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ARTICLE INFO ABSTRACT

Keywords: Heterogeneous photocatalysis emerges as an exceptionally appealing technological avenue for the
Covalent triazine frameworks direct capture, conversion, and storage of renewable solar energy, facilitating the generation of
Photocatalysis

sustainable and ecologically benign solar fuels and a spectrum of other pertinent applications.
Heterogeneous nanocomposites, incorporating Covalent Triazine Frameworks (CTFs), exhibit a
wide-ranging spectrum of light absorption, well-suited electronic band structures, rapid charge
carrier mobility, ample resource availability, commendable chemical robustness, and straight-
forward synthetic routes. These attributes collectively position them as highly promising pho-
tocatalysts with applicability in diverse fields, including but not limited to the production of
photocatalytic solar fuels and the decomposition of environmental contaminants. As the field of
photocatalysis through the hybridization of CTFs undergoes rapid expansion, there is a pressing
and substantive need for a systematic retrospective analysis and forward-looking evaluation to
elucidate pathways for enhancing performance. This comprehensive review commences by
directing attention to diverse synthetic methodologies for the creation of composite materials.
And then it delves into a thorough exploration of strategies geared towards augmenting perfor-
mance, encompassing the introduction of electron donor-acceptor (D-A) units, heteroatom
doping, defect Engineering, architecture of Heterojunction and optimization of morphology.
Following this, it systematically elucidates applications primarily centered around the efficient
generation of photocatalytic hydrogen, reduction of carbon dioxide through photocatalysis, and
the degradation of organic pollutants. Ultimately, the discourse turns towards unresolved chal-
lenges and the prospects for further advancement, offering valuable guidance for the potent
harnessing of CTFs in high-efficiency photocatalytic processes.

Intrinsic modification
Band structure

Charge transfer
Environmental applications

1. Introduction

Amidst the rapid proliferation of contemporary industrialization and the burgeoning global population, there has emerged a set of
enduring and formidable challenges concerning energy and environmental matters [1-5]. As a response to these pressing concerns,
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there exists an ongoing and persistent endeavor towards the exploration of solar energy utilization, driven by its environmentally
sustainable and inexhaustible characteristics [6-9]. As a novel approach for harnessing solar energy, semiconductor photocatalysis
technology has garnered significant attention within the realm of scientific inquiry due to its environmentally friendly and
energy-efficient attributes when contrasted with biological and chemical methodologies (Fig. 1) [10-14]. The domain of photo-
catalysis has witnessed an expanding array of semiconductor materials, encompassing but not limited to TiO5 [15,16], g-C3N4 [17,18],
BioWOg [19,20], boron nitride [21,22], Covalent Triazine Frameworks (CTFs) [23-25] and black phosphorus [26,27], all of which
have been explored extensively for their applications in photocatalysis. In addition to hydrogen (Hj) production [7,28,29], these
materials have found diverse utility in the degradation of organic pollutants [30-32], carbon dioxide reduction [33-35], disinfection
[15,36] and so on. Nonetheless, a majority of contemporary photocatalytic systems are comprised of heavy metal constituents, thus
warranting endeavors for enhancement in cost-effectiveness and mitigation of biotoxicity associated with the catalyst [37].
Furthermore, there remain challenges such as suboptimal sunlight utilization rates, limited flexibility in band gap adjustment, and
heightened rates of recombination among photogenerated carriers. These factors collectively impose significant constraints on the
overall quantum efficiency and real-world applicability of photocatalytic processes.

The CTFs comprises a metal-free conjugated semiconductor structure formed by nitrile aromatic units, characterized by its
graphitic layered configuration, remarkable physicochemical stability, and substantial nitrogen content [23-25]. In recent years, CTF
has emerged as a prominent entity in the realm of photocatalysis, owing to its favorable attributes encompassing physical and chemical
stability, biocompatibility, a bandgap energy (Eg) of approximately 2.6 eV, capacity for visible light absorption, and a diverse
compositional profile [38,39]. Since the pioneering work by Niu and colleagues in 2014 on the photocatalytic degradation of
methylene blue using CTFs, the utilization of CTFs in photocatalytic applications has witnessed a substantial annual upsurge (inset of
Fig. 1). These inherent characteristics have rendered CTF highly applicable across a spectrum of domains, encompassing gas
adsorption and storage [24,25,38], catalysis [39-41], and energy storage [42,43]. However, in the pursuit of industrial applicability,
CTF encounters certain limitations that curtail its efficacy as an exceptionally efficient photocatalyst. These limitations encompass: i)
restrictions in the current synthetic methodologies for CTF; ii) limited capacity for visible light absorption; iii) relatively constrained
specific surface area; and iv) a suboptimal intrinsic quantum efficiency. To address these challenges encountered in the utilization of
CTF within the domain of photocatalysis, numerous research investigations have placed emphasis on the modulation of morphology,
incorporation of defects, creation of heterophane structures, and the development of composite materials.

These methodologies have the potential to substantially broaden the inherent band gap of the material by inducing alterations in its
physicochemical, optical, and electronic attributes. Such modifications serve to enhance the capacity of material for light capture and
utilization, particularly in the visible light spectrum. Concurrently, the introduction of alterations in the donor-acceptor (D-A) con-
jugated ligands or the establishment of heterostructures through chemical bonding [41,44], n-n stacking and electron attraction in-
teractions proves effective in promoting the efficient separation of photogenerated electron-hole pairs within the CTF framework,
thereby expediting their transfer [45-47]. Consequently, when juxtaposed with the performance of pristine CTF, CTF derivatives
subjected to diverse modifications have exhibited augmented photocatalytic activity, which exists a profound interest in harnessing
the entirety of the solar spectrum for multifarious photocatalytic applications. Although there have been some excellent reviews of
CTFs in recent years, majority of them are concentrated on synthetic methods and applications in certain fields, while lack of a sys-
tematic discussion on intrinsic charge density and bandgap-promoted photogenerated carrier segregation-migration strategies.

In this review, we present a comprehensive discussion on strategies for the preparation of CTFs, focusing on the modulation of
intrinsic charge density and band gap. Subsequently, the comprehensive advancements in the application of modified CTFs in areas
such as clean energy production (e.g., Hy production [30,48-51], clean energy applications [52-55]) and environmental remediation
(e.g., organic pollutant degradation [56-59], CO2 reduction [60-63], and nitrogen fixation [31,64,65]) are discussed. It has been
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Fig. 1. The annual number of publications containing the word “TiO5*, g-C3N4* or CTFs*” in the title and “photocatalytic*” in the topic since 2008.
(Using Web of Science, date of search: Sep 19, 2023).
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Table 1
Typical monomers used to build CTFs.
Catalysts Monomer Preparation condition Ref.
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Table 1 (continued)

Catalysts Monomer Preparation condition Ref.

NiPor-CTF ZnCly, 400 °C [72]

demonstrated that the synthesis method significantly affects the morphology, charge density, and band gap of CTFs. Precise modi-
fications can effectively accelerate the separation of photogenerated electron-hole pairs and the transfer of photogenerated carriers,
thereby enhancing their photocatalytic performance. This review aims to provide insights and strategies for the synthesis of CTF-based
derivatives with strong visible light response and excellent photocatalytic properties, facilitating their controlled preparation and
subsequent utilization within commercial applications.

2. Synthesis of CTFs

The crystalline nature and utility of CTFs are notably contingent upon the approach employed for their synthesis and monomers
(Table 1). Since the pioneering work of Thomas and collaborators in 2008 [66], several methods have emerged for the direct synthesis
of CTFs (Fig. 2), including ZnCly-catalyzed ionothermal method, amidine based polycondensation method, superacid-catalyzed
method, coupling method, and P,0Os-catalyzed method. Broadly, the synthetic approach exerts a significant influence on the phys-
ical characteristics and photocatalytic efficacy of CTFs, consequently bearing implications for their subsequent utilization in diverse
applications.
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Fig. 2. Cyclization- and coupling-based synthesis of CTFs.
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2.1. Ionothermal methods

Since 2008, researchers have employed a method involving the use of readily available aromatic nitrile compounds as monomers to
synthesize a series of high-performance CTFs. These syntheses occur under the catalytic influence of ZnCl, in ionic thermal conditions,
with reaction temperatures exceeding 400 °C, and are characterized by both regular and irregular porosity (Fig. 2a) [66,73-77]. ZnCl,
proves to be a highly efficient catalyst, facilitating the requisite reversibility of the triazine ring formation under elevated temperatures
and self-induced pressure, thereby enabling the development of CTFs with well-defined, long-range ordered structures. Consequently,
the monomer-to-ZnCl, ratio and the planarity of the monomer wield significant influence over porosity and crystallinity. While CTFs
synthesized using this method exhibit a commendable degree of crystalline order, a narrow pore size distribution, and an exceptionally
high specific surface area, the elevated reaction temperatures lead to partial carbonization, limiting practical applications. Moreover,
the resulting material manifests in the form of black powder, devoid of an electronic band gap, potentially rendering it unsuitable for
certain photophysical applications. Additionally, these high-temperature reactions consume a considerable amount of energy and
selectively exclude structural units other than the most stable ones, imposing constraints on scalability and synthetic diversification.

Recently, Wang et al. [77] have introduced an ionothermal synthesis approach to fabricate photocatalysts based on CTFs,
employing a ternary NaCl-KCl-ZnCl, eutectic salt (ES) mixture characterized by a melting point of approximately 200 °C. This
operating temperature, notably lower than the pure ZnCl, counterpart (318 °C), offers a conducive milieu for the polycondensation
process, thus averting the carbonization of the polymeric scaffold. Consequently, the resultant CTF-ES200 material demonstrates
augmented optical and electronic characteristics, ultimately manifesting exceptional efficacy in the photocatalytic process, particu-
larly in the context of the hydrogen evolution reaction (HER).

However, though CTFs possess considerable BET surface areas, their photocatalytic performance is compromised by high-
temperature carbonization. Moreover, their large-scale synthesis is impeded by the requirement for high-pressure, time-consuming
reaction conditions, and inert atmospheres (e.g., handling within gloveboxes and Parr reactors). Additionally, their assembly into films
or pellets faces significant limitations.

2.2. Superacid-catalyzed methods

In 2012, Dai and Cooper group [25,38] pioneered the synthesis of CTFs bearing biphenyl and triphenyl spacer nitriles (Fig. 2b)
under acidic conditions, facilitated by trifluoromethanesulfonic acid (CF3SOsH) as a catalyst. This methodology effectively catalyzed
the dynamic formation and dissociation of triazine bonds, resulting in the attainment of CTFs characterized by a moderate degree of
crystallinity. Additionally, the utilization of superacid catalysis conferred the advantage of lower reaction temperatures, yielding finely
colored powders, thereby broadening the potential utility, especially within the realms of optics and optoelectronics.

However, it is important to note that this approach tended to yield polymeric materials with a propensity for bulk formation,
consequently resulting in a reduced specific surface area. Concurrently, the strong corrosive properties and relatively high cost
associated with superacid catalysts imposed certain limitations on their widespread scalability. To address these challenges, Xu and
collaborators [78]. introduced an innovative synthetic route employing polyphosphate (HgP4013) as a catalyst for nitrile trimerization.
This pioneering strategy facilitated the economic and efficient large-scale production of kilogram-scale crystalline CTFs for the first
time. Substantiating this development, density functional theory calculations and meticulous controlled experiments demonstrated the
superior catalytic activity of polyphosphate compared to its analogs such as H3PO4 underscoring its significant potential for appli-
cations in environmental remediation.

Nevertheless, CTFs prepared using various super-acidic catalysts exhibit favorable visible-light activity. However, the strong
corrosiveness and high cost of trifluoromethanesulfonic acid limit their large-scale application. Although polyphosphoric acid also
faces limitations due to partial carbonization at elevated temperatures, its light color powder nature endows it with commendable
visible-light activity. Furthermore, its low-cost materials have enabled the preparation of kilogram-scale highly crystalline CTFs.
Nonetheless, the strong acidity and corrosiveness of the acidic reagents lied on heightened requirements of synthetic equipment.

