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Synthesis innovations for crystallizing covalent
organic framework thin films on biological and
non-biological substrates

*ab

Ashok Kumar Mahato,?® Satyadip Paul®® and Rahul Banerjee

Thin film technology has emerged as a pivotal field with numerous industrial applications. Depending on their
properties—such as magnetic characteristics, conductivity, architectural structure, stability, and functional
backbones—thin films are widely utilized in optoelectronics, thin-film coatings, solar cells, energy storage devices,
semiconductors, and separation applications. However, for all these applications, thin films must be securely
attached to specific substrates, and substrate compatibility with both the thin film and the film-growth process is
crucial for optimal performance. In this review, we emphasize the significance of growing thin films, particularly
covalent organic framework (COF) thin films, on suitable substrates tailored for various applications. For
separation technologies, polymer thin films are commonly fabricated on porous polymeric or metal-based
membranes. In contrast, thin films of metals and metal oxides are typically deposited on conducting substrates,
serving as current collectors for energy storage devices. Semiconductor thin films, on the other hand, are often
grown on silicon or glass substrates for transistor applications. Emerging COF thin films, with their tunable
properties, well-defined pore channels, and versatile functional backbones, have demonstrated exceptional
potential in separation, energy storage, and electronic and optoelectronic applications. However, the interplay
between COF thin films and the substrates, as well as the compatibilty of growth conditions, remains
underexplored. Studies investigating COF thin film growth on substrates such as metals, metal oxides, glass,
silicon, polymers, ITO, and FTO have provided insights into substrate properties that promote superior film
growth. The quality of the film formed on these substrates significantly influences performance in applications.
Additionally, we discuss the stabilization of biological substrates, like peptide-based biomimetic catalysts and
enzymes, which often suffer from instability in non-aqueous environments, limiting their industrial use. Growing
COF membranes on these biological substrates can enhance their stability under harsh conditions. We also
highlight techniques for growing COF membranes on biological substrates, ensuring the preservation of their
structural integrity and functional properties.
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1. Introduction

Thin films known for their exceptional functional diversity,
including polymers, metals, metal oxides, organic and metal-
organic materials, are extensively used in electronics, opto-
electronics, electrochemical devices, and separation applica-
tions."™® Covalent organic framework (COF) thin films repre-
sent an exciting advancement in thin film technology, exhibit-
ing remarkable versatility and high-performance potential
across diverse industrial sectors."®'® These films are character-
ized by their high crystallinity, tunable pore sizes, and custo-
mizable functional groups, which distinguish them from
conventional thin films.’” " The unique structures of COF thin
films set them apart from traditional thin films made from
polymers, organic molecules, metals, and metal oxides
(Fig. 1(a) and (b)). Their distinct crystalline architecture and
modular design enable precise control over pore channels,
redox-active sites, conductive pathways, and catalytic centres,
making them well-suited for targeted applications such as
selective ion transport, molecular sieving, electronic devices,
and energy storage systems.>**!

In any thin film-related applications, integration of the film
with a suitable substrate is crucial.>*>* Substrates provide
essential structural support, preserve film integrity, enhance
electron and mass transport, and stabilize performance under
various operating conditions. The interaction between the film
and substrate influences the crystallization and self-assembly
of crystallites during film growth, affecting critical performance
metrics, such as mechanical strength and operational
durability.>*’ This is particularly vital for direct film growth,
as it reduces macroscopic defects and improves adhesion,
enhancing film functionality and operational durability. Var-
ious synthetic techniques, including drop casting, spin coating,
vapor deposition, solvothermal, atomic layer deposition and
electrochemical deposition, have been employed to grow COF
films on substrates (Fig. 1(c)).>®?*° Substrates are chosen based
on their properties such as porosity, conductivity, magnetic
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properties, wettability and surface functionalities as well as
their stability under growth conditions. Common substrates
include polymers, metals, metal oxides, carbon-based materi-
als, silicon wafers, and glass. Furthermore, techniques like
interfacial crystallization enable COF thin film growth at
liquid-liquid or liquid-air interfaces. However, transferring
such thin films to substrates often leads to cracks and defects,
limiting their practical usability. As a result, the direct growth
of COF films on appropriate substrates has become a preferred
approach over traditional film transfer methods, which often
introduce micro-cracks, result in poor adherence, and reduce
overall film quality. Therefore, it is crucial to ensure the
substrate compatibility of a thin film and also an optimal film
growth process tailored to the desired substrate.

This review explores recent advancements in COF thin film
growth directly on various substrates, focusing on how sub-
strate-film interactions, synthesis techniques, and substrate
selection contribute to producing high-quality, durable films. It
also discusses the use of COF thin films on biological
substrates.*** By cladding COF films on biocatalysts such as
enzymes, we can overcome the stability challenges these biolo-
gical materials face in non-aqueous environments. This inno-
vation expands the operational stability of biocatalysts, opening
up new possibilities for stable, functional biocatalytic systems
in industrial settings. We aim to demonstrate how COF thin
films can potentially transform industrial applications, offering
customized solutions that address the functional requirements
of next-generation technologies.

