
reactions, such as the degradation of organic dyes, selective
oxidation of styrene, selective oxidation of alcohols®® and partial
oxidation of 5-hydroxymethylfurfural.”® Notably, these reactions
were carried out in a solvent-free and solid-state environment,
showcasing the potential of SBA-15-supported D-A CTF cata-
lysts as efficient and versatile photocatalytic materials.

The introduction of different functional groups on the donor
or acceptor units in D-A CTFs has a significant impact on their
photoelectric properties. For instance, two CTFs containing

This journal is © The Royal Society of Chemistry 2023
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Fig. 9

(a) The photoinduced electron-transfer process of the D—A system and D—-A1-A2 system. (b) Rational synthesis of ter-CTF-X (X refers to

the percentage of M-CBZ in the total aldehyde monomers). (c) Three proposed model fragments in ter-CTF-X (M1: CBZ combined with triazine;
M2: CBZ combined with triazine and BT; and M3: BT combined with triazine). (d) Temporal photocatalytic H, evolution over CTFs under visible
light by using TEOA as a sacrificial agent. (e) The proposed energy alignments of CTFs based on experimental results. (f) The theoretical energy
levels of building blocks. Reproduced with permission from ref. 80. Copyright 2019, American Chemical Society.

naphthalene moieties (with and without methoxy groups)
exhibited variations in morphology, CO, adsorption capacity,
and optical properties. The presence of methoxy groups on the
naphthalene core also influenced these properties.”® Addition-
ally, both DFT calculations and experimental results indicated
that the conversion of the cyano group to amide functional
groups led to a decrease in the bandgap of the CTF from 2.64 eV
to 2.29 eV.* The incorporation of amide groups as electron
donors enhanced the visible light absorption and modified the
band structure of the CTFs, thereby promoting the migration
and separation of photogenerated charges. Jiang's group con-
ducted DFT calculations to investigate the band alignment and
charge transfer properties of potential D-A COFs employing
various functional groups of tereph-thaldehydes as donors
(Fig. 10)."*° The exciton binding energy (E},) is directly associated
with the exciton effect exhibited by these COFs and the relative
value of E}, corresponds to the strength of the D-A interactions.
The activity trends of the COFs, as determined from the calcu-
lated and experimental data, aligned with the exciton effects
predicted by DFT. This computer-aided design approach,
enabling precise molecular structure tuning, contributes to the
advancement of photocatalysts with exceptional performance.
The one-atom substitution approach is commonly employed
to design D-A-type conjugated porous polymers with specific
optical bandgaps and aromatic properties.’® For instance,
when using the same electron donor (pyrazole), CTFs with
benzothiadiazole (S atom) as the electron acceptor exhibited
superior photocatalytic HER activity in water compared to those

This journal is © The Royal Society of Chemistry 2023

with 2,1,3-benzoselenadiazole (Se atom) and 2,1,3-benzox-
adiazole (O atom). The stronger electron acceptor, 2,1,3-ben-
zoxadiazole (O atom), resulted in a broader bandgap and a more
negative LUMO energy level, leading to poorer photocatalytic
activity. Conversely, the weaker electron acceptor, 2,1,3-benzo-
selenadiazole (Se atom), caused a red shift in the absorption
edge of visible light. However, it also led to an increase in bond
length and a decrease in acceptor aromaticity, which negatively
impacted the intramolecular charge transfer process and
increased the electron-hole recombination rate. Furthermore,
the substitution of fluorine atoms on the edge aromatic units
improved the crystallinity and porosity of CTFs, which was
beneficial for the efficient charge transfer of photogenerated
carriers.'” The resulting F-substituted CTFs exhibited
enhanced O, chemisorption and achieved remarkable H,O,
yield rates under visible light illumination (A > 400 nm). CTFs
with S heteroatoms exhibited 5.6 times higher H, evolution
activity from H,O compared to CTFs with O heteroatoms.*
Gaussian and Mulliken calculations revealed that the migration
of excited electrons from S heteroatoms to triazine units was
more efficient than from O heteroatoms in CTFs. Electron
paramagnetic resonance (EPR) spectra also indicated the
generation of a greater number of electrons and holes in CTFs
with S heteroatoms.

Protonation of CTFs has been demonstrated to enhance
their hydrophilicity and increase the concentration of water
molecules around the catalytic site.'® This protonation process
leads to an obvious red-shift in light absorption, a substantial

J. Mater. Chem. A, 2023, 1, 21470-21497 | 21479
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Nature.

increase in charge separation efficiency, and an overall
improvement in the hydrophilic properties of D-A-type imine-
linked COFs, and thus enhanced photocatalytic performance.***

The extensive repertoire of organic molecules offers a diverse
range of options for constructing CTFs, thereby bestowing them
with remarkable structural versatility. Through meticulous and
rational design strategies at the molecular level, precise control
over the selection of precursor molecules exhibiting suitable
electronic and spatial characteristics becomes achievable. This
deliberate molecular engineering enables the fine-tuning of the
structural and optoelectronic properties of CTFs, thereby
enhancing their photocatalytic performance. The ability to
modulate molecular structures plays a pivotal role in dictating
the intricate relationship between the structure, property, and
activity in these materials.

The strategy of constructing D-A structures has been proved
to be effective in designing novel CTFs. By adjusting the degree
of conjugation and electron affinity between the donor and
acceptor, the absorption spectral range of CTFs is broadened,
the exciton binding energy is reduced, and the photogenerated
carriers are effectively separated and migrated in D-A CTFs.
Currently, D-A CTFs are mainly constructed using binary
monomers via covalent bonds, and there are still limited CTFs

21480 | J. Mater. Chem. A, 2023, 1, 21470-21497

with ternary or poly D-A structures (e.g., D-A1-A2, D1-D2-Al1,
D1-A1-D2, etc.). Moreover, the choice of donor and acceptor
and how to design a reasonable structure to maximize the
advantages of the D-A structure are still in the theoretical stage.
Further research is needed to explore these possibilities.

3.2 Structure engineering

3.2.1 Improving crystallinity. Generally, high crystallinity
in materials is associated with reduced defect density and
trapping centers for photogenerated electron-hole trapping and
recombination, which in turn promote efficient charge separa-
tion and minimize recombination.'*®**” Improving the crystal-
linity of CTFs is an effective approach to enhance their
photocatalytic performance.*® Crystalline CTFs offer several
advantages over amorphous counterparts, including few
defects,”® tunable bandgaps,”'*® uniform porosity’® and
regular crystal planes.”® Consequently, researchers have
focused on enhancing the crystallinity of CTFs to harness their
improved optical and electronic properties for enhanced pho-
tocatalytic activity.