2.3. Aldehydes and amidines polycondensation methods

In pursuit of enhanced control over polymer synthesis, Cooper [68] introduced a novel strategy in 2017, involving the condensation
reaction between aldehydes and hydrazides for the construction of CTFs under mild conditions (<120 °C) and in the absence of strong
acids (Fig. 2c). This reaction, facilitated by the solvent dimethyl sulfoxide and the alkaline catalyst cesium carbonate (CsyCOs), yielded
CTFs characterized by vibrant colors, layered structures, high surface areas, tunable functionalities, and diverse geometries, all
achieved at relatively low temperatures (120 °C). The condensation method employed in this approach follows a reversible Michael
addition and Schiff base formation, following the irreversible cascade condensation involving dehydrogenation and cyclization. This
irreversible/reversible stepwise condensation method serves to lock in an ordered structure, subsequently transforming it into a steady
triazine-ring, which forms the foundational basis for the development of highly ordered CTFs. And also, this versatile approach allows
for the facile scalability of CTFs production to the multigram level without the need for specialized equipment. Additionally, these
materials typically manifest as yellow or orange powders, retaining their optical bandgap, indicative of their potential applications in
photophysical domains.

Remarkably, this strategy also enables the fabrication of CTFs in a variety of shapes beyond powders, such as core-shell hollow
spheres [79-81], nanosheets [82-85], and free-standing film [86]. This layered structure opens pathways for novel nitrogen-doped
layered materials with promising prospects in photocatalysis and energy storage applications, including the catalytic production of
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H, through sacrificial water splitting and the formation of anodes for sodium-ion batteries [87].

However, the relatively mild polymerization method in an open system circumvents harsh conditions such as high temperatures,
inherent pressures, corrosive acids, and inert environments, providing a potential pathway for large-scale industrial production.
Furthermore, this approach enables the fabrication of CTFs into various shapes beyond powders, including nanosheets and core-shell
structures, significantly expanding their applications.

2.4. Phosphorus pentoxide-catalyzed methods

In 2018, Baek and colleagues [60] developed a phosphorus pentoxide (P20Os)-catalyzed condensation reaction conducted at
elevated temperatures to synthesize pCTF-1 (Fig. 2d) using diphenylmethane as a precursor. The pCTF-1 exhibited a high degree of
crystallinity and a large specific surface area (2034.1 m? g1). In comparison to metal catalysts or superacids, the P,Os-catalyzed
method offers a relatively environmentally friendly approach, thereby expanding the array of available monomers for the CTFs family.
However, it is worth noting that this method displays a notable temperature dependence, with crystallinity and thermal stability being
superior at a calcination temperature of 400 °C as opposed to 300 °C. Samples synthesized at 450 °C and 550 °C undergo substantial
carbonization, resulting in the formation of amorphous structures, with residual P;Os physically retained within the polymer
framework.

Compared to metal or superacids catalysts, the P,Os-catalytic method offers relatively environmentally friendly alternatives and a
wider range of monomer options. However, the reaction requires high temperatures (~350 °C), inevitably leading to partial
carbonization and affecting the visible-light performance.

2.5. Straightforward coupling methods

The synthesis of CTFs can be achieved through the direct creation of triazine nuclei alongside a diverse range of monomeric
components. This approach holds a twofold significance: Firstly, it eliminates the requirement for stringent reaction conditions,
encompassing elevated temperatures, highly acidic environments, and potent alkali agents. Secondly, it confers modular character-
istics upon CTFs, thereby establishing an invaluable foundation for scrutinizing the impact of chemical composition on the photo-
catalytic performance of these materials, which is helpful in revealing the impact of their chemical composition on their performance
in electrochemical applications. Recently,a multitude of CTFs have been synthesized employing C-C coupling reactions (Pd-based
Sonogashira coupling [69], Ni-catalyzed Yamamoto coupling [88], and Suzuki cross-coupling reaction (Fig. 2e)), C-Se coupling [89],
and CsPbBr3 quantum dots coupling, etc [90]. Besides, Yu and colleagues employed cyanuric chloride in conjunction with tetrahedral
building blocks, employing the Friedel-Crafts method under mild reaction conditions (Fig. 2f) [91-93]. This method is distinguished
by its inherent simplicity, cost-effectiveness, and superior atom economy when contrasted with alternative pathways. Borchardt et al.
[94] presented an innovative solvent-free mechanochemical Friedel-Crafts method (Fig. 2g), enabling the large-scale production of
CTFs with practical feasibility. Additionally, the ensuing CTFs manifest remarkable thermodynamic and chemical resilience across a
wide spectrum of aqueous and organic solvents. Furthermore, it enables the convenient incorporation of heteroatoms into the CTFs via
heteroatom-containing aromatic compounds [95,96]. However, it is worth noting that the CTFs obtained via these methodologies tend
to exhibit amorphous characteristics due to the kinetically controlled nature of these processes.

Even so, this method offers advantages of simplicity and low cost in the reaction process, enabling large-scale production of CTFs,
the crystallinity of CTFs prepared by this method is compromised due to kinetic control of the reaction process.

According to the above, considering the concurrent evaluation of photocatalytic performance and manufacturing expenses, the
Aldehydes and Amidines Polycondensation Method stands out as the most promising approach.
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3. Catalytic mechanism and modification strategy of CTFs photocatalyst
3.1. Catalytic mechanism of CTFs photocatalyst

To date, the fundamental mechanism underlying heterogeneous photocatalysis has been extensively elucidated, generally
encompassing four principal stages (Fig. 3a): light absorption (Stage I); charge excitation (Stage II); charge separation (Stage III) and
transfer; surface electrocatalytic reactions (Stage IV). Firstly, the efficacy of the light absorption process is intimately tied to the surface
morphology and structure of the photocatalyst. This is often achieved through the construction of a hierarchical microporous or
mesoporous architecture, which enhances light utilization via multiple reflection and scattering effects [39,97]. In this context, it is
crucial to consider various dimensions, such as point, line, surface, and volume, in order to optimize light capture, as the flat and
smooth surface obtained through the trifluoromethane method is not conducive to this objective. Secondly, the excitation of charge
carriers in semiconductors is intrinsically linked to their distinctive electronic structures. Typically, under light irradiation with energy
equal to or exceeding the Eg, electrons in the valence band (VB) of a semiconductor are elevated to its conduction band (CB), creating
positive holes in the VB. The bandgap characteristics of several representative photocatalysts are summarized in Fig. 3b. Compared
with TiO [98], g-C3N4 [9], BiVO4 [99], Bio,WOg [100] and WO3 [101], pristine CTFs [67] exhibit the more suitable bandgap (around
2.36-2.98 eV) for photocatalysis and a negatively positioned CB level, rendering it promising for extended application in visible light
photocatalysis. Researchers have further reduced the bandgap of CTFs and adjusted its VB and CB positions through straightforward
terminal defects, heteroatom doping, and heterojunction construction strategies [102]. Thirdly, the abundance of active surfa-
ce/interface sites both within and on the semiconductor dictates the likelihood of charge recombination, separation, and transfer,
which is a pivotal factor influencing the quantum efficiency of photocatalysis. In general, decreasing the diffusion distance of pho-
togenerated carriers or establishing an interfacial electric field can effectively curtail the recombination rate, consequently enhancing
photocatalytic activity. Strategies for enhancing CTFs performance are often approached from a modification perspective [40,49,103].
Lastly, and of utmost significance, only charge carriers with sufficient energy migrate to the semiconductor surface and are amenable
to capture by surface-active sites or cocatalysts, thereby enabling subsequent catalytic reduction or oxidation reactions. Consequently,
by effectively modifying the CB and VB levels of CTFs to render them more positive and negative, a broader range of reactants can be
accommodated.

Given that the photocatalytic quantum efficiency (1) is predominantly contingent upon the cumulative effectiveness exhibited
across all four successive stages, encompassing light absorption efficiency (naps), charge utilization efficiency (ncy), charge migration
and transport efficiency (nemt), and charge separation efficiency (1), as delineated in Eq. (1) [102]:

Ne = Nabsolute X Nes X Neme X Neu (1)

Hence, to devise efficacious photocatalysts tailored to diverse photocatalytic applications, it is imperative to thoroughly
contemplate and refine each of these characteristic four-step processes. While considerable advancements have been achieved in the
realm of heterogeneous photocatalysis, there persist substantial challenges associated with augmenting light absorption (particularly
within the visible spectrum), optimizing carrier excitation, separation, and harnessing their potential effectively [7].

3.2. Strategies to enhance photocatalytic performance of CTFs

To enhance the absorption of visible light by derivatives of CTFs, along with the separation of e /h" pairs and the overall n, a
spectrum of strategies has been devised to augment photocatalytic activity. These encompass the regulation of morphology and
structure to expand specific surface area [39,81,104-108], the construction of defects [44,50,109-114], and the introduction of
heteroatom doping [63,64,115-133] to tailor energy level configurations. Additionally, the fabrication of nanostructures and inter-
facial heterostructures has been employed to expedite carrier separation, among other approaches. These methodologies collectively
induce alterations in the electronic structure and surface characteristics of CTFs, thereby amplifying its photocatalytic prowess. In the
subsequent sections, we will enumerate and comprehensively discuss several representative strategies in this regard.

3.2.1. Electron donor—acceptor (D-A) units building

Incorporating electron-donating and electron-accepting (D-A) units with differing ionization potentials and electron affinities into
the polymer matrix constitutes a highly effective strategy for robustly mitigating the rapid recombination of charge carriers during the
photocatalytic process. This approach not only enables the rational design of CTFs with tailored band structures at the molecular level
but also expedites the transfer of electrons from the highest occupied molecular orbital (HOMO) of the electron-donating unit to the
lowest unoccupied molecular orbital (LUMO) of the adjacent electron-accepting unit, thereby engendering an internal electric field.
Consequently, this facilitates the dissociation of excitons into liberated electrons and holes, while concurrently extending the carrier
lifetime, thereby enhancing charge separation and transfer within the CTF [41,54,134-161]. These numerous benefits offer a plethora
of opportunities for the synthesis and refinement of CTF derivatives that satisfy a wide range of uses.

3.2.1.1. Donating-accepting (D-A) units building. Liu et al. [162] have presented a novel approach involving the incorporation of
benzodithiophene (BDT) into CTFs, aimed at modifying the architecture and composition of the D-A components beyond conventional
design paradigms. BDT exhibits promise as an electron donor, characterized by its conjugated C2 symmetric structure, while the
triazine ring serves as an electron acceptor (Fig. 4a). Density functional theory (DFT) calculations reveal that the HOMO of BDT-CTF-1
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predominantly resides within the BDT unit, distinguished by its conjugated C2 symmetric configuration (Fig. 4b). In contrast, the
LUMO is primarily localized on the extensive ring formed by benzene and triazine moieties, with minimal orbital overlap between
these two regions. This unique configuration within the D-A pore structure establishes an efficient conduit for electron transfer from
BDT to the electron-acceptor region, facilitating effective charge separation. Experimental photophysical characterization further
corroborates this phenomenon, demonstrating rapid electron transfer between D-A units that curtails the recombination rate of
photogenerated charge carriers. This, in turn, extends the exciton lifetime and promotes charge generation and migration. Concur-
rently, precise control over the band positions and bandgap of the material is attainable through manipulation of the number and
proportion of D-A units. It demonstrated that the nuanced control strategy of D-A units building offers the flexibility to finely regulate
and enhance the photocatalytic performance as needed.