2. Thin films grown on substrates

This review focuses on the synthesis and applications of COF
thin films grown on or adhered to various substrates. High-
lighting the importance of substrate compatibility and growth
processes, we focus on the applications of COF thin films on
various substrates, and the advantages and disadvantages of
different synthesis methods. Although numerous methods exist
for synthesizing COF thin films on substrates challenges per-
sist, including suboptimal film quality, limited material diver-
sity, and complex experimental setups. This review aims to
provide insights into synthesis techniques for COF thin films
on substrates to achieve optimal performance.

2.1 Primary applications of various thin films on substrates

Polymer thin films are grown on different substrates to serve a
variety of applications, including membrane separation, elec-
tronic and optoelectronic devices, packaging, electrochemical
devices and protective coatings.**™*° Polyamide thin films, for
instance, are often fabricated on microporous substrates such
as polyethersulfone and polytetrafluoroethylene (PTFE) for
separation applications (Fig. 2(a)).>**"**> Organic thin-film
transistors (OTFTs) frequently utilize polythiophene-based
polymers, where thin polythiophene layers are deposited on
silicon wafers and glass substrates to create the active semi-
conductor layer for transistor applications.**** This approach
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(a) Growth of COF thin films on substrates:
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for thin film fabrication. (c) General techniques of thin film synthesis.

highlights the adaptability of polymer thin films across a
spectrum of substrates, enabling advancements in electronics,
environmental protection, and energy storage solutions.
Metals and metal oxides are deposited as thin films to form
the active functional layers in energy storage systems, electro-
nic devices, optoelectronic devices, and fuel cells as catalyst
layers.*®”>® Commonly used materials for these applications
include lithium, zinc, nickel, platinum, lithium cobalt oxides—
(LiCo0,), lithium manganese oxides—(LiMn,0,), LiFePO,, and
LiNiPO,, and zinc oxide (ZnO) typically deposited as thin films
onto diverse substrates.’* *® Since the commercialization of Li

3580 | Chem. Soc. Rev., 2025, 54, 3578-3598
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(a) Schematic representation of synthesis of covalent organic frameworks (COFs) and their thin-films on substrates. (b) Commonly used materials

batteries, lithium cobalt oxide, with a theoretical capacity of
274 mA h g™, has long been a popular cathode material in
energy storage devices, particularly lithium-ion batteries
(Fig. 2(b)).**’® Methods like vapor deposition, atomic layer
deposition, and electrodeposition are often employed for these
coatings, primarily on copper and aluminium foils. The vapor
deposition technique is versatile for growing uniform thin
films with good adhesion with substrates. However, this
method is often limited to types of substrates. Atomic layer
deposition and electrodeposition can be performed at lower
temperatures with good control over film thickness. These

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The applications of various thin films. Applications of (a) polymer thin films in membrane separation, (b) metal and metal oxide films in energy
storage applications, (c) organic molecules in transistor applications and (d) COFs in membrane separation.

methods are also limited to materials compatibility. The selec-
tion of deposition techniques mostly depends on the stability
and properties of the materials and the substrates.

Organic molecules are extensively applied in thin film
synthesis for applications in electronic and energy storage
devices. Organic molecules are widely utilized in organic field
effect transistors because of efficient charge carrier mobility
and desired semiconducting properties.”"”> Pentacene, a well-
known organic molecule, is widely used to fabricate OFETs
(Fig. 2(c)).”® These small molecules are typically deposited as
thin films on substrates like SiO, and glass through spin
coating, which provides a uniform layer essential for electronic
and optoelectronic applications. Redox-active organic mole-
cules are also deposited as thin films to fabricate the electrodes
in batteries.”*7®

This journal is © The Royal Society of Chemistry 2025

2.2 COF thin films on substrates

Current research efforts are increasingly focused on the
sustainable development of metal-free active materials for
various applications. Researchers have made significant
advances in creating metal-free systems, such as organocata-
lysts and organophotocatalysts, as well as small and complex
molecules for energy storage and optoelectronics. Among these
materials, crystalline polymers stand out due to their unique
properties conferred by crystallinity, often resulting in novel
functions.””””® COFs comprise symmetric organic linkers
covalently connected to form extended two-dimensional (2D)
or three-dimensional (3D) structures, adopting various geome-
tries including hexagonal, tetragonal, rhombic, kagome, and
triangular arrangements.?*"®> The physicochemical properties,
catalytic activities, and morphologies of COFs are further tuned

Chem. Soc. Rev,, 2025, 54, 3578-3598 | 3581
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by selecting appropriate linkers, synthesis methods, and post-
synthesis modifications. Interestingly, many such applications,
including separation and energy storage, specifically require porous
crystalline films (Fig. 2(d)). The insolubility and limited processa-
bility of bulk COF powders present significant obstacles to
membrane fabrication, restricting their practical use.”® For
instance, anthraquinone-based COF powder blended with carbon
black demonstrated improved electrode performance; however,
calculations revealed that only 2.5% of the anthraquinone moieties
were electrochemically accessible due to the random orientation of
the COF powder.*® Consequently, crystalline and oriented COF thin
films have emerged as highly promising materials, offering tunable
properties suitable for practical applications.