Unlike the synthesis of typical COFs, achieving high crys-
tallinity in CTFs poses a challenge due to the inherent stability
of the triazine ring. The dynamic processes of covalent bond

110
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breaking and self-healing are not easily applicable to CTFs.
Nevertheless, several methods have been developed to synthe-
size CTFs, such as the ionothermal method,"*™** superacid-
catalyzed method,'*******® polycondensation method,>**?**>*
and P,Os (ref. 123) catalyzed method. For a more comprehen-
sive exploration of COF synthesis methods, we direct the reader
to refer to previous in-depth reviews on this topic.**

CTFs have been synthesized using the high-temperature
ZnCl, ionothermal route. However, the resulting CTFs had
low crystallinity due to the irreversible carbonization process
and reversible trimerization of nitrile, which allowed for the
reorganization of the dynamic triazine backbone during
synthesis."””"*** To mitigate the carbonization of the CTF skel-
eton, a three-salt eutectic mixture (NaCl/KCl/ZnCl,) was intro-
duced as an alternative to pure ZnCl,. This approach enabled
the synthesis of CTFs at lower temperatures while maintaining
the desired crystallinity.*>***

Strong Bronsted acids, especially trifluoromethanesulfonic
acid (CF3;SO3H),'*>"%128 are widely used catalysts for nitrite tri-
merization reactions in CTF synthesis, enabling lower temper-
ature preparation. However, direct synthesis of CTFs using
CF3SO;H often results in low crystallinity. To address this issue,
microwave-assisted methods have been developed to enhance
crystallinity by promoting dynamic triazine association and
dissociation at lower temperatures.'® Microwave-assisted poly-
merization of highly ordered CTF-1 exhibited increased crys-
tallinity with higher microwave power, although excessive
power can distort the structure by damaging hexagonal units
and extending the layer distance.” Xu's group successfully
developed a rapid and scalable microwave-assisted synthesis
method for preparing a series of highly crystalline CTFs within
20 minutes. Moreover, this method can be easily scaled up to
produce one hundred grams of CTFs."® Notably, increased
crystallinity led to a gradual narrowing of the bandgap of CTFs
and a shift of the CB towards a more negative position. Subse-
quently, a scalable and eco-friendly method using poly-
phosphoric acid (HeP,0,3) was developed by the same group,
achieving superior crystallinity at the kilogram level.'** The
crystallinity of CTFs prepared from H¢P,0,3 was superior to that
of CTFs prepared from analogs P,Os and H;PO,.**® Experi-
mental and DFT results demonstrated that HeP,0,; has a lower
activation energy for the nitrile trimerization reaction.

The polycondensation method offers a solution to the chal-
lenges posed by super acids, as it not only avoids their strong
corrosive nature but also allows for control over the nucleation
rate during the reaction.' This method proves highly effective
in improving the crystallinity of CTFs. In a study, four CTF-
HUST samples were synthesized using the condensation reac-
tion between aldehydes and diamine hydrochloride, involving
the formation of Schiff base and subsequent Michael addition,
as shown in Fig. 11.*° The maximum photocatalytic hydrogen
production rate of CTF-HUST in aqueous solution (TEOA as
a sacrificial agent) under visible light irradiation was obtained
as 2647 pmol h™" g~*. While the crystallinity of CTF-HUST was
not optimal, the study suggests that controlled in situ oxidation
of alcohols to form aldehyde monomers can significantly
enhance the crystallinity of CTFs."”*" The strategy of alcohol in

This journal is © The Royal Society of Chemistry 2023
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situ oxidation promoted the formation of low-density nuclei and
crystal growth of CTFs. This resulted in highly crystalline CTFs
with enhanced visible light absorption up to approximately
850 nm, leading to dramatically improved photocatalytic
performance in hydrogen evolution compared to less crystalline
or amorphous CTFs. The presence of defects in amorphous CTF
structures contributes to the recombination of photogenerated
electron-hole pairs, which hinders their photocatalytic activity.
Additionally, researchers have successfully synthesized highly
crystalline CTFs with tailored pore structures by controlling the
monomer feeding rate to regulate nucleation and crystal
growth.*® In particular, under visible light illumination, the
CTF-HUST-HC1 sample with exposed [001] crystal facets
exhibited superior performance in the removal of nitric oxide
(NO) compared to amorphous CTF-HUST-1 and even conven-
tional g-C3N, photocatalysts. Nonetheless, the hydrophobic
nature of CTFs, stemming from their aromatic backbone,
limited their applicability in aqueous medium. To address this,
specific functional groups were incorporated into the mono-
mers to modulate the hydrophilicity of CTFs. The dominant role
of the base reagent t-BuOK in synthesizing CTFs with improved
crystallinity and  hydrophilicity using  benzylamine-
functionalized monomers has been highlighted.”® The crystal-
linity of CTFs was found to be enhanced with increasing
strength of the base reagent. The resulting CTF-HUST-A1
exhibited excellent performance in the photocatalytic water
splitting reaction, utilizing NiP, and Pt as cocatalysts without
the need for sacrificial agents. In another study, aniline and
aromatic co-solvents were utilized as dual modulators to
synthesize CTFs with remarkable crystallinity.'®® The crystalline
CTFs were regulated through peripheral functionalization to
enhance the oxidation of sulfides, achieving high conversion
rates under blue LED irradiation.

From a crystallinity perspective, high crystallinity in semi-
conductors typically promotes efficient charge transfer from the
center to the surface, leading to enhanced photocatalytic
activity. However, it has been observed that low crystallinity can
also enhance photocatalytic activity in certain inorganic semi-
conductors by providing active centers for photocatalytic reac-
tions through the generation of shallow trapping sites such as
impurities and vacancies.">'** Interestingly, similar observa-
tions have been made in the case of CTFs. It has been found that
CTFs with low crystallinity sometimes exhibit better photo-
catalytic activity.***** The relationship between crystallinity and
photocatalytic activity in CTFs is complex and multifaceted. It is
possible that CTFs with different degrees of polymerization and
crystallinity can form inherent electric fields between them,
thereby improving the efficiency of charge carrier separation.

3.2.2 Controlling morphology and thickness. The control
of CTF morphology and layers plays a crucial role in harnessing
the benefits of quantum effects in various applications.'™
Hollow-structured CTFs (Fig. 12a) with inner cavities and
porous shells offer advantages such as efficient mass transfer of
guest molecules and enhanced migration of photogenerated
charges.™® These hollow CTFs have demonstrated a four-fold
improvement in the efficiency of the HER compared to bulk
materials. To synthesize CTFs with hollow spherical
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agent. Reproduced with permission from ref. 120. Copyright 2017, John Wiley and sons.

morphologies, silica nanospheres were employed as templates,
resulting in CTFs (CTF-NS) with a shell thickness of approxi-
mately 10 nm and a large surface area, which exhibited efficient
formation of H,0, from the O,-saturated aqueous solution.*
Furthermore, the combination of mesoporous silica with
thiophene-containing CTFs yielded a composite material with
a hexagonal cylinder morphology, which was utilized for the
photodegradation of dyes in water.”® The hydrophilic nature
and high surface area of silica enhanced the adsorption of
organic molecules, expanding the application of CTFs as pho-
tocatalysts for water treatment. Similarly, hollow nanoporous
CTFs were synthesized using acid vapor-assisted solid-phase
synthesis.”®” The photocatalytic performance for the

21482 | J Mater. Chem. A, 2023, N, 21470-21497

photoreduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) was improved because the nanopores enhanced the mass
transfer and light absorption. Additionally, olefin-linked CTF
(TTO-COF) nanotubes exhibited remarkable stability and
performance in the selective oxidation of sulfides using O,
under blue light.”* These CTF nanotubes, with a diameter of
approximately 100 nm and a thickness of about 20 nm, provided
spacious cavities and numerous reaction centers for organic
transformations (Fig. 12b and c).