3.2.1.2. Electron-donating-n-accepting (D-z-A) units building. While the D-A binary configuration promotes efficient intramolecular

charge separation, a prevailing challenge lies in the concomitant occurrence of reverse charge recombination, attributed to the mutual
electrostatic attraction of charges and attenuated light absorption within the visible spectrum. These factors collectively contribute to a
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Fig. 4. (a) Synthesis Scheme of BDT-CTFs, (b) Charge density distribution of HOMO and LUMO for oligomer models of BDT-CTFs based on DFT
methods. Reproduced with permission [162]. Copyright 2023, American Chemical Society. (c) Schematic diagram of the photoexcited
electron-transfer process in the D-A system and D—n-A system. (d) Scheme of synthesis of CTF-1 and A-CTF-2 following acid-catalyzed trimeri-
zation. (e) Energy band gap structures and (f) spatial distributions of VBM and CBM of CTF-1 and A-CTF-2. (g) Adsorption energy barriers and (h)
Adsorption model of 02 in different sites for CTF-1 and A-CTF-2. Reproduced with permission [134]. Copyright 2021, American Chemical Society.
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decline in photocatalytic activity. Consequently, the imperative lies in the minimization of exciton binding energy within the CTFs
while concurrently enhancing charge separation, ultimately culminating in the attainment of heightened quantum efficiency [107,
163-174].

Zhang et al. [134] undertook the synthesis of CTFs employing acetylene as a pivotal component within a n-conjugated
donor-n-acceptor (D-n-A) motif (Fig. 4c and d), employing a low-temperature acid-catalyzed trimerization approach. A comprehensive
examination alongside density functional theory (DFT) computations substantiates that the presence of the acetylene moiety in CTF
plays an indispensable role in orchestrating the electronic structure and photoelectric attributes of the CTF. The incorporation of the
alkyne group further contributes to the reduction of the energy associated with the lowest CB state (Fig. 4e and f), concomitantly
curtailing the bandgap. In essence, this strategic integration of the n-conjugated acetylene unit, while retaining the D-A unit, serves to
not only impede the forward migration of electrons but also mitigate reverse charge recombination, thereby diminishing the exciton
binding energy. This concerted effect robustly advances the separation and transfer of charge carriers, significantly prolonging the
migration lifespan of charge carriers from the donor to the acceptor, consequently promoting positive charge transfer/separation.
Simultaneously, the acetylene component fulfills a dual role as an adsorption site, augmenting oxygen adsorption, and as a catalytic
active site, effectively reducing the energy barrier associated with the visible-driven oxidative coupling process (Fig. 4g and h). It
indicates that the D-n-A motif strategically optimizes the kinetics of electron migration and adsorption behavior, ultimately enhancing
the efficacy of photo-redox catalysis.

3.2.2. Heteroatom doping

Semiconductor behavior within CTFs can be finely tuned through the introduction of heteroatoms, including but not limited to N,
O, S, B, P, Fe, Pt, and others. This versatile doping strategy offers an effective and alternative means of modulating surface charge
characteristics, altering energy level structures, enhancing light absorption capacities, and expediting charge transfer rates, all of
which collectively serve as potent strategies to amplify the catalytic efficacy of heterogeneous CTF systems [63,64,123-133]. To date,
extensive research has been conducted on the doping of nitrogen, phosphorus, sulfur, and boron [64,110,175-178]. The introduction
of these dopants, whether possessing strong electronegativity (e.g., N, F) or weaker electronegativity (e.g., P, B), engenders efficacious
heterointerfaces with the benzene and triazine rings intrinsic to the CTF structure. This phenomenon manifests in enhanced absorption
of visible light, the modification of energy level potentials, and the improvement of photoluminescence properties concerning

& 80
(a) (b) £ 240{(©) —NCTF1 (@ .
oy < % 3 —CTF-1 CTF-1 &=
: = < 200 1 - .
] = s - o000 .
g - = £ 00 . A .
g . .
g y A g 2 e &4
- = = - @ . )
2 120 : 2 0 K™
2 3] S Niisol § %
.2 132V E 80 J NCTF-1
NCTF-1 -
- y
< . 123V Fi 40 ) "
200 300 400 500 600 700 800 -1.6 -1.2 08 04 00 04 ¥ 0O 40 80 120 160 200 0 400 800 1200 1600
, Wavelength (nm) Potential vs.Ag/AgCl (V) ime (s) Z' (ohm)
© () @ o (b)
-~ 6 CTF-1 PCTF-1
R s —
i : ] = e :
8 s Dy ISR I, S WM 8
- &= -
2 z Z 00 29400 268 V] é
= z = =
z = 2 B e Rt SR 1,00, S
£ S os 0 E
- 138V
1.6 171 V —
200 300 400 S00 600 700 800 o . - - - -
~ Wavelength (nm) vs. Ag/AgCl 3500 3510 3520 3530 3840
X(G)
i . 0 r
(i) 0 — e &) ) 1500/
" 3 —— T
E — Komes £,
:; “ m B3 » | == = g 1| o
; 1] 2ssfev 273kv 26dev é ! é " L
3 £ t -
g vB = L £ b | ——
3 Tl T H ——crCN
& § a . '- —MCN
= o1 On —KOMON| od —— MO
MCN CMCN KMCN KCMCN 400 500 600 200 $00 o 100 200 Joo 400 ] 100 200 300 400 500
Time / sec 27 kO
Wavelensth / nm

Fig. 5. (a) UV-vis DRS, (b) Mott-Schottky plots, (c) PL spectra, and (d) EIS plots of CTF-1 and NCTF-1. Reproduced with permission [115].
Copyright 2021, American Chemical Society. (e) UV-vis DRS, (f) Valence band XPS spectra, (g) band structures, and (h) room-temperature EPR
spectra of CTF-1 and PCTF-1. Reproduced with permission [116]. Copyright 2018, American Chemical Society. (i) Band structures, (j) photo-
luminescence (inset was time-resolved photoluminescence), (k) transient photocurrent response, and (1) electrochemical impedance spectra of
different sampls. Reproduced with permission [133]. Copyright 2022, Elsevier.



S. Liet al. Heliyon 10 (2024) e32202

hole-electron pairs [115]. Among these doping atoms, nitrogen, in particular, has garnered significant attention due to its expansive
optical adsorption range and favorable electronic properties. Furthermore, the catalytic activity can be finely regulated through careful
modulation of nitrogen doping concentrations [179].

Huang et al. [115] employed a hydrothermal treatment involving hydrazine hydrate to introduce an excess of nitrogen, resulting in
the synthesis of nitrogen self-doped conjugated triazine-based frameworks (NCTF-1). Comprehensive characterization following this
process revealed noteworthy changes in the optical properties of NCTF-1 due to the incorporation of nitrogen. Upon nitrogen doping, a
subtle redshift was observed in the absorption edge of NCTF-1, expanding the visible light absorption range from approximately 422
nm to around 448 nm (Fig. 5a). This shift corresponded to a reduction in the optical bandgap from 2.94 eV to 2.77 eV, effectively
broadening the visible light responsiveness. Moreover, analysis using Mott-Schottky plots indicated an upward shift in the CB position
of NCTF-1 (Fig. 5b), signifying an enhanced reduction capability following nitrogen doping. Furthermore, a more in-depth exploration
of the electrochemical characteristics of the sample was undertaken through periodic on/off light irradiation, as depicted in Fig. 5¢
illustrating photocurrent responses. This analysis revealed a significant enhancement in the photocurrent density of NCTF-1, indi-
cating that nitrogen doping accelerates charge separation and migration rates. Electrochemical impedance spectroscopy (EIS) (Fig. 5d)
corroborated these findings, showcasing a reduction in the semicircular size of NCTF-1. This reduction is attributed to the heightened
electron transfer efficiency resulting from nitrogen self-doping, primarily driven by the strong electron-withdrawing nature of nitrogen
atoms within the conjugated C-plane. Consequently, these changes result in a broader visible light response range, improved electron
transfer, enhanced charge carrier separation/transfer rates, and ultimately, augmented CO, adsorption capabilities.

Furthermore, Fang et al. [116]conducted a study involving the fabrication of red phosphorus-doped PCTF-1, which exhibited
enhanced photocatalytic performance following a straightforward heat treatment process. Notably, upon characterizing the optical
properties and electronic band structure of PCTF-1 using UV-vis diffuse reflectance spectroscopy (UV-vis DRS), it was observed that
PCTF-1 exhibited a subtle redshift compared to the conventional CTF-1 (Fig. 5e). The Kubelka-Munk function analysis further revealed
a reduction in the band gap energy from 2.94 eV to 2.68 eV. This shift was attributed to the optical transitions associated with
phosphorus impurities within the band gap, resulting in enhanced light absorption across the entire visible spectrum for CTF-1. To
elucidate the band gap modifications induced by the doping process, Mott-Schottky and XPS-VB analyses were conducted before and
after modification (Fig. 5f). These analyses indicated that the CB potential of PCTF-1 became more negative (Fig. 5g), such an
enhancement in photo-reductivity holds substantial promise for facilitating the photocatalytic generation of Hy. Furthermore, addi-
tional electronic properties of the sample were probed using room temperature electron paramagnetic resonance (EPR) (Fig. 5h). This
analysis revealed a notable increase in the intensity of the Lorentz line with a g value of 2.0034, corresponding to unpaired electrons
within the intrinsic n-conjugated aromatic ring of the material, particularly in the dark condition. This enhancement can be attributed
to the delocalization of valence electrons from phosphorus into the CTF-1 conjugated system, potentially broadening the band dis-
tribution and facilitating electron transfer within the CTF-1 n-conjugated system. Consequently, these changes lead to improved charge
migration, ultimately resulting in exceptional photocatalytic activity.

Notably, the modification of CTFs is not limited to non-metallic elements; the inclusion of metal elements can also yield im-
provements in photocatalytic performance. Ma et al. [133] successfully prepared potassium-intercalated CTF derivatives through a
high-temperature mixing process, leading to a deliberate adjustment of the band structure and the formation of structured charge
transfer pathways. The optical and electronic characteristics of samples were meticulously assessed using UV-vis DRS. Evidently, the
introduction of potassium (K) doping gave rise to a novel absorption band associated with n-n* electron transitions in the 450-800 nm
range. Simultaneously, there were notable shifts towards more negative potentials in the positions of the CB and VB (Fig. 5i). This
sophisticated modulation of the band structure enhances the reduction capacity and augments visible light absorption capabilities.
These enhancements bode well for elevating the driving force behind the oxygen reduction reaction. Furthermore, photoluminescence
(PL) tests were conducted to evaluate the efficiency of photogenerated charge carrier migration, separation, and capture. The results
(Fig. 5j) show a gradual quenching of the PL emission peak following K doping, suggesting a reduced likelihood of radiative
recombination between photogenerated electrons and holes. Additionally, the significantly lowered zave values provide compelling
evidence that K doping expedites the fastest non-radiative migration of effective charge separation within the framework. The maximal
light response value and minimal radius, as ascertained through I-T response (Fig. 5k) and EIS (Fig. 51), corroborate that the incor-
poration of potassium significantly reduces electron transfer resistance and enhances the mobility of photogenerated electrons. As a
result, KCMCN exhibits a remarkable hydrogen peroxide (H205) yield of 317.9 umol L™} h-1, surpassing bulk carbon nitride by a factor
of 10.7.

As previously discussed, doping strategies provide an effective approach to engineering the electron band structure and charge
transfer properties, simultaneously expanding the visible light optical absorption spectrum and enhancing its performance, which can
further bolster photocatalytic efficacy significantly.