View Article Online

Review Article

The synthesis technique is crucial for producing high-
quality COF thin films, as it directly impacts their properties
and performance.®” > The growth and assembly of COF crystal-
lites depend heavily on the chosen method (Fig. 3(a)). Unlike
polymer thin films, which often exhibit random orientations,
COF thin films have well-defined pore channels with adjustable
pore diameters (Fig. 3(b)). This tunability enables molecular
sieving, allowing for the selective separation of molecules based
on size.”*™®° Furthermore, COF thin films can exhibit different
pore structures, depending on their geometric configura-
tion—whether tetragonal, hexagonal, kagome, rhombic, or
trigonal—which can be tailored for specific separation and
other applications (Fig. 3(c) and (d)). Typically, COF thin films

(a) Fabrication of COF thin films:
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Fig. 3 Schematic representation of (a) thin film fabrication using organic linkers and (b) advantages of COF thin films over polymer thin films. (c) Chem-
draw structures of COFs with different pore diameters. (d) Chem-draw structures of COFs with various types of pores.
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possess semiconducting properties, with band gaps ranging
from 0.5 eV to 2.8 eV. The band gap can be easily adjusted to
meet the requirements of various applications by modifying the
functional backbone structures.'®®% This level of control over
structural and electronic properties positions COF thin films as
versatile and valuable materials for a wide array of technologi-
cal advancements.

2.2.1 Selection of substrates. Quality of film growth is
mostly affected by the growth conditions and properties of
the substrates. In addition, the optimal film growth eventually
improves the performances in thin film applications.

To examine the growth of COF films on substrates, we
utilized residual crystallization processes to synthesize COF
thin films (TpAzo and TpDPP) on several substrates with
different wettabilities (ITO, FTO, borosilicate glass, silicon
wafer, metallic copper and polytetrafluoroethylene).>® Under
the same reaction conditions for all substrates, we observed a
superior film growth of TpAzo and TpDPP COFs on a glass
substrate. Crystallinity and porosity of the thin films grown on
hydrophilic substrates are much better than the thin films
grown on hydrophobic substrates. We anticipate that the
hydrophilic amine and aldehyde functional groups on the
crystallite surface favour the assembly and crystallization on
hydrophilic surfaces (like glass) during the reaction. Therefore,
it is crucial to realize the nature of substrates and COF crystal-
lites to obtain the optimal film growth on substrates. Moreover,
it is well known that the crystallinity and porosity are the
important parameters for the performances in membrane-
based applications. A B-ketoenamine-based crystalline COF
(TFP-DHEF) thin film was fabricated on a porous anodic alumi-
num oxide substrate, which exhibited improved organic solvent
permeability by 100 times compared to the amorphous
membrane synthesized by the same process.'®* This suggests
that the crystallinity plays an important role in separation
applications. Therefore, the substrate selection is crucial as it
greatly influences the crystallinity, porosity, and, eventually, the
performance of the thin films. Furthermore, the substrates are
often modified by introducing several functionalized molecules
to react with the precursor molecules and then drive the
crystallization for a better-quality film growth. For example,
aldehyde-modified and dual-amino-modified Al,O; supports
have been used to grow ACOF-1 and COF-LZU1-ACOF-1 compo-
site membranes for improved gas separation efficiency." %>

Stability of substrates is another important parameter to be
considered under the film growth conditions. Fragile sub-
strates especially biological substrates are not stable under
harsh reaction conditions like solvothermal and other methods
involving high temperature and organic solvents. For such
fragile substrates, it is highly desirable to design the reaction
system associated with aqueous media. For example, we devel-
oped a cladding technique to grow a COF layer on peptide-
based biomimetic catalysts.”” During the reaction we take the
biomimetic catalysts in the water layer to preserve their struc-
ture and activity.

2.2.2 Fabrication of COF thin films on different substrates.
Direct growth ensures stronger adhesion between the COF thin

This journal is © The Royal Society of Chemistry 2025
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film and the substrate, which enhances charge carrier mobility
at the film-substrate interface in electronic devices and
improves efficiency in separation applications. Understanding
the mechanisms of film growth and the interactions between
COF crystallites and substrates is crucial for optimizing sub-
strate compatibility and achieving high-quality film deposition
(Fig. 4(a)). COF thin films have been successfully grown on a
range of substrates, including graphene-based surfaces, glass,
metals, metal oxides, and polymers, using various synthesis
techniques. The solvothermal method was first employed to
synthesize COF thin films on single-layer graphene (SLG)
attached to supporting substrates, such as SLG/Cu, SLG/SIC,
and SLG/SiO, (Fig. 4(b)).’°”'°® This approach enabled the
synthesis of COF-5, TP, and NiPc-PBBA COF thin films on the
substrates with vertical alignment. Different film thicknesses of
COF-5 on the substrates, 195 &+ 20 nm (30 min film growth on
SLG/Cu), 94 = 5 nm (2 h film growth on SLG/SiO,) and 73 +
3 nm (8 h film growth on SLG/SiC), suggest that the COF
nucleation and film growth are highly susceptible to the nature
of substrates.