When a photocatalyst is exposed to sunlight, the photo-
generated carriers must effectively migrate from the bulk phase
to the photocatalyst surface to participate in the reaction. Few-
layer CTF nanosheets offer a solution to this challenge as they

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) The transmission electron microscope (TEM) images of different etched CTFs. Reproduced with permission from ref. 136. Copyright
2019, John Wiley and sons. (b) SEM and (c) TEM images of olefin-linked CTF nanotubes. Reproduced with permission from ref. 71. Copyright

2021, Elsevier.

shorten the charge migrate distance to the solid-liquid inter-
face and provide more exposed active sites compared to bulk
materials. Two main strategies are commonly employed to
obtain  few-layer = CTFs: exfoliation and bottom-up
synthesis."**'** Exfoliation, in particular, has garnered signifi-
cant interest due to its unique advantage of directly producing
nanosheets from bulk COFs.

For instance, sulfuric acid was used as an intercalant and
ammonium persulfate as an oxidant to exfoliate bulk CTFs into
ultrathin CTF nanosheets."® This process resulted in nano-
sheets with an extended visible light absorption edge up to
750 nm and a narrowed bandgap from 2.82 eV (pristine-CTF) to
2.36 eV. Experimental and DFT calculations showed that the
conduction-band position of these ultrathin nanosheets was
more favorable for promoting H, evolution from water
compared to that of the bulk CTF under visible light irradiation.
In another study, researchers successfully prepared an ultrathin
CTF nanosheet with a thickness of 1.5 nm using a redox exfo-
liation process.®® The resulting nanosheet exhibited distinct
lamellar features and smooth morphology after 30 drop-casting
cycles and demonstrated a competitive H, evolution rate of
25.7 mmol h™" m~? among reported film devices.

Furthermore, a glycerol intercalation strategy was employed
to exfoliate bulk CTFs into crystalline sheets (E-CTF-HC1).***
The exfoliation process was found to be influenced by the
vibrational states of glycerol molecules at different tempera-
tures. N-doped quantum dots (CTFQDs) were obtained by
exfoliating and cutting CTFs in piranha solution, resulting in
a blue shift in the UV-vis spectra compared to bulk CTFs.***
Ultrasonic assistance and grinding/ball milling have been
widely used for the exfoliation of two-dimensional materials by
overcoming interlayer interactions. For instance, Wang's group

This journal is © The Royal Society of Chemistry 2023

successfully prepared exfoliated CTF*** and fluorinated CTF***
nanosheets through mechanical milling processes. Micrometer-
sized few-layer CTF sheets were obtained through micro-
mechanical cleavage and liquid sonication.'** However, CTF
thin films prepared using these mechanical methods often
exhibit lower crystallinity.

Bottom-up synthesis is another effective method for
producing thin films of CTFs, allowing for large-area, control-
lable thickness films in a single step. One general approach to
synthesizing porous CTF membranes with intrinsic porosity
involves catalyzing aromatic nitrile trimerization reactions at
low temperatures using super acids. Dai*” and Chung,"* for
example, used CF;SO;H for in situ catalytic synthesis of CTF
membranes on glass, although controlling the thickness, size,
and crystallinity of these films can be challenging. Therefore,
the two-phase interface synthesis method has been developed,
which involves the trimerization of carbonitrile at the interface
of CH,Cl, and CF;SO;H to synthesize single-layer/few-layer
triazine-based two-dimensional polymers (2DPs).**” The high-
resolution transmission electron microscopy (HR-TEM)
images demonstrated the high structural order of these 2DPs.

Additionally, a mixture of 1,4-dicyanobenzene and CH,Cl,
has been used to prepare few-layer 2D-CTF-1 nanosheets.**®
Wang et al. achieved the synthesis of single-layer CTF nano-
sheets with a thickness of approximately 1.1 nm through
a combination of interface synthesis, mild oxidation, and
ultrasonic-assisted exfoliation.'*® Moreover, Tan et al. developed
an innovative organic solvent/air interfacial polymerization
method to prepare large-area, thickness-controlled semi-
crystalline CTF films (Fig. 13)."*> These films exhibited a high
hydrogen evolution rate of 5.4 mmol h™" m™? attributed to
their good light absorption, large lateral size, and crystal
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Fig. 13 (a) Rational synthesis of CTFs. (b) Synthetic procedure for the fabrication of CTF films on the dimethyl sulfoxide (DMSO) surface assisted
by the imine precursor. Reproduced with permission from ref. 122. Copyright 2021, Springer Nature.

structure. In a recent development, monolayer-assisted surface-
initiated Schiff-base-mediated aldol polycondensation was
utilized to prepare large-area crystalline CTF films on various
solid substrates.”® The resulting films demonstrated lateral
sizes of up to 120 cm” and tunable thicknesses ranging from
tens of nanometers to a few micrometers.

The low-dimensional structure and reduced particle size of
CTF films serve to shorten the migration distance for photo-
generated carriers while increasing the active sites on the
surface. Both exfoliation and interfacial synthesis methods,
which are commonly used, are effective for synthesizing CTF
films. However, compared to exfoliation which produces small-
area and inhomogeneous thin films, interfacial synthesis is
more favorable for producing large-area films with a control-
lable number of layers, offering the potential to design and
prepare photocatalytic devices based on CTF films in the future.

3.2.3 Doping. Chemical doping is a conventional and
effective method to modify the electrical properties of semi-
conductors, including the carrier concentration, Fermi energy
level, and band structure,"**** thereby enhancing the limited
visible light absorption and inefficient charge separation of
CTFs. Recent reports have demonstrated that the doping of
halogen elements (F, Cl and Br),'?*5* N,'5515¢ P17 and S*** can
modulate the electronic structure of CTFs and improve their
photocatalytic activity.