3.2.3. Defect engineering

An inherent advantage of organic polymers lies in their modifiable molecular structure. In recent developments, the deliberate
introduction of structural irregularities into conjugated polymer planes has emerged as a viable tactic for hastening exciton electron
capture. This approach minimizes exciton binding, augments charge separation, and effectively elevates photocatalytic activity under
visible light exposure. Nonetheless, the introduction of such defects, often achieved through external conditions like infrared radiation,
carries a substantial risk, primarily due to the uncontrollable nature of the process. In response to this challenge, certain researchers
have adeptly pursued a precise molecular regulation strategy. They achieve this by selecting monomers with distinctive properties
within their structure that are resistant to polymerization by terminal groups, all while meticulously adjusting their content ratios [44,
50,109-114].
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Fan et al. [112] fabricate a layered CTF with an abundance of defect states, which was made possible through the utilization of
sulfuric acid as an effective intercalator and ammonium persulfate as a mild oxidant. Characterization techniques and theoretical
computations have jointly illustrated that the incorporation of defect states yields several beneficial effects in FL-CTF-X. This includes
enhanced absorption of visible light, resulting in a narrower band gap and a lower CB position. These alterations collectively lead to a
heightened absorption of photons and an intensified reducibility. Moreover, the utilization of nanosheets, precisely engineered to
possess an optimal quantity of defect states, serves to increase the exposure of active sites. This orchestrated design facilitates the
efficient migration of photogenerated charge carriers from their generation sites to the solid-liquid interface, resulting in a substantial
enhancement of the HER performance.

In our prior research endeavors [44], we systematically engineered CTF-xTh materials with conspicuous disparities in terminal
electronegativity by judiciously selecting monomers. This process enabled precise control over both the quantity and spatial distri-
bution of defect sites within the material. Comprehensive experimental and theoretical investigations have substantiated that terminal
defect configurations, characterized by substantial electronegative disparities, serve as conduits for intramolecular charge transfer
transitions in D-A binary systems. This leads to the dispersion of photogenerated charges within the spatial vicinity of these terminal
defect sites, thereby not only causing a significant reduction in the material’s band gap and an extension of its range for absorbing
visible light but also enhancing intramolecular charge separation and transfer processes (Fig. 6a—d). Moreover, these defect-rich sites
function as high-energy adsorption sites for organic matter, thereby enhancing the likelihood of interactions with active substances
and, consequently, expediting the rate of photocatalytic degradation.

In addition to selectively choosing monomers with defect groups, subjecting the original CTF to high-temperature treatment in a
reducing atmosphere can also create terminal defects, resulting in a narrower band gap and improved photocatalytic performance. For
instance, our previous research [178] demonstrated that a simple NaBH4 thermal cleavage strategy can be used to synthesize
structurally defective CTF (CTF-SD) with exposed terminal cyanide (-CN) defect groups and boron (B) atom doping. Comprehensive
studies and DFT calculations (Fig. 6e-h) indicate that the doughty electron-absorbing of -CN groups within terminal defect structure of
the CTF-SD can as actively sites of charge accumulation, disrupting the equilibrium charge distribution and inducing effective delo-
calization of © conjugation in heterocycles. This, in turn, significantly promotes the separation-transfer of e /h™. Furthermore, the
enlargement of © delocalization resulting from the introduction of structural defects narrows the energy band gap and shifts the VB
position downward, thereby perturbing the energy structure and offering adequate driving force for the process of oxidation reactions.
Additionally, the synergistic effects of -CN defects and B dopants modulate the electronic structure of CTF-SD, creating adjacent
electron-deficient regions that enhance affinity with oxidants, leading to the loosening of molecular bonds and, consequently,
accelerating the rate of photocatalytic pollutant degradation.

It is indicated that defect engineering can not only control the intrinsic bandgap of CTFs derivatives to extend the visible absorption
range, but also optimize the local charge density to speed the separation and transfer of photogenerated carriers.

3.2.4. Architecture of heterojunction

It is well-known that the design of heterostructure interfaces is a crucial factor in controlling the catalytic kinetics of mixed systems.
This design can induce band bending and the formation of internal electric fields, significantly promoting effective spatial charge
separation. Compared to their corresponding single-component counterparts, heterostructures are generated through the modulation
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of the catalyst’s surface charge state. Heterostructures with higher catalytic capabilities can overcome the weak oxidative ability and
reduced reductive ability of single-component CTFs, while also satisfying requirements for long-term stability, wide absorption
spectra, strong redox ability, and high charge separation efficiency [37,180-191]. Therefore, the meticulous design and fabrication of
heterogeneous structural materials with unique structures have become an important approach to enhance catalytic performance.
Generally, CTF heterostructures can be classified into vertical [192] and lateral heterostructures (Fig. 7a and b) [193]. Former is
produced through van der Waals forces via vertical layer stacking, and the latter is typically constructed by chemical bonding to
seamlessly connect two-dimensional materials within the plane.

3.2.4.1. Vertical heterostructures. To ensure stronger oxidative/reductive capabilities while maintaining the appropriate band gap,
researchers have extensively synthesized CTF heterostructure materials with van der Waals interfaces. This allows for the optimization
of catalytic activity by regulating the charge displacement and flow direction of photoactive electrons along specific heterostructure
interfaces. Experimental and theoretical researches of vertical heterostructures have matured over the years, and advanced products
based on these structures have found applications in high-end optoelectronic devices and the field of catalysis.

Fan et al. [192] synthesized a novel 2D layered organic composite photocatalytic material, Triphenylphosphine-based COF (5 %
P-COF-1/CTF), by employing tri(4-formylphenyl)phosphine and p-phenylenediamine as precursors through a solvent-thermal
method. This material combines a 2D layered topology with a stacked solid spherical structure (Fig. 8a—f). Regarding the optical
characteristics of the material, it is worth noting that the 5 % P-COF-1/CTF heterostructure displays a noticeable redshift in its ab-
sorption edge (Fig. 8g-i), accompanied by a minor improvement in absorption within the visible light spectrum. This indicates that the
binding of P-COF-1 to CTF indeed broadens the visible light absorption range. The examination of the VB, CB, and Eg reveals that the 5
% P-COF-1/CTF exhibits a redshift in its absorption edge and a narrower bandgap (Fig. 8j), which is highly advantageous and holds
great importance for the effective separation of electron-hole pairs. Furthermore, the smaller semicircular radius in the EIS Nyquist
plot (Fig. 8k) and the stronger photocurrent response (Fig. 81) of 5 % P-COF-1/CTF suggest that under illumination conditions, this
hybrid material exhibits enhanced visible light responsiveness and greater photocurrent, H production (Fig. 8m). This implies that the
introduction of vertical heterostructures and interfacial connections can regulate the intrinsic band structure, thus photochemical
performance, and accelerate the charge migration and separation of e /h* at the interface.

3.2.4.2. Lateral heterostructures. In contrast to vertical heterostructures, horizontal heterostructures are formed by extending covalent
bonds in the in-plane structure. Due to their higher out-of-plane conjugation, they contribute to material stability and electron transfer
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[109,195,[196]1,197,198]. Moreover, electron transfer tends to occur in the horizontal direction within the plane, as opposed to the
vertical direction. This implies that the potential barrier at the interface is significantly smaller compared to vertical heterostructures,
indicating that electron migration is facilitated with the assistance of chemical bonds formed at the interface, thus serving as pathways
for electron transport. Additionally, horizontal heterostructures can broaden the surface area of catalysts and expose more reactive
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sites, simultaneously, resulting in synergistic improvements in both active surface area exposure and enhanced charge transfer, ul-
timately leading to highly efficient photocatalytic activity.

Li et al. [193] achieved the assembly of fibrous horizontal heterostructure materials by introducing benzothiadiazole (BT) and
thiophene (Th) functional groups as electron-withdrawing and electron-donating units, respectively (Fig. 9a and b). Optical property
analysis revealed that hybrid CTF-BT/Th mainly inherits the optical characteristics of CTF-BT, with a slight redshift in the absorption
edge as the Th content increases (Fig. 9c). Further inference using Mott-Schottky analysis indicated that CTF-BT/Th is capable of
driving the opposite migration of photogenerated electrons and holes across the heterojunction (Fig. 9d), with a reduction potential
highly conducive to Hy production. Additionally, steady-state PL emission spectra (Fig. 9e) and time-resolved PL spectra (Fig. 9f)
revealed that CTF-BT/Th exhibits the weakest intensity but the longest fluorescence lifetime. EIS Nyquist plots (Fig. 9g) results
confirmed that the interfacial charge transfer resistance of CTF-BT/Th-1 is the smallest, clearly reflecting that this horizontal heter-
ostructure effectively delays the radiative recombination of excitons within CTF. As a result, CTF-BT/Th-1 achieved a Hy production
rate of up to 6.6 mmol g~! h™! (Fig. 9h), which is 4-6 times higher than the single-component materials.

Moreover, the lateral heterostructures can be mostly divided into Type II, Z-scheme, and S-scheme, the development of them can
accelerate the carrier separation and charge transfer effectively, and then enhance the photocatalytic performance significantly.
Evidently, while Type II heterojunctions effectively facilitate charge carrier separation, the downward migration of electrons and holes
to lower energy levels diminishes their redox capacity [49,192,199]. Z-scheme heterojunction emulates the charge transfer mechanism
in photosynthesis stages, enhancing the redox capabilities of photocatalysts effectively, while the introduction of additional redox
mediators may lead to unpredictable side reactions [200-202]. The S-scheme heterojunction is formed by the combination of two
semiconductors with significant differences in band positions and work functions. Driven by the internal electric field, charge carriers
in the photocatalytic process are effectively separated via S-scheme charge transfer pathways, and are retained in bands with higher
redox potentials. Consequently, this enhances the efficiency of charge carrier separation and utilization in photocatalytic processes.
However, the severe requirements for intrinsic energy band structure and Fermi energy levels have contributed to the challenges in
semiconductor modification [37,203,204]. Thus, considering the characteristics of the three heterojunctions discussed above, we
estimate that the S-scheme heterojunction owing the most promising avenue for development.

Also, most CTFs heterojunction materials exhibit remarkable structural stability after multiple cycles of photocatalytic reactions,
with no significant changes observed in either the internal molecular layers or the physical morphology. Thus, the structural stability
of CTF heterojunctions is well-maintained.

3.2.5. Templating modified
Beyond alterations in chemical composition, the collective influence of multiple factors exerts a pronounced impact on the catalytic
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activity of materials, particularly concerning structural topology. The specific surface area of a photocatalyst constitutes a pivotal
determinant of its photocatalytic efficacy. Consequently, the manipulation of morphology, structure, or the introduction of nanoscale
modifications holds substantial sway over photocatalytic efficiency. Recent investigations have brought to light that CTF, when in its
bulk form, lacks photoactivity [39,81,104-108]. This deficiency can be ascribed to its internal stratified configuration, comprising
hexagonal ring structures with a pore size of approximately 1.2 nm [62,83,205]. The compact stacking of triazine rings within the n-n
layers engenders structural symmetry, which, while stable, proves detrimental to charge transfer and conveyance to the surface [206,
207]. Photocatalytic responsiveness only manifests when CTF is exfoliated into well-dispersed nanosheets prior to utilization. Thus,
the custom tailoring of materials with unique geometries stands poised to expedite the exposure of active interfaces to the reaction
milieu, thus facilitating the rapid diffusion of charges along abbreviated pathways and consequent enhancement of photocatalytic
activity. Among the myriad approaches to structural modification, the template method garners preference due to its potential to
enhance photocatalytic efficacy, augment the specific surface area, and bolster light-capturing capabilities.

Zhang et al. [81] engineered a CTF featuring a meticulously structured network of hollow interconnected pores (Fig. 10a), each
with an approximate diameter of 100 pm, under mild reaction conditions. Comprehensive experimental findings and thorough
characterizations unequivocally demonstrated that the precisely ordered pore configuration played a pivotal role in broadening the
spectrum of visible light absorption. Moreover, it facilitated the prompt separation, transfer, and subsequent reactivity of photo-
generated electrons, thereby leading to a notable enhancement in the rate of Hy production.

Bian et al. [79] delved into an efficacious approach aimed at fabricating morphologically adaptable CTF. The systematic reduction
of shell thickness led to a discernible transition in shape, evolving from spherical to concave (Fig. 10b-i), or bowl-shaped structures.
Comprehensive characterization and rigorous testing substantiated that the nanoscale size effect exerted a multifaceted influence. This
effect not only significantly augmented the specific surface area, thereby exposing an increased number of active reaction sites but also
facilitated enhanced light absorption via multiple reflections within the concavity. Consequently, these combined factors synergis-
tically contributed to a marked enhancement in photocatalytic performance, resulting in a Hy evolution rate approximately fourfold
higher compared to bulk counterparts.