While the solvothermal method facilitates easy film synth-
esis on various supports, it often leads to issues like bulk
powder contamination and inhomogeneous film growth. To
address these challenges, various techniques have been
employed for COF thin film synthesis. The vapor-assisted
conversion process, used to grow BDT-COF, COF-5, and
pyrene-COF thin films at room temperature (Fig. 4(c)), involves
drop-casting dissolved precursor solutions onto a glass sub-
strate and placing it in a desiccator with an open solvent vial
containing mesitylene and dioxane. This method produces
thick films ranging from 300 nm to 7.5 um after 72 hours of
crystallization, which is beneficial for substrates unable to
endure the harsh conditions of solvothermal synthesis."*®
However, achieving thin films using this approach remains
challenging and restricts specific applications. Electrophoretic
deposition is another technique for fabricating COF films and
coatings on conducting surfaces (Fig. 4(d)). Using this method,
COF-5, COF-300, and BDT-ETTA COFs with different functional
groups (imine and boronate ester bonds) are synthesized on
metal and metal oxide substrates. Electrodes are immersed in
nanoparticle suspensions of bulk COFs, with an applied bias
ranging from 100 to 900 V cm ™. This technique enables rapid,
large-area film growth (up to 25 cm?) within just 2 minutes,
with thicknesses varying from 400 nm to 24 um. The film
thickness can be precisely controlled by adjusting parameters
such as electrode potential, deposition time, and particle
concentration."’

Despite the advantages of quick and extensive film growth,
the requirement for high voltage is a limitation.

Another well-known COF thin film fabrication method is the
direct solvent evaporation of a COF solution or slurry (Fig. 4(e)).
Preparing a highly processable COF particle solution is essen-
tial to ensure film quality. This method involves creating stable
colloidal suspensions of COF-5 using co-solvents, achieving a
stable suspension that remains homogeneous for weeks with-
out precipitation, even when cooled. Solvent evaporation of the

Chem. Soc. Rev., 2025, 54, 3578-3598 | 3583
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Fig. 4 Schematic representation of (a) the growth mechanism on supports, (b) solvothermal synthesis of COF thin films on single layer graphene,
(c) vapour assisted synthesis on a glass substrate, (d) electrophoretic deposition on conducting supports, (e) solvent evaporation technique for film
synthesis on a glass support. Fig. 4(a) is adapted from ref. 24 with permission from the Royal Society of Chemistry, Copyright 2017.

COF-5 colloidal solution at 90 °C results in film growth on
glass substrates, producing films with thicknesses exceeding
10 um.'** However, this method requires the substrate to be
compatible with the conditions of colloidal synthesis, under-
scoring the importance of substrate selection.

A modified solvothermal approach was utilized to synthesize
crystalline, oriented thin films on an Au-working electrode,
while the conventional solvothermal process provided only
nondiffracting thin films (Fig. 5(a))."** This method provides
excellent improvement in capacitance when thin films are used

3584 | Chem. Soc. Rev, 2025, 54, 3578-3598

as electrode materials compared to the randomly oriented
powdered COFs. Slow addition of a trialdehyde precursor
solution (TFP in DMF) into the diamine (DAAQ) solution of
DMF at 90 °C was performed to avoid the rapid crystallization
and produce a crystalline, oriented DAAQ-TFP thin film on an
Au-substrate. Such oriented thin film growth on the Au elec-
trode helped in accessing the large percentage of redox-active
functional groups electrochemically, providing an areal capaci-
tance of 3.0 mF cm ™2 In contrast, the COF powder-modified
electrodes showed only 0.4 mF cm 2. Such research findings of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Synthesis of COF films on substrates by (a) a modified solvothermal approach, (b) drop casting and slow crystallization processes and
(c) unidirectional diffusion. Fig. 5(a) is reproduced with permission from ref. 112; Copyright 2015, American Chemical Society. Fig. 5(b) is reproduced
with permission from ref. 113; Copyright 2018, Wiley. Fig. 5(c) is reproduced with permission from ref. 114; Copyright 2019, Elsevier.

oriented film growth on relevant substrates and improved
capacitance could be potentially applicable in optoelectronics
and energy storage devices.

Furthermore, we reported a strategic synthesis approach to
fabricate self-standing and highly flexible covalent organic
framework membranes (COFMs) with superior proton conduc-
tivity (Fig. 5(b))."** This slow crystallization approach involves
the reactions of amine-p-toluene sulfonic acid (PTSA-H,0) salt

This journal is © The Royal Society of Chemistry 2025

with a trialdehyde to synthesize three COF membranes, fol-
lowed by the impregnation of PTSA-H,O as a proton carrier
within the COFM pore. In brief, the diamines are homoge-
neously mixed with PTSA-H,0O and subsequently, the trialde-
hyde (Tp) was mixed. Then water was added to prepare a
viscous slurry, which was cast into the molds of a glass
substrate, followed by slow baking at 50-90 °C for 3-4 days.
The impregnation of PTSA-H,O within the COFM pore provides
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three COFMs PTSA@TpBD(Me),, PTSA@TpAzo and PTSA@TpBpy.
The COFMs prepared by this method showed the highest reported
proton conductivity amongst all porous crystalline polymeric mate-
rials. The membranes are operated under fuel cell proton exchange
membrane operating conditions to confirm their practical
utilization.