For instance, the introduction of halogen elements through
chemical doping has been shown to significantly decrease the
bandgap of CTFs.**® Specifically, Cl doping resulted in a nar-
rower bandgap of 2.48 eV than pristine CTF (bandgap: 2.94 eV),

21484 | J Mater. Chem. A, 2023, 11, 21470-21497

leading to an approximately 6.1 times increase in the H,
evolution rate from water splitting (TEOA as a sacrificial agent)
under visible light (Fig. 14). This improvement can be attributed
to the more negative CB position of the Cl-doped CTF, which
facilitates more efficient charge transfer. DFT and experimental
result analyses indicated that the formation of CI-N and CI-C
bonds in CTFs promotes electron delocalization and accelerates
charge carrier transportation.**

N-doped CTFs (T3N-CTF) have been achieved through Schiff-
base condensation reactions using 5,5’,5"-(1,3,5-triazine-2,4,6-
triyl)tris(pyridine-2-amine) as the monomer.” Both triazine
nitrogen and pyridine nitrogen have been identified as active
sites in the CTF. The incorporation of specific nitrogen atoms
within the framework of T3N-CTF has shown improvements in
light absorption, surface area expansion, and enhanced charge
separation efficiency. Additionally, a simple hydrothermal
treatment of CTF-1 with hydrazine hydrate has enabled the
synthesis of self-doped nitrogen CTFs (NCTF-1)."** NCTF-1
exhibited a CH, generation rate of 11.48 umol ¢~' h™" in the
photocatalytic CO,RR, which was nine times higher than that of
CTF-1. The excess nitrogen in NCTF-1 provided a CO,-friendly
scaffold for selective adsorption and separation of CO,.

Similarly, P doping in CTF-1 promoted its hydrogen evolu-
tion performance, exhibiting a rate approximately 4.5 times
higher than that of undoped CTF-1."*” Moreover, P-doped CTF-1
maintained high stability in H, evolution over a 20-hour cyclic
reaction without significant changes in its crystal structure.

Furthermore, the introduction of a small amount of sulfur
effectively altered the electronic properties and energy band

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (a) Photocatalytic H, evolution rates over CTF-1, CNCland CTFX (X = Cl, F, Br) samples under visible light illumination by using TEOA as
a sacrificial agent. (b) Photocurrent responses over CTF-1 and CTFX photoelectrodes under visible-light irradiation. (c) UV-vis DRS spectra of
CTF-1 and CTFX. (d) Electronic band structure of CTF-1 and the CTFX samples (versus the saturated Ag/AgCl reference electrode at pH = 7).
Reproduced with permission from ref. 153. Copyright 2019, Royal Society of Chemistry.

structure of CTFs."*® Photoelectric characterization studies
revealed that S-doped CTFs exhibited a narrower bandgap,
broader absorption edge, and reduced recombination of pho-
togenerated carriers than bare CTFs.

Doping other elements in organic semiconductor materials,
especially in CTFs, is indeed more challenging compared to
inorganic semiconductor materials. CTFs consist of carbon,
hydrogen, nitrogen, and other non-metallic elements linked by
covalent bonds, and doping often requires breaking the original
covalent bond, which can damage the conjugated structure and
reduce the crystallinity of CTFs. Additionally, controlling the
precise position of the doped atoms within the CTF structure is
difficult. These challenges make the process of doping other
elements in CTFs more complex and less controllable compared
to inorganic semiconductors.

3.3 Heterostructures

3.3.1 Heterojunctions. The coupling of two semiconductors
to form a heterojunction has proven to be an effective strategy for
spatially separating photogenerated electron-hole pairs.** This is
achieved by taking advantage of the different Fermi energy levels
(Ex) or work functions (W) of the two semiconductors. As a result,
a built-in electric field (Ep) is established at the heterojunction
interface, facilitating the movement of electrons from the semi-
conductor with a higher Er. to the one with a lower Er.**° This built-
in electric field can promote the transfer of photogenerated

This journal is © The Royal Society of Chemistry 2023

carriers between the two semiconductors, reducing carrier
recombination. Various types of semiconductor-semiconductor
heterojunctions exist, including type-I (straddling gap), type-II
(staggered gap), type-IIl (broken gap), Z-scheme, n-p, p-p, and
n-n heterojunctions.’ Among them, type-II'** and Z-scheme'®
heterojunctions are commonly formed structures when
combining CTFs with other semiconductor materials (Table 3).

In a type-II heterojunction (Fig. 15a) between photocatalyst A
(PC A) and photocatalyst B (PC B), electron and hole pairs are
generated in both PC A and PC B upon illumination.'** The
electrons from PC A are transferred to PC B, while the holes
move from PC B to PC A in the opposite direction. As a result, PC
B accumulates electrons for reduction reactions and PC A
accumulates holes for oxidation reactions. This spatial separa-
tion of charge carriers allows for efficient reactions on each
photocatalyst, enhancing overall photocatalytic performance.
For instance, the combination of CdS and CTF exhibited
a photocatalytic H, production rate of 12 150 pmol g * h™* from
water under visible light irradiation, which was approximately 3
times higher than that of pure CdS.'*® This enhanced perfor-
mance can be attributed to the strong interaction and matched
band potentials between CdS and CTF, which facilitated the
delocalization of photogenerated carriers out of the CTF plane
and effectively suppressed the photocorrosion of CdS induced
by photogenerated holes. Additionally, the CTF served not only
as a supporter but also as a photocatalyst and an electron donor
within the composite structure.'®®

J. Mater. Chem. A, 2023, 11, 21470-21497 | 21485


https://doi.org/10.1039/d3ta04472f

Published on 19 2023. Downloaded on 31.01.26 11:37:56.

Journal of Materials Chemistry A

o n O ~ o - O O N ~
L o © ~N © ~N N [¢e) <)
~ — — — — —
T T
(=) St
0 O o0
S < & -
o | < |
X < o <
I5e) — —_
3 &) &) o
— g = =
I ;} =
% s e
< © nBaY
< o - ¥ ~ s @
- - &) Lo © O
Il - - o0 X o0~
o0 oo ‘MT o7 %\OIM
T‘_:TJ: e oo SaH
- o L 1
= 2. =82 2d<c
= S S = — £ & E s
o g g S 3 © 33 g=]
gl 22 E& E58 B8xE
3} =
5|l g =*3i ZFwg T
e~ LRy = o ©w » a <9
Sl S2E3I3 2TZo000<=gE
2" — — & 0 n < 000« =0
—_— =~ —_— —
EE EE& E £ =
== S= = =
[= i) (=] o O [=)
a N S N N N [\
<+ 5 < <+ ™ <
A A A A A A A
AR e jaizad =
[ o U o U o T = P o VN o VN = Y =¥
o| EE EE EEE £ E
" ol 2EE S8 SS9 & 29I
< S L O L U U VU U I] (9]
ke 2 XX KX XXX X >
=
ol s| B2 22 2322 &2 2
>S5 on S o (=] S o O (=] (=]
= o oS O o O oS O O (=] (=}
o = @ @ 0 @ M o™ I IS5
9]
L
[}
< <
4 Z g
0 9 177)
= (] 8
© p= o
> - z
< < +
= < < < D o
E S gg %29 I =
ol 8 S == < &\ e
L = —~ = == Z & + T
= 8 + + + + + + Z <
Ol 8] oo oo o0oo @ &
c Q SERG a a RG] =
o & T T T T T T T = =
°
o}
©
Q =
2% Y .Y 5%
S 5| B8 B8 BES & &
o Q
2|l T EO TEZOC O O
[}
[®]
2
2 =
o Q
— <}
¢} £ %&) O
[}
2 2g Eo Eé
e go S 2 X
g - En Q“gﬁg
9 < JE $E3
) o Q
g Eo 3= EHE‘
¢ O g o Q ST
F= fE 8 80uakE 1%
> o O SO S AT 9 <
© = L janiiy <] N @ I
b £8 235%=9 3 0
S| gl 29 RoNEQ @a
215l g f3SgeE 5
o | 8| v-8& E 30354 =
s It O Q Zn N0 < o ~ )
° S| owwon oo S wpopEe gy oo
2| §| EE EESEEE B £
|l £l o9 ocogoow £ o
6) ~ N - = Lnn 4 Q
>
-
©
IS =
€| .8
3 3]
(%] o °
=
LA I g
bt ]
K} g8 o 5
S| 2| & @
Szl & N