Huang et al. [52] have introduced an innovative approach featuring copolymeric monomer doping, employing silica nanoparticles
as a template to fabricate a well-defined hollow shell structure with a shell thickness of approximately 10 nm (Fig. 10j—m). This method
offers precise control over the electronic properties of CTFs nano shells. Extensive physicochemical characterization and spectral
analyses reveal that the specific surface area of the modified material is quadrupled compared to its unmodified counterpart (Fig. 100),
which substantiates the effective exposure of a larger surface area facilitated by the thin-shell hollow structure of CTF-NS. Simulta-
neously, the material exhibits significantly enhanced visible light performance. In practical applications, when utilized as a photo-
catalyst in an aqueous environment, the optimized sample achieves an impressive HoO2 production rate of 1630 pmol g’l h™L. The
exceptional performance outpaces undoped samples by a factor of approximately three and positions it as a leading contender when
compared to the majority of both inorganic and organic competitors in the field.

Moreover, Wen et al. [106] introduced an innovative composite catalyst through the in-situ growth of two-dimensional tri-
aniline-based covalent triazine skeleton (TACTF) semiconductors in conjunction with one-dimensional (1D) carbon nanotubes (CNT)
acting as electron conduction mediators (Fig. 10p). The resulting TACTF@CNT complex showcases a minimal Schottky barrier,
enhancing lateral charge transport and interlayer exciton dissociation by facilitating the interconnection between the TACTF layer and
CNT. This arrangement ensures the efficient transfer of photogenerated charge from the TACTF semiconductor to the surface’s active
sites, thereby facilitating the subsequent photocatalytic reduction of Cr(VI).

3.2.6. CTFs films syntheses

Various methods have been developed for the preparation of CTFs films, which can be categorized into substrate-supported film
formation and self-polymerized film formation. In the substrate-supported approach, monomers are dissolved in dimethyl sulfoxide
(DMSO) to create a reaction solution. This solution is then applied to APTES-modified glass slides as templates, where different
functional polymers are formed via Schiff base reactions [208]. The film thickness can be further modulated by incorporating addi-
tional monomers and solvents and adjusting the reaction temperature within the range of 120-150 °C. Furthermore, Xu et al. reported
that uniform films can be achieved on substrates by first exfoliating the material into nanosheets using ultrasonication in DMF solution,
followed by the drop-casting method [209]. The DMSO solution and a solution containing various monomers were placed in an oven to
create the self-polymerized CTFs films by Professor Bian et al. [86]. After that, the imine precursor was evenly spread on top of the
DMSO solution and heated until the n-hexane evaporated, producing a film with a thickness of roughly 500 nm that could be pipetted
off or transferred to other substrates for photocatalytic or characterization purposes. What’s more, Xu et al. [210] develop a convenient
and general synthetic methodology to directly prepare a series of few-layer crystalline micrometer-size 2D-TPs with a high yield via
cyclotrimerization reaction of aromatic aldoximes under solvent-free catalysis conditions.

All these studies provide versatile routes to synthesize 2D polymers with tailored structures and properties for various applications.

4. Environment applications of CTFs composite photocatalysts

As an environmentally sustainable photocatalyst that efficiently harnesses solar energy, CTFs exhibit significant promise for a wide
range of applications in photocatalytic resource recycling and carbon reduction. They mainly introduce the applications in photo-
catalytic water splitting for H, [107,126,145,150,156,171,178] and HoO» [52,53] evolution, reduction of CO; into hydrocarbon fuels
[180,211-213], and degradation of pollutants [133,214,180,215], as well as the involved photocatalytic nitrogen fixation [121,122,
216] accordingly. Several papers have been evaluated and summarized based on the most recent findings to provide a quick knowledge
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of CTF composites for various photochemistry applications.
4.1. Photocatalytic hydrogen evolution

Since the groundbreaking research conducted by Honda and Fujishima in 1972 [217], a diverse array of heterogeneous photo-
catalysts has found extensive application in the field of photocatalytic water splitting for Hy generation. From both economic and
ecological standpoints, the photocatalytic hydrolysis of Hy offers significant advantages and higher value. Consequently, researchers
are redoubling their efforts to advance the field of photocatalytic Hy production [110,118,135,155,162,177,184,188,218-228].

Jin et al. [135] have presented a strategy that involves the construction of a donor (D) — acceptorl (A;) — acceptor2 (Az) system
within the framework of CTFs to suppress charge recombination and facilitate charge separation. Characterization and experimental
results have indicated that, owing to the energy level gradient between the donor and acceptors, the copolymer forms an efficient
photo-induced electron transfer system through HOMO to LUMO transitions (Fig. 11a), enabling electrons to flow directionally along a
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Fig. 11. (a) Comparison of D-A;-A; system in the photoinduced electron-transfer process. (b) PL intensity excited by 365 nm. (c) Representative
EPR in the dark. (d) HER of CTFs. Reproduced with permission [135]. Copyright 2019, American Chemical Society. (e) I-t curves of various and (f)
EIS of various catalysts. (g) The cycling photocatalytic tests of P-CTF-Co,P and the CTF/Co.P composite. (h) comparative presentation of the Hy
evolution rates. Reproduced with permission [232]. Copyright 2022, Royal Society of Chemistry. (i) Temperature-dependent PL spectra with
excitation wavelength at 380 nm and extracted exciton binding energies of PCTF, (j) time-resolved fluorescence kinetics, (k) average H, generation
rate for all samples, and (1) Schematic illustration for the photocatalytic mechanism of PCTFW. Reproduced with permission [202]. Copyright 2023,
Wiley (m) AFM image of CTF-DCB NSs with the inset showing height plot. (n) Time profiles of normalized transient absorption spectra and (o) Time
course curves of the photocatalytic H; evolution reaction of 2D-TPs and CTF-DCB NSs. (p) H; evolution rates and apparent quantum yield (AQY) for
2D-TPs in this work compared with the recently reported representative CTFs and COF photocatalysts. Reproduced with permission [228].
Copyright 2023, American Chemical Society.
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path from fragments with higher energy levels to those with lower energy levels. Moreover, the presence of larger delocalized systems
and the longer distance between D and A; effectively mitigate the recombination of photo-generated electron-hole pairs, making it
more challenging for separated charges to recombine, thereby enhancing the quantum efficiency. Furthermore, the lower PL intensity
(Fig. 11b) evidences the reduction of charge recombination, EPR spectra (Fig. 11c) and theoretical calculations support the
enhancement of charge separation. Additionally, the catalytic Hy evolution rate of the polymer can be flexibly regulated by altering A,
ultimately achieving a H, production rate of 19.3 mmol g~} h™! (420 nm) with an apparent quantum efficiency of 22.8 % (Fig. 11d).
These results are comparable to certain metal polymers, highlighting their promising performance [229-231].

Huang et al. [232] have introduced a one-step phosphating strategy to firmly attach CoP nanocrystals onto CTFs. This innovative
approach fundamentally alters the electron transfer dynamics within CTFs, shifting the direction from the triazine ring to the benzene
ring, thanks to the introduction of an interfacial p bond and CoyP anchoring. Remarkably, after bonding with the P atom and sub-
sequent Co-anchoring, the carbon moiety of the benzene ring within CTFs significantly bolsters the photocurrent density (Fig. 11e)
while concurrently reducing electron transport conductivity (Fig. 11f). This augmentation substantially enhances charge separation
and transport capabilities. An in-depth analysis via in situ irradiation X-ray photoelectron spectroscopy clearly elucidates that charge
transfer within CTFs occurs in the exact opposite direction, as photo-generated electrons efficiently migrate from the triazine ring to
the p-bonded benzene ring. Notably, the CosP cocatalyst, through the interfacial P-C bond, adeptly attracts these electrons, facilitating
efficient HER. Beyond the enhancement of catalytic activity, the interfacial P-C bond and Co2P anchoring significantly bolster the
stability of HER (Fig. 11g). Consequently, the Hy evolution rate of the CTFs/CoyP composite (Fig. 11h) reaches an impressive (7.6
mmol h™! g™!). This achievement positions it among the most active CTF-based photocatalysts, especially noteworthy as a
non-platinum cocatalyst, representing a significant stride in the development of efficient and stable photocatalysts.

Li et al. [202] have successfully synthesized phosphorus-doped Z-scheme heterojunctions (PCTFW) through an in-situ hydrolysis
method followed by high-temperature phosphorylation. Experimental and characterization results unequivocally demonstrate the
multifaceted benefits of introducing phosphorus atoms into this structure. First and foremost, this incorporation optimizes the energy
band structure, enhances the built-in electric field, and induces the dissociation of excitons into charge carriers within the CTFs. The
high-quality interface N-W bonds play a pivotal role in improving the interfacial transfer of photogenerated electrons (Fig. 11i). This
enhancement effectively promotes the efficient reduction and dissociation of photogenerated charge carriers, simultaneously
restraining the recombination of electron-hole pairs and extending their lifetimes (Fig. 11j). Furthermore, it expedites the transfer of
electrons within the built-in electric field. Consequently, PCTFW exhibits an impressive evolution rate of 67.42 mmol h™! g~! for
photocatalytic Hy production (Fig. 11k and 1), with each surface area yielding 1.6 mmol h™! m2. Remarkably, these results signify a
remarkable increase by a factor of 6.5 and 42.1 compared with pristine CTF. Moreover, the apparent quantum efficiency at 420 nm
attains an astonishing figure of 37.63 %.

Xu et al. [228] have recently introduced an environmentally friendly and straightforward approach to the large-scale production of
a series of atomic-thin 2D-TP (Fig. 11m) materials through a solvent-free salt-catalyzed 2D polymerization process. Experimental
findings and theoretical calculations indicate that common salts like KCl not only serve as templates to facilitate the formation of
nanosheets but also act as solid catalysts to promote cyanation polymerization, resulting in uniformly thick (~80 nm) kilogram-scale

Table 2
Performance comparison for H, production of CTFs.

Photocatalyst Structure Light source H, evolution rate [pmol g~ ' h™!] Refs.
5 % P-COF-1/CTF 2D layered topology stacked Xe arc lamp, A > 420 nm 14100 [192]
P-CTF nanosheets 300 W Xe lamp with an AM 1.5 6595 [110]
Ni-CAT-1/CTF-1 (1:19) flaky accumulation state 300 W Xenon lamp, A > 420 nm 8030 [195]
CTF-HUST-A1 layered structure 300 W Xenon lamp, A > 420 nm 9200 [50]

r-CTF NSs thin film 300 W Xenon lamp, A > 420 nm 512 [83]

P-CTF-Co,P lamellar/particles 300 W Xe lamp with an AM 1.5 7600 [232]
CTF-15 thick rods 300 W Xenon lamp, A > 420 nm 1909 [218]
BDT-CTF-1 layered structure 300 W Xenon lamp, A > 420 nm 4500 [162]
MoS,/CTF-T1 layered structure 300 W Xenon lamp, A > 420 nm 1125 [233]
ter-CTF-0.7 tightly stacked irregular slices 300 W Xenon lamp, A > 420 nm 19300 [135]
Au@TiO2-12%TrTh flocculent morphology with irregular pores 300 W Xenon lamp, A > 420 nm 4289 [194]
CTF-NWU-1 bowl-shaped morphology 300 W Xenon lamp, A > 420 nm 17600 [234]
CTF-HUST-S3 layered structure 300 W Xenon lamp, A > 420 nm 791 [215]
T3N-CTF orderly arranged fibrillar bundle structure 300 W Xenon lamp, A > 420 nm 6485 [235]
CTF-HC, lamellar morphology 300 W Xenon lamp, A > 420 nm 3472 [236]
TFA-COF porous sponge-shape 300 W Xenon lamp, A > 420 nm 80 [177]
20%CdS-CTF-1 particles 300 W Xenon lamp, A > 420 nm 11430 [188]
C-GW;s5 flower-like structure with a porous surface 300 W Xenon lamp, A > 420 nm 8740 [237]
PCTF-1 layered structure 300 W Xenon lamp, A > 420 nm 500 [221]
Co.24/CTF lamella 300 W Xenon lamp, A > 400 nm 102 [220]
CTF-TPA-Film-3 films 300 W Xenon lamp, A > 420 nm 77800 [208]
CTFs Film film 300 W Xenon lamp, A > 420 nm 10200 [86]

Cds/CTF-1 layered stacking structure 300 W Xenon lamp, A > 420 nm 5400 [184]
CTF-0-M, layered stacking structure 300 W Xenon lamp, A > 420 nm 7010 [238]
Pd@CTF-HCg lamellar/particles 300 W Xenon lamp, A > 420 nm 10556 [239]
CTF-DCB NSs wrinkled thin layer 300 W Xenon lamp, A > 420 nm 26412 [228]
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crystalline nanosheets. The inclusion of KCI and the nanosheet morphology results in a more favorable bandgap for the material, and
the robust interactions among distinct active groups significantly improve the separation and transfer of charge carriers (Fig. 11n),
thereby extending their lifespans and manifesting remarkable photocatalytic capabilities. Impressively, the Hy evolution rate achieves
26,412 pmol g ! (Fig. 110), accompanied by an AQY of 29.5 % at 420 nm. Furthermore, under standard one-sun illumination
conditions, the solar-to-hydrogen (STH) efficiency for comprehensive photocatalytic water splitting attains 0.35 %. This performance
surpasses that of previously reported CTF/COF-based materials and most non-metallic photocatalysts, highlighting the notable ad-
vancements in this study (Fig. 11p).