Unidirectional diffusion synthesis (UDS) is another techni-
que to grow a COF layer on substrates at a liquid-liquid inter-
face (Fig. 5(c))."** The TpPa COF was grown on a polyvinylidene
fluoride (PVDF) substrate at room temperature to prepare a
COF-based composite membrane for efficient dye separation
and water permeance. Immiscible solutions of an aldehyde (Tp)
in hexane and an amine (Pa) in water were separately intro-
duced into two sides of a diffusion cell. The Pa molecules pass
through the PVDF membrane to react with the Tp aldehyde
molecules at the interface, producing the TpPa COF layer on
the PVDF substrate within 24 h of reaction. The composite
membrane is highly efficient in dye separation. These techni-
ques illustrate the versatility and challenges in fabricating COF
thin films, highlighting the need for continued optimization to
achieve high-quality, application-specific films.

2.2.3 Pristine films transferred onto substrates. COF thin
films are typically synthesized through various interfacial
crystallization processes conducted under ambient conditions,
followed by their transfer to desired substrates for practical
applications (Fig. 6(a)). Transferring these films requires meti-
culous handling to preserve their structural integrity, prevent
crack formation, and ensure a strong attachment to the sub-
strate. Several techniques have been reported for synthesizing
COF thin films and their subsequent transfer onto different
substrates. Interfacial polymerization, a well-established
method for producing polymer thin films like polyamides
and polyesters, has been effectively adapted to fabricate COF
thin films."**™*® Two primary types of interfacial crystallization
are commonly used: liquid/liquid and liquid/air. Our research
group has developed a liquid/liquid interfacial crystallization
approach to synthesize COF thin films, such as Tp-Bpy, Tp-Azo,
Tp-Ttba, and Tp-Tta, at a dichloromethane/water interface at
room temperature (Fig. 6(b))."*° In this method, amines from
the aqueous layer diffuse into the dichloromethane layer con-
taining the aldehyde, forming COF films at the interface. These
thin films can be transferred onto various substrates, including
polymer membranes, metallic wires, holey grids, and glass
surfaces while maintaining their structural integrity. Films with
larger pore diameters, like Tp-Bpy and Tp-Azo, were sand-
wiched between two macroporous polyester supports for mole-
cular separation, utilizing optimized thicknesses of 2.1 um and
5.3 pum, respectively.

Additionally, we have reported the synthesis of pristine COF
thin films from covalent organic nanosheets (CONs), which
are obtained by chemically exfoliating a 2D COF (DaTp)."*!
This process involves attaching N-hexylmaleimide molecules to
the 9- and 10-positions of anthracene units in DaTp COF
through a [4+2] cycloaddition reaction. The incorporation of
N-hexylmaleimide disrupts the n-m interactions and the pla-
narity of the COF layers, resulting in exfoliation and the

3586 | Chem. Soc. Rev,, 2025, 54, 3578-3598
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formation of CONs. These exfoliated CONs are then assembled
into pristine DaTp-CON thin films at an air/water interface
(Fig. 6(c)), which can be transferred to substrates like silicon
wafers, glass slides, or even loops. Furthermore, photon-
assisted synthesis has been utilized to create polyimine-based
2D COF thin films (pi-COF) on a water surface via Schiff-base
condensation of terephthalaldehyde (PDA) and 1,3,5-tris(4-
aminophenyl)-benzene (TAPB) (Fig. 6(d))."””>'** This method
allows for the rapid (approximately 1 hour) and scalable synth-
esis of pi-COF films, with diameters of up to ~4 inches and
precise control over the number of layers. The resulting films
can be transferred to substrates such as silicon oxide, silicon,
quartz, and mica, making them suitable for applications in
field-effect transistors, sensors, and photodetector devices.

Surfactant-monolayer-assisted synthesis is another reported
method for creating a few layers of crystalline polymer thin films
on water surfaces at room temperature (Fig. 6(e)).">> Surfactant
monolayers, such as sodium (9Z)-octadec-9-en-1-yl sulfate, guide
the arrangement and polymerization of monomers, forming
2D polyimide (2DPI) films. These films are synthesized by the
condensation of isochromeno[4’,5',6:6,5,10]anthra[2,1,9-defliso-
chromene-1,3,8,10-tetrone and 4,4’,4"",4""'{porphyrin-5,10,15,20-
tetrayl)tetraaniline. The resulting thin films, with thicknesses of
around 2 nm, can be transferred to substrates such as SiO,/Si and
holey copper grids for characterization. This suite of synthesis and
transfer techniques underscore the versatility and adaptability of
COF thin films, paving the way for their integration into a range of
advanced applications.