21486 | J. Mater. Chem. A, 2023, 1, 21470-21497

@ LA: lactic acid. ® TEOA: triethanolamine. ¢ MeCN: acetonitrile.  AA: ascorbic acid. © AQY: apparent quantum yield.
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The Z-scheme heterojunction consists of two semi-
conductors with a similar band structure to that of the type-I1I
heterojunction, but with different electron-hole transfer
paths, as shown in Fig. 15."” In the Z-scheme heterojunction,
the electrons from the CB of PC A combine and annihilate with
the holes from the VB of PC B through either a suitable inter-
mediate (indirect Z-scheme heterostructure) (Fig. 15b) or direct
contact interface (direct Z-scheme heterostructure) (Fig. 15c).**
This arrangement leads to a spatial separation of electrons and
holes, with electrons accumulating in the CB of PC B and holes
accumulating in the VB of PC A, leading to a higher redox
capability.

For example, the coupling of CdS and CTF-1 in a membrane
configuration exhibited outstanding photocatalytic sterilization
effects in photocatalytic in situ cleaning and disinfection due to
the generation of abundant hole pairs as well as reactive oxygen
species, solving the stubborn fouling problems of 2D
membranes.* In addition, a Z-scheme SnS,/sulfur-bridged CTF
(S-CTF) photocatalyst (SnS,/S-CTFs) was developed, exhibiting
efficient CO, adsorption due to the CO,-friendly nature of S-
CTFs and promoting efficient separation of photogenerated
carriers. Such SnS,/S-CTFs exhibited exceptional visible-light-
driven CO, photoreduction activity, generating CO and CH,."”°
ZnlIn,S, (ZIS) is a sulfide photocatalyst with a tunable bandgap
(2.06-2.85 eV)."* Despite its high photogenerated electron effi-
ciency, the recombination of photogenerated carriers remains
an issue. By constructing a Z-scheme heterojunction between
a porphyrin-based CTF and ZIS, effective charge separation was
achieved. Experimental and theoretical calculations demon-
strated that photogenerated electrons were transferred via the
Z-scheme route, overcoming the speed-limiting step in photo-
catalytic hydrogen evolution.

Due to their excellent optical properties and electronic
conductivity, 2D materials such as carbon nitride (C3N,) and
black phosphorus (BP) nanosheets have been extensively
explored to form heterojunctions with CTFs and enhance the
visible light absorption and charge transfer properties of CTF-
based photocatalysts.””>*”* For instance, integration of 2D
C;N, with a CTF resulted in a metal-free heterostructure with
a type I band alignment, facilitating efficient charge migration.
The hybrid material exhibited remarkable stability and high
selectivity for the photocatalytic CO,RR to produce CO during 3
cyclic runs in 30 h by using [Co(bpy);]*" as the cocatalyst.}”?
Similarly, the incorporation of BP nanosheets into a CTF
enabled highly active photocatalytic H, evolution at a rate of
17.1 mmol h™" g~" in water (formaldehyde as a sacrificial agent)
under a 300 W xenon lamp with full spectrum.'”® The crucial P-
C bonding at the interface promoted electron transfer, while the
accumulation of electrons on BP nanosheets prevented surface
oxidation. Furthermore, a sandwich-type CTF-BP-Pt photo-
catalyst was fabricated by depositing Pt on BP, forming a bridge
joint with Pt(3")-P(37)-N(3") surface bonding states, enabling
efficient charge separation and extending the light absorption
range of the hybrid material.””* A type II heterojunction was also
constructed using a triphenylphosphine-based COF (P-COF)
and CTF."® The interaction between P-COF and the CTF
expanded the visible spectrum utilization and facilitated the

This journal is © The Royal Society of Chemistry 2023
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transfer of photogenerated carriers, resulting in a hydrogen
production rate approximately 2.5 times higher than that of
pristine CTF.

Metal-organic frameworks (MOFs) have been extensively
applied in photocatalytic fields due to their electrical conduc-
tivities and manifold building structure. Similar to porous
crystalline materials, MOFs can be well integrated with CTFs to
fabricate hybrid materials with rapid charge transfer and good
stability. For instance, in the case of NH,-UiO-66 (Zr), the
dissolution of the link between the carboxyl in 2-amino-
terephthalic acid and Zr** of NH,-UiO-66 (Zr) in alkaline envi-
ronments limits its practical application as a photocatalyst. To
overcome this issue, a CTF was anchored on the surface of NH,-
Ui0-66 (Zr) to slow down its decomposition. The resulting
hybrid material (NH,-UiO-66/CTF-3wt% Pt) demonstrated
a hydrogen production rate of 8.44 mmol h™' ¢"" in alkaline
aqueous solution (TEOA as a sacrificial agent) under a 300 W Xe
lamp (400 nm cutoff filter) and could be recycled up to 10 times
with consistent performance.”” As another example, a conduc-
tive 2D MOF (Ni-CAT-1) was tightly grafted onto a CTF to create
a Z-scheme heterostructure through a unique coordinating
connection between the dual N sites of the CTF terminal ami-
dine groups and Ni ions of Ni-CAT-1."”® The transient photo-
current density of Ni-CAT-1/CTF-1 was more than twice as high
as that of pure Ni-CAT-1 and CTF-1, indicating the superior
separation and migration ability of the composite. The hybrid
material also exhibited high activity for H, evolution under
visible light.