The aforementioned evidence strongly corroborates the suitability of optimized CTFs hybridization for photocatalytic water
splitting. A performance comparison is provided in Table 2. Presently, these innovative heterogeneous semiconductors have experi-
enced extensive development and garnered significant attention within the research community.

4.2. Photocatalytic H202 production

Solar photocatalysis offers an environmentally friendly pathway for the synthesis of H,O5 using O, and sunlight as the primary
ingredients. Among the various categories of photocatalysts reported, metal-free polymeric photocatalysts have garnered substantial
attention due to their modifiable structures and properties. This flexibility enables significant enhancements in the efficiency of
photocatalytic HyO9 production. Table 3 provides an overview of the photocatalytic performance of CTFs-based photocatalysts for
H,0; generation under various conditions, which will be explored in detail to understand the pivotal role of catalysts in achieving
highly efficient photocatalytic HyO2 evolution.

Han et al. [210] have developed a strategy for the production of HO5 from water and O, through a two-electron oxygen reduction
reaction (2e”-ORR) using (thio)urea-functionalized CTFs, Bpt-CTF and Bpu-CTF. The research findings indicate that the incorporation
of (thio)urea moieties enhance the polarization of CTFs, leading to strong absorption across a broad range of ultraviolet and visible
light (Fig. 12a). Additionally, these functionalized CTFs exhibit enhanced oxidation capability and driving force, substantially sup-
pressing radiative recombination (Fig. 12b) and prolonging the lifetime of charge carriers (Fig. 12c). Furthermore, the (thio)urea
functional groups within Bpt-CTF demonstrate robust electronegative characteristics (Fig. 12d), which facilitate proton migration,
enabling an efficient proton-coupled electron transfer process during the two-electron oxygen (2e -O;) photocatalytic reduction
process to produce H,O5. Consequently, this enhancement leads to a substantial increase in the rate of photocatalytic H,O» production
(Fig. 12e), reaching an impressive 3268.1 pmol h™! g~1, all achieved without the necessity for sacrificial agents or co-catalysts. This
achievement represents an order of magnitude improvement over non-functionalized CTFs (Dc-CTF). Furthermore, the quantum ef-
ficiency at 400 nm reaches a noteworthy 8.6 %.

Chen et al. [55] employed a unified polymer incorporating s-heptazine and ethynyl constituents in their study, aiming to fabricate a
polymer proficient in HyO» production. Their comprehensive experimental and characterization investigations unveiled that
ethylene-linked polymer, attributed to extended n-conjugation and spatial separation of oxidation centers, played a pivotal role in
reducing binding energy of excitons. Additionally, it significantly bolstered charge transfer capability while concurrently suppressing
charge recombination. Attributes like extended n-conjugation and spatial separation of oxidation centers proved paramount in
ensuring efficient charge separation, thereby contributing to remarkable photocatalytic activity observed. Furthermore,
electron-deficient heptazine segments, enriched with high nitrogen content, demonstrated pronounced electron affinity. Ethynyl
groups functioned as conduits, effectively bridging electron donors and acceptors, thereby facilitating efficient transfer of photo-
generated electrons. This synergistic interaction between heptazine and ethynyl units synergistically facilitated synthesis of HyO5 via
2e™-ORR pathway, ultimately achieving commendable production rate of 1830 pmol h™! g~!. Notably, ethylene-linked polymer,
featuring two distinct heptazine units and ethynyl-bearing connectors, displayed extraordinary chemical stability, even when exposed
to rigorous conditions.

Zhang et al. [243] employed a multifaceted strategy to construct and develop sulfur-ether-modified triazine-based covalent organic
framework (TDB-COF). In this framework, photocatalytic conversion of H,O and O to H,O, was achieved without requiring sacrificial

Table 3

Performance comparison for H,O5 reduction of CTFs.
Photocatalyst Light source apparent quantum efficiency [%] H,0, production rate [pmol g~ h™1] Refs.
CTF-LTZ 300 W Xenon lamp, A > 420 nm 4.5 % at 400 nm 4068 [240]
CDs@CTFs simulated sunlight (light intensity: 100 mWem ™~ 2) 0.93 % at 505 nm 700 [241]
CsPbBr3/CTF-2 300 W Xenon lamp, A > 420 nm 0.14 % at 420 nm
CTF-NS-5BT 300 W Xenon lamp, A > 420 nm 6.6 % at 420 nm 1630 [52]
EBA-COF 50 W LED lamp, A > 420 nm 4.4 % at 420 nm 1830 [55]
TPT-3 300 W Xenon lamp, A > 400 nm 15 % at 425 nm 1351 [242]
TDB-COF 300 W Xenon lamp, AM 1.5 G filter 1.0 % at 400 nm 724 [243]
CTF-Ph 300 W Xenon lamp, AM 1.5 G filter 1.1 % under simulated sunlight 46900 [244]
TpAQ-COFs 300 W Xenon lamp, A > 420 nm 7.4 % at 420 nm 420 [245]
Bpt-CTF 300 W Xenon lamp, A > 420 nm 8.6 % at 400 nm 3268 [210]
COF-TAPB-BPDA 300 W Xenon lamp, A > 420 nm - 1240 [246]
CTF-BDDBN 300 W Xenon lamp, A > 420 nm - 920 [53]
CTF-1-G/WS, 300 W Xenon lamp, A > 420 nm - 8740 [237]
AQTT-COP 300 W Xenon lamp, A > 400 nm - 3221 [247]
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Fig. 12. (a) UV-vis spectra, (b) PL spectra, and (c) Time-resolved PL decay curves of all samples. (d) The dipole moments analysis for Bpt-CTF,
illustration of the charge distribution near the surface of Bpt-CTF from TDDFT calculations. (e) Photocatalytic production of all samples. Repro-
duced with permission [210].Copyright 2022, Wiley.

Table 4
Performance comparison for CO, reduction of CTFs.
Photocatalyst Structure Light source Selective products (activity) [pM  Refs.
hlg ]
CN/CTF lamella 300 W Xenon lamp in the full 151.1 (CO) [180]
light region
Re-CTF-py lamella 300 W Xe lamp in the full light 353.1 (CO) [212]
region
Pd@Imine-CTF loose particles of tiny sizes 300 W Xenon lamp, A > 420 nm 85.3 (CO) [63]
21.1 (CHy)
Pt-SA/CTF-1 graphene-like layered structure 300 W Xenon lamp, A > 420 nm 1.4 (CO) [256]
4.7 (CHy)
CTF-BP layer structures 300 W Xe lamp in the full light 4.6 (CO) [181]
region 7.8 (CHy)
NCTF-1 analogous layer structure 300 W Xenon lamp, A > 420 nm 1.6 (CO) [115]
11.5 (CHy)
Ru-CTF-2 irregularly stacked chunks and compact 300 W Xe lamp in the full light 2090 (HCOOH) [129]
layer structure region
a-Fe;03@Por-CTF-10 x /Ru plate-like particulate morphology - 1.6 (CO) [257]
(bpy)sClz 11.5 (CH4)
60-TiO,@CTF-Py particle sizes 300 W Xenon lamp, A > 320 nm 43.3 (CO) [128]
CTF-TfOH-Co agglomerated bulks 300 W Xenon lamp, A > 400 nm  2562.8(CO) [74]
CTF-Bpy-Co microfiber-like agglomerate morphology 300 W Xenon lamp, A > 420 nm 304 (HCOOH) [258]
Cop.10-SA/CTF similar layered stacking structure 300 W Xenon lamp, A > 420 nm 1665.7(CO) [255]
CABB/CTF-1 thin-layered NS morphology with a porous 300 W Xenon lamp, A > 420 nm  30.7 (CO) [259]
structure 8.6 (CHy)
Nig 5-CTF-1 looser layered structure 300 W Xenon lamp, A > 420 nm 38.7 (CO) [117]
CPB/CTF-1 superposition of the two counterparts 300 W Xenon lamp, A > 420 nm  86.5 (CO) [90]
Re-bpy/PTF(Cu) layer structures 300 W Xe lamp in the full light 73.3 (C2H2) [254]
region 164.2(CO)
16.9(CH4)
38.5(H2)
DQTP COF-Co multi-layer overlapping nano-sheets 300 W Xenon lamp, A > 420 nm  152.5(CO) [260]
2D CN-COF thin nano-sheet 300 W Xe lamp in the full light 7.1(CO) [61]
region 2.4(CH4)
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agents or co-catalysts. Experimental results and analysis revealed that ordered sulfur-ether groups introduced into the TDB-COF
structure expanded its visible light absorption range and adjusted its energy band structure. This modification facilitated photo-
generated charge carrier separation and charge transfer, enhancing photo responsiveness. TDB-COF became suitable for accelerating
the2e™-ORR, resulting in HoO production rate of 723.5 pmol g_1 h_l, apparent quantum efficiency was 1.0 % at 400 nm [243].

Bayarkhuu et al. [244] not only utilized CTF as a photocatalyst but also devised an organic working solution (OWS) for the
solar-assisted photocatalytic oxidation of aryl alcohols, leading to the production of HoO5. The meticulously crafted OWS achieved the
highest solar-chemical conversion efficiency reported to date (1.1 %) along with a substantial HyO production rate of 46.9 mmol h™!
g~ L. This approach, which combines photocatalytic oxidation-reduction reactions and self-oxidation reactions, represents an efficient
means of converting solar energy into valuable chemical compounds. The exceptional efficiency of this process can be attributed to the
ingenious design of the photocatalyst.

4.3. Photocatalytic carbon dioxide reduction

For the past few years, there has been a persistent escalation in the emission of CO3 as a consequence of fossil fuel combustion. This
surge has engendered a grave greenhouse effect, casting a substantial menace to both human and animal existence. Encouragingly, the
surplus CO5 can be effectively transmuted into valuable fuels through the process of photocatalysis [248-252]. These methods enable
the production of diverse high-value chemical fuels, including HCOOH, CO, HCHO, CH3OH, CH4, and others, by means of
multi-electron transfer mechanisms (Table 4) [60,63,73,211-213,253]. This approach effectively amalgamates the realms of envi-
ronmental conservation and energy rejuvenation, thereby making a significant contribution to the amelioration of human living
standards. However, it is noteworthy that conventional catalysts frequently exhibit inadequacies in terms of their photocatalytic ef-
ficacy and durability, thus falling short of satisfying all the requisite prerequisites. In this context, derivatives stemming from CTFs
present distinctive advantages attributable to their wide-ranging and potent light absorption capabilities, as well as their expeditious
electron segregation and transfer proficiency [181,254,255].