2.2.4 Benefits and drawbacks of the synthesis methods.
Interfacial crystallization processes can be conducted under
ambient conditions, enabling the straightforward synthesis of
free-standing thin films. However, these pristine films often
need to be transferred onto various substrates for practical
applications while maintaining their structural integrity and
ensuring strong attachment to the supports (Fig. 7(a)). Achiev-
ing a robust film-substrate attachment and film integrity is
challenging yet essential for fabricating electronic, electroche-
mical, and separation devices (Fig. 7(b)). In situ crystallization
and the organized assembly of COF crystallites directly onto
substrates are crucial to ensure optimal performance in such
applications. Achieving high crystallinity, uniform film growth,
and a smooth surface requires precise control over the reaction
rate. This level of control is challenging in interfacial crystal-
lization processes, where reactions occur rapidly at the inter-
face. Controlling crystallization, managing film thickness, and
transferring sub-10 nm COF thin films remain significant
challenges when using interfacial methods. Furthermore, exist-
ing techniques for direct film growth on substrates often result
in issues such as the deposition of bulk COF powders, inho-
mogeneous film coverage, rough surfaces, and inconsistent
thickness.

The solvothermal process is the most effective approach for
film growth on substrates. The simple and straightforward
method is versatile for growing different types of thin films
on various substrates. However, the method still suffers the
prevailing challenge of thin film contamination with bulk

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Schematic representation of (a) transferring films onto supports, (b) interfacial synthesis of COF thin films then transferred to a polyester substrate,
(c) synthesis of pristine COF films from CONs, (d) synthesis of pristine COF films at a liquid—air interface, and (e) surfactant assisted synthesis of crystalline
polymer thin films. Fig. 6(b) is adapted with permission from ref. 26, Copyright 2021, American Chemical Society. Fig. 6(d) is adapted with permission from

ref. 120, Copyright 2018, American Chemical Society.

powder as the method is dedicated to powdered COF synthesis.
Furthermore, the vapor-assisted synthesis, solvent evaporation,
and various solution casting methods are beneficial for thicker
film synthesis and user-friendly, but the limitations of thinner
and smooth film synthesis are yet to overcome. Rapid film
synthesis by electrophoretic deposition demands the use of very
high voltage (up to 900 V) and also this method is limited to
conducting substrates.

This journal is © The Royal Society of Chemistry 2025

Various modified approaches of the solvothermal process
have been utilized to grow COF thin films on substrates and to
avoid bulk powder contamination. For example, the synthesis
of redox active DAQ-TFP oriented COF films involves a modified
solvothermal approach using slow addition of one precursor
solution to another.'"” This method produces oriented and
crystalline COF films to access more redox active functional
groups for enhanced areal capacitance over the randomly
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Fig. 7 Schematic representation of (a) COF thin film fabrication, (b) pristine COF film synthesis and the associated difficulties, and (c) COF thin film

synthesis on substrates by residual crystallization.

oriented COF powder. However, it is difficult to completely
avoid film contamination with powder using such a direct
precursor mixing approach.

Furthermore, film thickness is also critical for applications
in membrane separation and electronic devices. Thinner films
can provide higher solvent flux, enhance separation perfor-
mance, and increase conductivity. However, an optimal thick-
ness is necessary to maintain the film’s mechanical strength
and uniformity. Thus, there is a pressing need to develop
protocols for synthesizing high-quality thin films on various
substrates, with stringent control over crystallization and thick-
ness. We developed a unique concomitant crystallization meth-
odology to address these challenges to synthesize large-area,
continuous, and crack-free COF thin films on different sup-
ports. Our approach combines the benefits of interfacial
crystallization and modified solvothermal synthesis, utilizing
the interfacial crystallization process to initiate and regulate
crystallization in a new method we call residual crystallization

3588 | Chem. Soc. Rev,, 2025, 54, 3578-3598

(Fig. 7(c)). Conventional methods like solvothermal processes
often lead to uncontrolled precursor mixing and precipitation
without the interfacial crystallization component. However, the
residual crystallization (RC) method enables the formation of
smooth, homogeneous, and crack-free COF thin films with
high crystallinity and permanent porosity on various sub-
strates. Additionally, this method facilitates the fabrication of
large-area sub-10 nm thin films.

It is crucial to incorporate these powders into other pro-
cesses during film formation to prevent contamination from
bulk COF powders. Our residual crystallization process effec-
tively grows COF thin films on substrates with varying wett-
ability, including metals, metal oxides, glass, silicon, ITO, and
FTO. We observed superior film quality, particularly on hydro-
philic substrates, with enhanced crystallinity and porosity for
specific COFs. This advancement underscores the importance
of substrate compatibility and precise control in synthesizing
high-performance COF thin films (Table 1).