Metal oxide semiconductors such as TiO,, CuCo,0, and
ZnFe,0, have been successfully combined with CTFs to fabri-
cate organic-inorganic hybrid materials for photocatalytic solar
fuel production.'®”7?*¥! As an example, the Au@TiO,-X%TrTh
Z-scheme heterojunction, comprising CTF-based TrTh, TiO,,
and Au nanoparticles, demonstrated high activity for photo-
catalytic hydrogen production in aqueous solution (TEOA as
a sacrificial agent) under visible light irradiation.” This was
attributed to the synergetic effect of the localized surface plas-
mon resonance of Au nanoparticles and the Z-scheme electron
transfer pathway for photogenerated carriers. Additionally,
a Co*"-immobilized pyridine CTF (CTF-Py) decorated on an

This journal is © The Royal Society of Chemistry 2023

NH, -functionalized TiO, (NH,-TiO,) surface enabled the
conversion of CO, into CO using H,O as the electron donor
without the need for additional sacrificial agents.'®® The excited
electrons transfer from TiO, to CTF-Py, accumulating at the
metal sites on the hybrid material surface for reducing CO,,
while the holes concentrate on the TiO, surface for H,O
oxidation. The formation of a Z-scheme heterojunction between
the staggered band structures of TiO, and CTF-Py facilitated
electron-hole separation and photoinduced charge transfer.
Defect TiO, anchored on a CTF through a well-defined chemical
bonding between the amine group of the CTF and Ti** also
achieved efficient photocatalytic CO, conversion.’® The large
surface area of the CTF provided rich adsorption sites for CO,,
and the Ti-N facilitated the selective conversion of CO, into CO
with a selectivity of approximately 100%. Similarly, the direct Z-
scheme heterojunction between p-type semiconductor CuCo,0,
and CTF-1 allowed for the efficient photocatalytic conversion of
CO, into CO. Electron spin resonance (ESR) analysis revealed
that photogenerated holes tended to accumulate in the valence
band of CuCo,0,, while electrons transferred to the conduction
band of CTF-1, achieving spatial separation of electrons and
holes.’” ZnFe,0, is a promising visible-light-responsive pho-
tocatalyst due to its narrow bandgap while being resistant to
photochemical corrosion. When ZnFe,O, was combined with
a CTF, the band gap energy of CTF-1 was reduced, resulting in
a broadened range of visible light absorption. Therefore, the
obtained ZnFe,0,/CTF exhibited excellent performance in the
photocatalytic degradation of methylene blue (MB).**' In
comparison to ZnFe,0,/CTF, ZnFe,0,/FeP-CTF exhibited
a higher exposure of (311) crystal planes and a larger surface
area, which facilitated closer contact between CO, and the
active sites. The strong interaction between ZnFe,0, and FeP-
CTF enhanced interfacial charge transfer and separation,
thereby leading to improved reaction performance in photo-
catalytic CO, reduction (Fig. 16a).'®*

Metal halide perovskites are well known for their promising
photocatalytic properties, characterized by their high molar
extinction coefficients and tunable light absorption.’®* In
a study, CsPbBr; quantum dots (QDs) were immobilized on
CTF-1 for photocatalytic CO, reduction to CO, resulting in an

J. Mater. Chem. A, 2023, 1, 21470-21497 | 21487
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AQY of over 0.07% at 450 nm. CTF-1 acted as a suitable support
with abundant cavities for adsorbing and activating CO,, while
also enhancing the charge transfer ability of CsPbBr; QDs.**®
Similarly, CsPbBr;/CTFs demonstrated excellent performance
in photocatalytic H,O, production. The photogenerated holes
oxidize H,O to produce hydrogen H', while the electrons
migrate from CsPbBr; to the surface of the CTF to react with
adsorbed O, to produce H,0, via a one-step two-electron reac-
tion pathway and two-step one-electron reaction path
(Fig. 16b).*®*

The design concept of heterojunction materials has been
widely utilized in photocatalysis, facilitated by the built-in
electric field in the heterojunction that drives the separation
of photogenerated electrons and holes. By selecting semi-
conductor materials with matching energy band structures and
Fermi energy levels to CTFs, the efficiency of photogenerated
carrier separation and migration can be significantly improved,
thereby enhancing the photocatalytic performance. While CTFs
and organic semiconductors can often be effectively contacted
through interactions like m-m and electrostatic adsorption,
achieving effective contact with inorganic semiconductors
poses a challenge. In many cases, the electrostatic adsorption
between CTFs and inorganic semiconductors cannot overcome
the density difference, resulting in separation and the inability
to fully exploit the benefits of a heterojunction structure in the
photocatalytic reaction. However, it has been reported that
modifying the surface of the inorganic semiconductor can
facilitate the formation of covalent bonds with CTFs, enhancing
the contact force and offering insights for future design on the
composites of CTFs and inorganic materials.

3.3.2 Single atoms. Single-atom catalysts exhibit excep-
tionally high site-specific activity compared to sub-nanoscale
and microscale nanoparticles, attributed to their maximized
atomic utilization (~100%). Moreover, they can be anchored
onto the surface of photocatalysts to effectively promote the
separation of photogenerated electron-hole pairs.****
However, single-atom catalysts tend to aggregate due to their
high surface free energy, resulting in a decrease in catalytic
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activities. To address this issue, CTFs with nitrogen-rich prop-
erties have been applied to serve as a promising support to
improve the dispersibility and stability of single-atom catalysts.
In recent years, various kinds of single atoms (such as Pt,'s*'%*
Fe,‘” Ni,194’195 Pd,l% II',197 Cu’189,198 CO,191‘199 Ti,zoo and more) have
been anchored on CTFs for various photocatalytic applications.
For instance, by constructing CTFs with -Nj sites, Pt single-atom
catalysts have been loaded for photocatalytic N, fixation,
achieving an ammonia production rate of up to 171.40 pmol g~ *
h™".*2 High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and extended X-ray
absorption fine structure (EXAFS) analysis confirmed the pres-
ence of the active center Pt-N; structure. The introduction of
Fe’" into the CTFs modified the optical adsorption and
improved the conductivity and charge transfer rate of the CTFs
without destroying their layered structure. Therefore, Fe-CTFs
exhibited a 28-fold enhanced H, evolution rate from water
splitting compared to pristine CTFs."® Bipyridine is one of the
most common ligands in complex catalysts, and its introduc-
tion into the CTF backbone provides an effective active site for
coordination with transition metals. The bipyridine-based CTF-
loaded single-atom catalysts such as Pd,"® Ir**” have demon-
strated good catalytic performance in photocatalytic hydrogen
production from water in the presence of an electron donor.
Cu,*® Co,""*** Ru*” and Re*” are of great interest due to
their considerable catalytic activity in the photocatalytic CO,RR.
As an example, Cu single atoms confined into CTF-1 effectively
enhanced the visible light absorption and the CO, adsorption
capacity of CTF-1, with a production selectivity of CH, over
98.31% in the photocatalytic CO,RR.'™ DFT -calculations
confirmed the synergic effect of the single atom metal sites and
CTF host, reducing the reaction energy barriers for forming
*COOH intermediates and accelerating CO, adsorption and
desorption of produced gas." In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) assisted by
DFT demonstrated that the transition of *COOH to *CO species
is more thermodynamically favorable on Fe single atoms/CTF
surface compared with the pure CTF surface. Moreover, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 17 (a) The synthesis of viCOF-bpy and viCOF-bpy-Re. (b) Diagram of the alternating arrangement of bipyridine and triazine ring units. (c)
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viCOF-bpy, and viCOF-bpy-Re. (e) Stability tests of viCOF-bpy-Re. Reproduced with permission from ref. 208. Copyright 2023, John Wiley and
Sons. (f) Porphyrin-based CTFs for photocatalytic CO, reduction. Reproduced with permission from ref. 209. Copyright 2023, Elsevier.