Jiang et al. [63] have designed Pd nanoparticles confined within imine-linked CTF (Pd@Imine-CTF) for the purpose of photo-
catalytic CO; reduction. The interplay between palladium (Pd) and the nitrogenic domains enshrouded within the imine-linked CTF
(imine-CTF) orchestrates an elegant choreography that artfully quells the burgeoning of nanoparticles. These Pd nanoparticles
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Fig. 13. (a) Time-resolved transient photoluminescence decay spectra, (b) steady-state photoluminescence spectra, (c) EIS Nyquist plots, (d)
average gas production rates of Imine-CTF and Pd@Imine-CTF. Reproduced with permission [63]. Copyright 2021, American Chemical Society. (e)
UV-Vis DRS, (b) Instantaneous photocurrent, (¢) PL and (d) TR-PL decay curve of CN and CN/CTF. Reproduced with permission [180]. Copyright
2022, Elsevier. (i) The band diagram of different samples. (j) The selectivity of HCOO- and the yield distribution of different photoreduction
products in 3 h. Adsorption energy of CO, on (k) dcbph-CTF and (1) Ru-CTF surface. Reproduced with permission [129]. Copyright 2022, Elsevier.
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proficiently capture and accumulate photoelectrons on their surfaces, mitigating the recombination of electron-hole pairs and facil-
itating CO2 conversion. Furthermore, the highly porous structure of Pd@Imine-CTF provides an increased number of sites for CO2
adsorption, expediting the completion of the reduction reaction. Consequently, Pd@Imine-CTF demonstrates a remarkable
enhancement in performance and exceptional stability for CO, photoreduction when exposed to visible light irradiation. Importantly,
both the short and long lifetimes of Pd@Imine-CTF are significantly extended in comparison to Imine-CTF (Fig. 13a), signifying that Pd
fixation serves as a substantial deterrent to electron-hole pair recombination. And the PL intensity of Pd@Imine-CTF (Fig. 13b) is
conspicuously quenched compared to that of Imine-CTF, indicative of Pd nanoparticles effectively trapping electrons from Imine-CTF
to accelerate charge carrier separation. Besides, the smaller semicircular radius of Pd@Imine-CTF (Fig. 13c) attributed to the formation
of a functional Schottky junction between Pd nanoparticles and Imine-CTF, a feature that significantly promotes electron-hole pair
separation. Furthermore, Schottky junctions facilitate efficient charge transfer through closely interfacing regions and the high
electrical conductivity of metallic Pd nanoparticles. As a result, Pd@Imine-CTF exhibits a remarkable CO4 photoreduction efficiency of
98 %, with a CO evolution rate of 85.3 pmol g~ h™!, and a CHy4 generation rate of 21.1 pmol g~ h™! (Fig. 13d).

Zhu et al. [180] utilized a straightforward and convenient self-assembly technique to amalgamate the two-dimensional (2D) CTF
and carbon nitride (CN), engendering a non-metallic CN/CTF heterostructure. Empirical observations and comprehensive charac-
terizations elucidate that the incorporation of CTF augments the capacity of CN for visible light absorption (Fig. 13e). In the doped
CN/CTF heterostructure, there is evident amplification in photocurrent response and a notable increase in photocurrent density
post-doping, indicating an enhanced ability of the photogenerated charge carriers in the heterostructure to expedite their transfer and
separation (Fig. 13f). The diminished electrochemical impedance values signify that in semiconductor materials, a lower charge carrier
mobility impedance translates into swifter charge transfer rates. Additionally, the CN/CTF heterostructure effectively curtails the
recombination of electron-hole pairs under various shallow trap conditions (Fig. 13g and h), thereby prolonging the lifespan of charge
carriers. Consequently, the CN/CTF (2.5 %) attains an impressive optimal photo-reduction yield of 453.4 pmol g~ *.

Wang et al. [129] have introduced a pioneering covalent bonding strategy, heretofore unprecedented, wherein they interlace a
precisely defined Ru-N3 unit within conjugated CTFs to realize an exceedingly discriminating photoreduction of CO,. The resultant
Ru-CTF structure not only elevates charge separation to unprecedented levels but also bestows remarkable stability upon the molecular
catalyst. This ground-breaking achievement yields a solar-driven conversion to formate at a rate of 2090 pmol g~* h™!, unaided by

Table 5
Performance comparison for pollutant degradation of CTFs.
Photocatalyst Pollutant Light source Main active species Degradation rate Degradation efficiency Ref.
(min~") (%)
DA-CTF Rh B Visible light (380-750 nm, 7 W) °03, *OH, ht 0.041 92.3 [56]
DA-CTF MB Visible light (380-750 nm, 7 W) °03, *OH, h* 0.048 99.2 [56]
Co/CTF-1 MB Visible light *03, h* 0.081 99.9 [121]
5 % CTF-Bi,WOg TC 300 W X1, A > 420 nm *03, h* 0.021 92.2 [214]
CTF CBZ Xenon lamp, A > 420 nm S03, "OH, '0, - 95 [571
GO/PB@CTF-3 TC Sunlight/Visible light/Near- *02, *OH 0.140 95 [265]
infrared light
Fe30,@TpMa phenol Xenon lamp, A > 420 nm S04, *OH, *03, ht, 0.059 100 [183]
102
CTF-Cuso_s0 MB 250 W halogen lamp *OH, *03 0.017 91.1 [126]
Ni-CAT-1/CTF-1 TC 300 W Xenon lamp, A > 420 nm *03,h", e 0.066 98 [266]
CTF-1-NR/GO MB AM 1.5G spectrum *OH, *03, h' - 99.9 [158]
CdS-P-ACTF-5% TC 300 W Xenon lamp ‘05 0.050 99.7 [267]
COFs-Ph@CdS-3 TC 300 W Xenon lamp °*OH, *03, h" - 87.2 [104]
COFs-Ph@CdS-3 2,4-DCP 300 W Xenon lamp *OH, *03, h' - 95.4 [104]
COFs-Ph@CdS-3 RhB 300 W Xenon lamp *OH, *03, ht - 82.6 [104]
TACTF@CNT Cr(VD) 300 W Xenon lamp, A > 400 nm e 0.003 100 [106]
H-CTF-Na CBZ 300 W Xenon lamp, A > 400 nm *OH, *0O3 0.030 96.8 [39]
ZnONPs/CTFs Congo 72W LED lamps *OH, *05 - 99.97 [268]
red
JOU-7 Cr(VD) 300 W Xenon lamp *OH, *03, 102 0.032 95.2 [137]
SEP@Th-CTF2:1 PRO 300 W Xenon lamp, A > 420 nm *OH, *05 0.094 99 [269]
CTF-SD, BPA 300 W Xenon lamp, A > 420 nm 102 0.043 100 [178]
BiOBr@TpPa-1 BPA 500 W Xenon lamp, A > 420 nm *OH, *0O3 - 60 [270]
CT-2 TC 300 W Xenon lamp, A > 420 nm °*OH, *03, h" 0.080 100 [189]
COFs-Br TC 300 W Xenon lamp, A > 420 nm *OH, *O2 0.111 90 [271]
COFs-OMe Cr(VD) 300 W Xenon lamp, A > 420 nm ‘03 0.022 100 [271]
MS@TpTt TC visible light, AM-1.5 spectrum *OH, *0O3 0.027 97.3 [272]
Tp-Mela COF RhB 300 W Xenon lamp, A > 420 nm *OH, *05 0.206 98 [263]
CTF-5Th BPA 300 W Xenon lamp, A > 420 nm SO5, "OH, h™ 0.086 100 [44]
CdS/PAN1/ SBX mercury lamp (125 W) *OH, *0O3 - 99.2 [273]
MWCNTs
BTDC RhB 300 W Xenon lamp, A > 400 nm *OH, *03, ht 0.178 97 [190]
COF-DBT TC 300 W Xenon lamp, A > 420 nm ‘03, e 0.122 98.7 [274]

MB: Methylene blue, TC: Tetracycline, Rh B: Rhodamine B, PRO: Propranolol Hydrochloride, BPA Bisphenol A, SBX: Sodium Butyl Xanthate, 2,4-DCP:
2,4-Dichlorophenol, CBZ: Carbamazepine.
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supplementary photosensitizers, and showcases an impressive selectivity of up to 98.5 %. Experimental investigations, complemented
by DFT computations, elucidate the swift activation of CO by a lone Ru-N3 nucleus, thereby emphasizing its effectiveness as a pivotal
photocatalytic core, notably surpassing alternative catalysts. This monumental endeavor has ushered in novel pathways, enriched
foundational insights, and bequeathed profound comprehension in the quest for tailoring bespoke CTFs photocatalysts for the
exceptionally discriminating task of CO, photoreduction.

Cao et al. [254] have pioneered an efficacious tandem photocatalysis strategy, ingeniously crafting synergistic dual sites within the
copper-porphyrinic triazine framework [PTF(Cu)] and rhenium-(I) bipyridine fac- [Rel(bpy)(CO)gcl] (Re-bpy) systems. This innova-
tive approach enables the conversion of CO; into ethylene, a process previously unattainable with either individual Re-bpy or PTF(Cu)
catalysts alone. Under visible light irradiation, this tandem system yields a substantial ethylene production rate of 73.2 pmol g ' h™™.
Intriguingly, when utilizing a single catalyst, the outcome is restricted to the formation of monocarbon product CO, even under
identical conditions. The tandem photocatalytic mechanism unfolds as follows: CO, generated at the Re-bpy sites, undergoes
adsorption by neighboring Cu single sites within PTF(Cu). Subsequently, a synergistic C-C coupling process ensues, culminating in the
production of ethylene. This study unveils a novel avenue for engineering highly efficient photocatalysts capable of converting CO,
into valuable Cy products through a tandem process, propelled by the gentle touch of visible light under mild conditions.

4.4. Photocatalytic degradation of pollutants

Amidst the burgeoning global population and the rapid evolution of society, various sources of pollution, including domestic waste
and industrial contaminants, notably from pharmaceutical and pigment manufacturing enterprises, have led to a grave concern of
water pollution in contemporary times. Photocatalysis emerges as a viable and environmentally friendly technology, providing an
efficient solution to treat wastewater, especially when conventional methods struggle to completely eliminate recalcitrant pollutants
[106,126,137,138,189,190,261,262]. In this context, CTFs have garnered attention as a metal-free and sustainable photocatalyst,
harnessing the power of visible light to effectively degrade organic pollutants (Table 5) [137,263,264]. Here, some seminal works that
explore the photocatalytic degradation of pollutants using CTFs, elucidating the diverse mechanisms and classifications that underlie
their remarkable performance.

Xi et al. [263] have pioneered the development of a metal-free photocatalytic system centered around the Tp-Mela COF/H,0,
platform, tailored for Fenton-like reactions. Leveraging its vast porosity, augmented by a high concentration of photoactive triazine
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Fig. 14. (a) Proposed mechanism of Fenton-like reaction with Tp-Mela COF/H,0, photocatalytic system. (b) Distribution of ESP for Tp-Mela COF
fragment via the DFT calculations. (c) The calculated model for the hydrogen-bonding interactions between two H,O, molecules and the Tp-Mela
COF unit. Reproduced with permission [263]. Copyright 2021, Elsevier. Calculated HOMO/LUMO and total density of states/projected density of
states for (d) pristine CTF and (e) CTF-SD,. (f) TEMP—102 signals in different systems. (g) BPA degradation rate constants in various processes.
Reproduced with permission [178]. Copyright 2022, American Chemical Society. (h) UV-vis spectra, (i) band alignment, (j) photocurrent responses
(A > 420 nm) and (k) transient fluorescence spectra of COFs-Rs. Reproduced with permission [271]. Copyright 2023, Elsevier.
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moieties, a bandgap fine-tuned through the partial interruption of n-conjugation, as well as the effectiveness of charge separation and
transfer facilitated by AA stacking, this unique standalone photocatalyst, Tp-Mela COF, has manifested remarkable prowess in the
degradation of organic pollutants (Fig. 14a-c). Furthermore, the Tp-Mela COF/H;05 photocatalytic system has demonstrated
commendable reusability and a remarkable versatility in the degradation of diverse organic pollutants. Mechanistic insights suggest
that visible light excitation generates electrons and holes, which are subsequently directed through hydrogen bonds to engage with
H,0, molecules, thereby engendering a profusion of reactive oxygen species (ROSs), encompassing HO5/03 , -OH, and '0,. These
ROSs are the chief architects of the impressive efficiency achieved in the Fenton-like reaction. Thus, this work not only presents an
efficient metal-free photocatalyst but also unfurls new horizons in the domain of Fenton-like reactions.