This journal is © The Royal Society of Chemistry 2025
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2.2.5 Applications of COF films on different substrates.
Fabricating COF thin films directly on specific substrates is
essential for many practical applications. Films must be grown
on current collectors for energy storage devices, while separa-
tion applications require thin films attached to porous suppor-
tive membranes. Additionally, the fabrication of thin-film
transistors and other electronic devices relies on the deposition
of films on glass or silicon-based substrates.

Renewable energy sources and storage devices are critical for
sustaining modern society’s technological demands. COF thin
films, with their customizable redox-active functional groups
and controlled thickness, have shown promise as electrode
materials in energy storage devices like lithium-ion batteries,
zinc-ion batteries, and supercapacitors. Quinone-based sys-
tems, such as those incorporating anthraquinone and hydro-
quinone units, have attracted significant interest. For example,
an anthraquinone-based COF (DAAQ-ECOF) was mixed with
conductive carbon black and a polyvinylidene fluoride binder
in N-methyl-2-pyrrolidinone and drop-cast onto an alumina
plate to form a cathode for lithium-ion batteries. Exfoliating
the DAAQ COF to 3-5 nm thickness reduced the lithium-ion
diffusion length, improving charge transfer and overall energy
storage performance."” Hydroquinone-based COFs, such as
HqTp COF, have also been used as cathodes for rechargeable
aqueous zinc-ion batteries, where they are combined with
conducting carbon nanofibers and a Nafion binder and coated
onto modified carbon fiber paper (Fig. 8(a))."**

COF thin films also act as separators in energy storage
devices, using their ordered pore channels to block undesired
molecules while allowing necessary ion transport. In sodium-
sulfur (Na-S) batteries, azobenzene-functionalized COF films
with dual-purpose narrow pores inhibit the polysulfide
shuttle effect and provide sites for sodium ion migration,
thereby extending the battery’s lifespan and boosting capacity
(Fig. 8(b))."*”

Furthermore, anthraquinone-based COFs have been
employed as electrode materials for capacitors. DAAQ-BTA
COF films were synthesized on 3D graphene using interfacial
polymerization and subsequently attached to nickel foam as
current collectors for electrochemical analysis."”® We synthe-
sized a redox active TpOMe-DAQ COF having an interlayer
hydrogen bonding structure as a free-standing supercapacitor
electrode material (Fig. 8(c)).'*® The pristine COF membrane
exhibited an excellent areal capacitance of 1600 mF cm > with
very high cycling stability of more than 10000 cycles. The
expected energy storage mechanism is attributed to both EDLC
and pseudocapacitance due to its high porosity and redox
active groups present in the backbone.

Li-metal and aqueous Zn-ion batteries face challenges such
as dendrite growth, unstable solid-electrolyte interfaces (SEI),
and electrolyte corrosion, leading to poor reversibility
(Fig. 8(d)). COF thin films serve as effective protective layers,
suppressing dendrite formation and minimizing undesirable
reactions on metal anodes."* Due to their high mechanical
strength, ordered pore channels, and controlled thickness, COF
thin films facilitate ion transport while preventing dendrite

This journal is © The Royal Society of Chemistry 2025
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(b) COF thin film as active separators in battery:
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Fig. 8 Schematic representation of (a) a Zn-ion battery with a deposited COF layer as a cathode, (b) COF thin film as a separator in a battery, (c) COF
membrane as a supercapacitor electrode material, (d) COF thin film as a protection layer for metal anodes in batteries, (e) flexible COF membranes for
fuel cell applications and (f) field effect transistor with COF film as an active semiconducting layer. Fig. 8(c) is reproduced with permission from ref. 126;
Copyright 2018, American Chemical Society. Fig. 8(e) is reproduced with permission from ref. 113; Copyright 2018, Wiley.

growth. For example, ultrathin fluorinated FCOF films have
been used to protect zinc surfaces, improving corrosion resis-
tance and enhancing ion transport through fluorine-containing
pore channels.

Proton exchange membrane (PEM) fuel cells are a promising
platform for clean power generation especially in transporta-
tion power systems. COFs with high proton conductivity, excep-
tional stability and desired functional groups have become the
potential materials as proton exchange membranes in fuel
cells. We have developed a synthetic strategy to prepare various

This journal is © The Royal Society of Chemistry 2025

self-standing and flexible COF membranes (COFMs) with
impregnated p-toluene sulfonic acid (PTSA-H,O) as a proton
carrier within COFM pores (Fig. 8(e))."® The COFMs
exhibited highest proton conductivity of 7.8 x 107> S cm™*
compared to all other porous crystalline organic materials.
Moreover, we tested their practical utilization under real PEM
operating conditions and achieved the highest power density of
24 mW cm~> amongst COFs and MOFs.