specific atomic-level interaction is more inclined to dissociate
*CO into CO instead of further CO* protonation to CHO* and
therefore exhibited high CO selectivity in the CO, reduction
process. CTFs confining Co single atoms were used for efficient
CO,RR and H, production, enabling an efficiency far surpassing
those of Co nanoparticles/CTFs and pure CTFs.>** Numerous
literature results indicate that metal ions anchored on bipyridyl
and porphyrin-based COFs improve the CO, photoreduction
performance.>®>” The bipyridyl-CTF coordinated with Ru**
and Re**” single atoms showed good activity in the photo-
catalytic CO,RR to form formate and CO, respectively, with
a formate production rate of 2090 pumol g~ ' h™, and a turnover
number (TON) of 4.8 for CO,-to-CO conversion. Recently, the
fully conjugated viCOF-bpy-Re was synthesized through an
aldol condensation reaction by incorporating a rhenium
complex and triazine ring structures (Fig. 17a and b). viCOF-
bpy-Re exhibited an outstanding performance for converting
CO, into CO under visible light by using H,O as a sacrificial
agent (Fig. 17c-e).2*® DFT results further revealed the excited
intramolecular charge transfer process from the triazine ring
unit to the Re-bipyridine complex. As another example, a Co-
porphyrin-based CTF was synthesized under mild conditions
to preserve the structure of porphyrin units, showing good
charge separation ability in photoluminescence spectra.”*
Additionally, the high N content of CTFs endowed this catalyst
with a strong CO, adsorption capacity, exhibiting better activity

This journal is © The Royal Society of Chemistry 2023

in the photocatalytic CO,RR with a CO yield of 2562.8 umol g~ *
h™" (Fig. 171).

Single-atom catalyst-loaded CTFs fully harness the catalytic
ability of metal atoms, with their ultra-high atom utilization
enhancing the photocatalytic performance and reducing the
amount of precious metal required. However, to maximize the
catalytic performance of metal atoms, it is essential to consider
the introduction of effective ligand units into the structure of
CTFs.

3.3.3 Composite structures. CTFs are considered prom-
ising supports for photocatalytic applications due to their large
surface areas and well-defined nitrogen sites. These unique
properties enable CTFs to form strong nitrogen-metal interac-
tions, which allows for the integration of other materials to
establish composite structures with enhanced performance.**

Transition metal phosphides (TMPs) have gained significant
attention in the field of photocatalysis due to their exceptional
electrical conductivity, cost-effectiveness, and versatile compo-
sition. For instance, Ni,P alloys have shown excellent perfor-
mance in photocatalytic H, evolution from water, making them
a potential alternative to Pt as a cocatalyst.”"* Previous studies
have confirmed that 2.8 wt% Ni,P alloys-CTF demonstrated
comparable H, evolution rates (5.84 mmol h™" g™ ') to 3.0 wt%
Pt/CTF (~6.1 mmol h™' ¢™") under visible light irradiation.?
Similarly, Co,P nanocrystals anchored on CTFs using a simple
phosphidation strategy resulted in a P-CTF-Co,P photocatalyst,
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which exhibited outstanding photocatalytic H, evolution
activity (7.6 mmol h™" ¢ ') among CTF-based hybrid materials
with non-platinum cocatalysts.*** Co,P accumulated rich elec-
trons via the interfacial P-C bonds for reducing protons to
produce H,. Further investigations have revealed that the P°~-
Co®'-N° state in the CTF/CoP complex induced by the polari-
zation effect of the N site facilitated the adsorption and disso-
ciation of H,0O, as shown in Fig. 18.”**

Carbon materials such as carbon quantum dots (CQDs),
carbon nanotubes (CNTs), and graphene oxide (GO) have found
widespread use in various fields, including photocatalysis,
electrocatalysis, sensing, and bioimaging, attributable to their
unique photoelectric properties, quantum confinement effects,
high photochemical stability, and environmentally friendly
nature.”*>" In the study of CQDs/CTFs for photocatalytic
hydrogen evolution from water, photoelectrochemical charac-
terization revealed that the introduction of CQDs not only
extended the visible light response range but also helped in
electron storage, with the light emitted in its multiphoton active

process being captured by CTF-1 to enhance the separation of
photogenerated electron-hole pairs.>*®* Moreover, when the CTF
was combined with the electronic conductivity mediator CNT,
the Schottky barrier was reduced, which facilitated the transfer
of photogenerated charges from the CTF bulk to the surface
catalytically active sites, resulting in an almost complete
reduction of Cr(vi) under visible light irradiation for 2 hours.>*®
Additionally, the combination of m-conjugation-linked CTF-1
with GO was found to boost photocatalytic H, evolution, with
GO enhancing the hydrogen production efficiency of the CTF by
nine times at a content of 3% under visible light irradiation
through the m-conjugation effect between them.?"” The uniform
thin GO layer not only acted as an electron transport “bridge” to
facilitate the separation of photogenerated charges but also
shortened the distance of electron migration.

The research on replacing precious metals and other co-
catalysts represents a highly practical and significant
endeavor. The investigation of the composite structure of CTFs,
as mentioned earlier, has instilled confidence in the potential

Table 4 Summary of how the developed strategies impact specific processes within photocatalysis using CTF-based materials

Strategy Absorption of photons

Charge migration Surface reaction

Introducing functional groups
Donor-acceptor

Improving crystallinity
Morphology and thickness
Doping

Heterojunction

Single-atom

Composite structures

AN N N NN
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replacement of precious metal co-catalysts like Pt and Rh with
non-precious metal compounds. These studies offer crucial
experimental data to support the quest for cost-effective and
efficient co-catalysts for hydrogen and oxygen evolution
reactions.

4. Conclusions and perspectives

CTFs possess triazine ring structures with a robust conjugated
system, ample nitrogen content, exceptional visible light
absorption, high chemical stability, substantial specific surface
area, and versatile modifiability. These outstanding properties
render CTFs highly advantageous for photocatalytic hydrogen
and oxygen evolution from water in the presence of sacrificial
reagents, overall water splitting, CO, reduction, and organic
reactions. Nonetheless, CTFs do exhibit certain defects and
boundaries that hinder the transmission of photogenerated
electrons, leading to suboptimal separation efficiency of photo-
generated carriers and significant electron-hole recombination.