Our previous research [178] unveiled the synthesis and characterization of structural defect CTFs (CTF-SDs), which exhibit a
remarkable juxtaposition of structural attributes, featuring the concurrent the strategic introduction of boron (B) atoms and terminal
presence of cyano (-CN) groups. The electron-withdrawing cyano (-CN) groups located at the structural terminations of CTF-SDs have
the potential to serve as sites for charge accumulation, thereby energetically promoting the separation and transfer of photo-carriers.
(Fig. 14d and e), according to the findings of extensive investigations and DFT calculations. Additionally, the reduced band gap and
downshifted VB location generated by the inclusion of structural flaws disrupted the energy structure and provided a strong enough
driving force for photocatalytic oxidation processes. And the interaction between the B dopant and the CN defect changes the elec-
tronic structure of CTF-SDs to create nearby electron-deficient regions. This promotes a high affinity for PMS and loosens the links
between its molecules. It is imperative to emphasize that quenching experiments and detailed EPR characterization unequivocally
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Fig. 15. Schematic of the distal and the alternating mechanisms for the nitrogen reduction process on the Pt-SACs/CTF catalyst. (b) Free energy
profiles of the distal and the alternating mechanisms for nitrogen reduction process on the Pt-SACs/CTF catalyst. (c) the normalized NH3 production
rate of all samples. Reproduced with permission [120]. Copyright 2020, American Chemical Society. (d) Free energy changes of N»* (AGN,*) as a
function of the excess electron on No*. (¢) AGmaxHER vs AGmaxNRR. (f) Top view and front view of the spin densities of the intermediates
adsorbed on Cr/CTF. Reproduced with permission [64]. Copyright 2022, Elsevier. (g) Photocurrent responses for the detection of PG and different
varieties of interferents. (h) Photocurrent responses of the five independent Fe-MA-Dha-CTFs aptasensor for detecting PG. (i) Photocurrent responses
of the same aptasensor for the detection of PG per day for 30 days. (j) The regenerability of the developed aptasensor evaluated by (h) PEC methods.
Reproduced with permission [119]. Copyright 2023, Elsevier.
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identify 'O, as the principal active species in this context (Fig. 14f). Benefiting from these advantages, CTF-SDs with moderate
structural defects demonstrated significantly improved photocatalytic performance in the metal-free solar-driven activation of PMS for
organic removal when compared to pristine CTFs. (Fig. 14g).

Zhu et al. [271] have undertaken a transformative endeavor by functionalizing the structural units with electron-donating and
electron-withdrawing substituents, denoted as -R (where R encompasses H, Br, OMe, OH). This pioneering work has led to the creation
of a comprehensive series of triazine-CoFS-R materials that exhibit responsiveness to visible light. Through meticulous theoretical and
experimental studies, it has been unequivocally demonstrated that the incorporation of electron-donor substituents serves to abbre-
viate the band gap of materials (Fig. 14h), which leading to a lower energy associated with photoinduced excitation and charge carrier
generation, thus rendering these materials conducive to efficient visible light utilization. Furthermore, the introduction of diverse
halogens into the material has the remarkable effect of either reducing the VB or elevating the CB (Fig. 14i). Notably, the materials
exhibit an augmented photocurrent response following the introduction of electron-OMe and electron-BR substituents, signifying
enhanced carrier separation, mobility, prolonged carrier lifetime (Fig. 14j and k), and reduced recombination efficiency. These at-
tributes are highly advantageous in the utilization of electron-hole pairs for photocatalytic degradation processes. Additionally, the
decrease in Stokes displacement observed in COFs-OMe and COFs-Br indicates reduced energy loss during excitation, ultimately
enhancing the energy utilization efficiency of the photocatalytic process. This innovative modification approach opens new vistas for
the precise regulation of COF materials, enabling highly efficient visible-driven degradation of organic pollutants and the removal of
heavy metal ions.

4.5. Multifunctional applications

It is preferred that the photocatalyst integrates dual or more functions into a single reaction system while simultaneously taking the
environment and energy into account [134,142,153,182,265,267,275-278]. The establishment of suitable energy structures is
essential to initiate the dual reactive process required for photocatalysis [120,158,182]. In recent years, the field of photocatalytic
nitrogen fixation has emerged as a prominent area of research, holding substantial promise for widespread practical applications [121,
216]. Mei et al. [120] achieved the precise anchoring of a solitary Pt atom onto the well-defined —Nj site within an enduring ultra-thin
CTF nanosheet (referred to as PT-SACS/CTF).

It has been observed that the introduction of ultrathin CTF-PDDA-TPDH nanosheets and single-atom Pt into stable enhances the
separation of photogenerated electron-hole pairs [120]. The electrons residing in the CB of CTF-PDDA-TPDH migrate to the single Pt
atoms, facilitating the reduction of adsorbed nitrogen molecules to produce NHs (Fig. 15a and b). Hence, when exposed to visible light,
the Pt-SACs/CTF catalyst achieved a NHZ yield of 7.71 mg L™ following 5 h of photo illumination, boasting an average NH{ pro-
duction rate of 171.40 pmol g~! h™! (Fig. 15¢), which significantly surpasses the majority of previously reported photocatalytic
ammonia production rates utilizing various catalysts. Meanwhile, Li et al. [64] harnessed the versatility of CTFs as a multifunctional
platform to synthesize M/CTFs (M = transition metal) distinguished by robust coordination capabilities. Among them, Cr/CTF
emerged as an exceptional nitrogen fixation material, displaying the remarkable attributes of substantial HER suppression (Fig. 15d—f),
outstanding thermodynamic stability (E;, = —4.40 eV), a moderate adsorption energy (E, = —0.84 eV), narrow band gap (Eg = 0.03
eV), considerable activation energy (AGNy* = —0.71 eV), and a theoretical Faradaic efficiency of 100 %.

Furthermore, Wang et al. [119] harnessed the distinctive electrochemical and photoelectric attributes of CTFs to engineer a novel
CTF-based dual-mode EC-PEC aptamer sensor, tailored for the ultrasensitive detection of penicillin G (PG). This innovative approach
not only inherited the inherent advantages of CTFs, including its rich functionality rooted in triazine, high porosity, and enhanced
electrochemical activity induced by doped p-FeOOH, as well as the superior photoabsorption performance of MA-Dha-CTF but also
demonstrated improved electrochemical activity (Fig. 15g). Consequently, it facilitated amplified sensing signals, obviating the ne-
cessity for any EC or PEC indicators in PG detection. The proposed label-free Fe-MA-Dha-CTFs dual-modal EC-PEC aptasensor
exhibited a substantially lower detection limit (0.08 and 0.7 fg mL ! as deduced by the PEC and EC techniques, respectively) compared
to previously reported PG biosensors (Fig. 15h). This superior performance was attributed to its abundant aptamer strands and
remarkable stability, stemming from the stable chemical structure of Fe-MA-Dha-CTF (Fig. 15i and j). Furthermore, Kamiya et al. [275]
devised a Cu-doped CTF-TiO5 hybrid that demonstrated photocatalytic reduction of HNO, without the need for an external bias,
utilizing both artificial light and natural sunlight. Interestingly, variations in light intensity led to a transformation in the primary
reaction product, shifting from N,O to NHZ. This phenomenon was attributed to alterations in the operating potentials induced by
changes in light intensity. Recently, Fang et al. [182] pioneered the development of a novel composite membrane, featuring a [0D +
2D] structure, which combines CTF-1 nanosheets with integrated CdS quantum dots (QDs). The CdS/CTF-1 composite membrane
exhibits remarkable water permeability (>170 L m~2h™!, 0.1 MPa) and exceptional dye rejection (>>94 %), achieved through precise
control of transport pathways. Of particular significance, the embedded [0D+2D]-heterojunction significantly enhances the in-situ
photocatalytic cleaning and disinfection capabilities of the CdS/CTF-1 membrane. This innovation allows for the restoration of
permeability (>95 %) with the aid of HoO during multiple operational cycles.

5. Conclusions and future prospects

In the domain of metal-free CTFs for photocatalysis, we embark on a comprehensive exploration. Firstly, different synthesis
methods of CTFs were studied in depth, which leverage inherent synergistic effects such as n-x interactions, electrostatic attraction,
and chemical bonding. The focus then shifts to strategies for enhancing performance, encompassing compositional optimization,

dopant incorporation, heterostructure engineering, morphological control, and more. These approaches collectively contribute to four
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pivotal facets: heightened optical absorption abilities, expanded surface active sites, augmented separation of e~ and h™, and modified
energy level structures, holding paramount significance in the realm of photocatalysis. Heterogeneous CTFs have demonstrated
remarkable prowess in various applications, including H, evolution, HoO3 Production, CO; reduction into “green” fuels, contaminant
degradation and N Fixation, which is powerful countermeasure in energy- and environmental-related subjects.

Despite plenty of state-of-the-art achievements are grabbed rapidly, the development of CTFs is still in its infancy. In light of this,
the following pivotal issues are elaborated upon.

1. Efforts must continue to be devoted to the development of environmentally friendly and streamlined synthesis routes to enhance
the performance of hybrid catalysts. For instance, the meticulous design of molecular-level structures to finely adjust band
structures and optimize factors such as charge separation and transfer efficiency remains pivotal in influencing the characteristics
of CTFs semiconductors. Furthermore, the regulation of morphology and porosity holds paramount significance within the realm of
photocatalytic applications.

2. The production of well-organized, stable crystal structures and precisely defined CTFs remains a huge challenge, which may hinder
further in-depth study of structure-activity relationships, hence the need for further development of advanced CTFs.

3. To date, CTFs has not fully harnessed the potential of visible and near-infrared light, primarily due to its dependence on intrinsic
properties and supplementary components. Consequently, there is a pressing imperative to engineer materials that possess the
requisite energy range and light responsiveness when strategically integrated.

4. Currently, CTFs find predominant application in HER through water splitting, CO, reduction, and the degradation of organic
pollutants. However, there is a growing necessity to shift focus towards methane oxidation and the selective conversion of foun-
dational chemicals or biomass into valuable high-grade compounds. Addressing this challenge will require a comprehensive un-
derstanding of the underlying principles driving photocatalytic enhancements in these contexts.

5. The fusion of theoretical research and experimental practice must be further intensified in order to address the challenges asso-
ciated with CTFs. Achieving a substantial enhancement in the catalytic efficiency of CTFs demands in-depth and comprehensive
investigations, aimed at unraveling the intricacies of their mechanistic actions. Such insights will play a pivotal role in steering the
design and construction of artificial optical systems tailored for multifunctional applications. Additionally, the economic upscaling,
mass production, and exploration of potential industrial uses of CTFs stand as critical imperatives in this field.

Moreover, the potential applications of CTFs in membrane energy storage, photoelectrochemical cells, and flexible energy storage
devices may emerge as promising avenues for future research. Such endeavors hold promise for meeting the demands of clean energy
and sustainability, aligning with the emphasis on universally accessible, reliable, and essential energy outlined in the United Nations
Sustainable Development Goals.
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