This review highlights various strategies to overcome these
challenges and enhance the photocatalytic performance of
CTFs (Table 4). By designing and constructing new types of
CTFs, such as by introducing organic functional groups and
leveraging the synergistic effect between functional groups and
triazine rings, the intrinsic photoelectric properties of CTFs,
such as bandgaps, photogenerated carrier separation, and
recombination efficiency, can be regulated. In addition, the D-A
theory serves as a valuable tool for designing and synthesizing
high-performance photocatalytic materials. The conjugation
system in the D-A structure, with different electron affinity and
ionization energy between the donor and acceptor, broadens
the visible light absorption range and facilitates the transfer of
photogenerated electrons from the donor to the acceptor. This
acceleration of photogenerated electron-hole pair separation
increases the electron transport rate within the molecule and
reduces the recombination sites for electrons and holes.

The high crystallinity of semiconductor materials contrib-
utes to fewer defects, which in turn reduces the recombination
sites for electrons and holes. However, during the synthesis of
CTFs, poorly reversible self-healing often results in unsatisfac-
tory crystallinity, particularly for non-imine bonded CTFs. To
address this issue, several synthesis methods have been devel-
oped, including ionothermal, superacid-catalyzed, poly-
condensation, polyphosphoric acid-catalyzed, and microwave-
assisted methods. Among these, microwave-assisted synthesis
and polyphosphoric acid methods have shown potential for
large-scale synthesis of high crystallinity CTFs. Photocatalytic
reactions rely on the efficient migration of photogenerated
electrons to the surface of semiconductors. However, CTFs tend
to stack up and form bulk materials due to -7 interactions
between layers, which hinders the effective diffusion of charges
to the active center. In contrast, single-layer or oligomeric CTF
nanosheets have the advantages of short migration paths for
photogenerated electrons and tunable optoelectronic proper-
ties. Therefore, the preparation of single-layer or oligomeric
CTFs by exfoliation or interfacial synthesis is considered as an
approach to enhance the photocatalytic performance of CTFs.

This journal is © The Royal Society of Chemistry 2023
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Semiconductor doping is a conventional method used to
improve the photocatalytic performance of inorganic semi-
conductor materials. Similarly, doping heteroatoms into the
CTF framework can significantly alter its band structure,
broaden the light absorption range, and enhance -carrier
mobility. Thus, doping is also a viable approach to enhance the
photocatalytic performance of CTFs. Moreover, constructing
heterostructures can effectively promote the separation and
migration of photogenerated carriers in CTFs. By utilizing
electrostatic adsorption, covalent bonding, and m-m interac-
tions, CTFs can form heterostructures with other semi-
conductors such as inorganic semiconductor materials, MOFs,
and COFs, leading to type-II and Z-scheme heterostructures.
This enables efficient transfer of photogenerated carriers on the
contact surface between them, effectively separating electron-
hole pairs. Additionally, the composites of single atoms and
CTFs provide abundant active sites for reactions and enhance
the conductivity of catalysts, improving the mobility of photo-
generated electrons.

Although the photocatalytic performance of CTFs has shown
notable advancements through the aforementioned research
and theoretical studies, it is essential to acknowledge that there
is still room for improvement. The structure-activity relation-
ship of CTFs also requires further detailed investigation.

We believe that investigating the following aspects of CTFs
will be crucial for future applications:

4.1 Development of green and scalable synthesis methods

The excellent stability and nitrogen-rich structure of CTFs not
only make them promising for photocatalytic applications but
also popular in electrocatalysis, industrial catalysis, and other
fields.******>>> There is an urgent need to develop a more green,
safe, and cost-effective process for large-scale synthesis of high-
quality CTFs to meet the demands of various industries.

4.2 Design of novel structure CTFs and CTFs-organic
semiconductor heterojunctions

The strategies summarized above to improve the photocatalytic
performance of CTFs aim to broaden the visible light absorp-
tion range of CTFs, improve the separation efficiency of pho-
togenerated carriers, shorten the migration paths of
photogenerated electrons and holes, and reduce crystal defects
of CTFs. For that purpose, by combining the advantages of
various strategies, CTFs with high visible light absorption effi-
ciency, high crystallinity, and single-layer or oligolayer D-A
structures can be designed and synthesized. Based on the easy
modification of CTFs with other organic semiconductor mate-
rials, the CTFs-organic semiconductor heterojunction con-
structed through electrostatic adsorption or covalent bonding
easily regulates the band structure and promotes the separation
and migration of photogenerated carriers.

4.3 Mechanistic studies of CTFs in photocatalytic reactions

In-depth investigations are necessary to fully understand the
mechanisms of CTFs in photocatalytic reactions, especially the
impact of D-A structures on their performance. Currently, the
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understanding of the effect of D-A structures is largely based on
theoretical calculations, and there is a lack of relevant experi-
mental characterization. Advanced characterization techniques
such as steady-state fluorescence emission'® and time-resolved
electron paramagnetic response (TREPR) spectroscopy®* can
provide valuable experimental evidence for studying the pho-
togenerated electron-hole separation and transfer states during
photocatalytic reactions. Such studies would contribute to
a comprehensive understanding of the role of D-A structures in
enhancing the photocatalytic performance of CTFs.

4.4 Photocatalytic CO,RR application

CTFs show advantages in adsorbing CO, due to their N-rich
characteristics. However, the research on the photocatalytic
CO,RR is still in its initial stages, and in most cases, the CO,
reduction product is CO. Developing efficient photocatalysts for
the photocatalytic CO,RR to produce valuable organic
compounds holds great promise and presents an attractive
avenue for further research.

4.5 Exploration of 3D CTFs

Most current CTF research focuses on 2D structures and less
work has been done on 3D CTFs.?** The novel structure of 3D
CTFs may offer unexpected optoelectronic properties, breaking
the barriers of 2D materials.

4.6 Utilizing intelligent computing tools

The design of new CTFs for photocatalytic applications is often
based on existing literature and the experiences of researchers,
which may not always lead to optimal photocatalytic properties.
To address this challenge, the utilization of machine learning
intelligent computing tools to pre-design high-performance
photocatalysts,'®*** combined with high-throughput tech-
nology**® for rapid prediction of the catalytic performance of
CTFs, can significantly improve the efficiency of developing new
and advanced catalysts. By leveraging these advanced tech-
niques, researchers can swiftly identify promising CTF candi-
dates with enhanced photocatalytic properties and expedite the
discovery of high-performance photocatalysts for various
applications.

In summary, although still in its early stages, the exciting
research on using CTF-based materials for photocatalytic
applications is already laying the groundwork for effective
modification strategies and design rules to enhance their pho-
tocatalytic performance. With this strong and encouraging
foundation, future efforts hold the promise of having a signifi-
cant impact on solar fuel and chemical production.
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