Field-effect transistors (FETs) are fundamental components
of modern electronics, including amplifiers, sensors, memory

Chem. Soc. Rev,, 2025, 54, 3578-3598 | 3591
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chips, and more. Smooth and homogeneous COF thin films are
crucial for effective electronic connectivity between the sub-
strate and the semiconductor layer. The polyTB COF thin
film, with its imine-based conjugated structure, has demon-
strated effectiveness as an active semiconducting layer in FETs
(Fig. 8(f)). Previously reported boronate ester-based COFs,
which require an edge-on orientation for charge transport,
often pose fabrication challenges. In contrast, the polyTB
COF thin film features in-plane charge transport with a highly
smooth surface (an average roughness of 0.2 nm) and reduced
thickness (1.8-29 nm), making it a strong candidate for semi-
conductor applications.”*® This film, synthesized at the
solution/air interface, can be transferred onto silicon substrates
for device fabrication.

COFs have been utilized as multifunctional materials for
separation applications due to their intrinsic porous, crystalline
structures with tunable pore size and structure, large surface
area, tailored functionality and low density. COFs are not only
utilized as continuous membranes but also as thin film nano-
composite and mixed matrix membranes. Randomly oriented
amorphous polymer membranes lack ordered pore channels,
uniform pore sizes and porosity, which creates difficulties
in achieving high selectivity. The COF-based membranes
are designed considering some crucial factors such as pore
size, surface charge, wettability and stability for separation
applications.

Gas separation is a promising application of COF-based
membranes owing to their intrinsic porosity, high
stability, and low transport resistance and adjustable pore size.
A highly stable azine linked ACOF-1 membrane was grown
on an aldehyde-modified Al,O; support for CO,/CH, gas
separation.’®® The continuous COF membrane, with a narrow
pore size of 0.94 nm, exhibits a high selectivity of 86.3 with a
reasonable CO, permeance of 9.9 x 10°° mol > s™" Pa~". The
overall performance also exceeds the CO,/CH, Robeson upper
bound. The excellent performance is attributed to the high CO,
adsorption capacity and very narrow pore diameter of the COF
(Fig. 9(a)).

Furthermore, to overcome the difficulties in synthesizing
COF membranes with a very narrow pore aperture close to the
size of gas molecules, a bilayer COF membrane (COF-LZU1-
ACOF-1) was synthesized on a dual-amino-functionalized Al,O;
substrate for H, separation from other gases.'’® A temperature-
swing solvothermal process was utilized to grow the imine-
based COF-LZU1 and ACOF-1 layers on the porous alumina
substrate. The interlaced pore size of the COF-COF composite
membrane (pore sizes of ~1.8 nm for COF-LZU1 and
~0.94 nm for ACOF1) is expected to be in the range of kinetic
diameter of common gas molecules. The bilayer COF
membrane exhibits a superior separation selectivity for H,/
CH,, H,/CO, and H,/N, gas mixtures compared to the indivi-
dual COF membranes. The high separation performances of
the COF-COF composite membrane exceed the Robeson upper
bounds for the gas mixtures.

Membrane separation is an energy efficient, environment-
friendly, and sustainable process producing for clean water.
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Desalination and waste-water recycling require COF mem-
branes with appropriate pore size, surface charge, and func-
tional backbones for nanofiltration of salts, dyes, and various
organic molecules.

Industrial wastewater is mostly contaminated with carcino-
genic and hazardous organic dyes, which are difficult to remove
because they are highly resistant to heat and light. To overcome
this issue, we developed the interfacial crystallization process
to synthesize COF thin films (Tp-Tta, TpTtba, TpBpy and Tp-
Azo) for separation of various dyes."*® The COF films showed
excellent dye rejection performances, with the Tp-Bpy film
showing 94% (BB, brilliant blue-G), 80% (CR, Congo red),
97% (AF, acid fuchsin), and 98% (RH, rhodamine B) and the
Tp-Azo film showing 90% (BB), 79% (CR), 99% (AF), and 99%
(RH). Furthermore, Tp-Bpy exhibits selective separation for AF
when subjected to a mixed feed of AF and p-nitrophenol (NP).
These highly stable -ketoenamine COFs demonstrate the dye
rejection efficiency over five cycles.

Technologies based on seawater desalination and waste-
water treatment demand membranes with high ion sieving
performance. A negatively charged COF-based composite nano-
filtration membrane (SCOF/PA) was synthesized with pendant
sulfonic acid groups on the COF backbone."*> The membrane,
with remarkable hydrophilicity and substantial negative zeta
potential (—57 mV), showed an excellent rejection of Na,SO,
(99.6%), a high single salt selectivity (NaCl/Na,SO,) of 178.5
and precise mono/divalent ion separation with a selectivity of
up to 312.6 for Cl /SO,>" (Fig. 9(b)).

In the pharmaceutical and chemical industries, organic
solvent nanofiltration (OSN) has gained significant attention
for solvent recycling and purification. Such applications neces-
sitate membranes with high stability and solvent resistance as
they are exposed to organic solvents. Therefore, the COFs with
B-ketoenamine, hydrazine and imine linkages are more
preferable.

A B-ketoenamine-based COF (TFP-DHF) thin film was fabri-
cated on a porous anodic aluminium oxide substrate using the
Langmuir-Blodgett (LB) technique.'®® The membrane showed
excellent permeabilities for polar and nonpolar organic sol-
vents because of the very low membrane thickness of the four-
unit-cell and the crystalline nature of the COF. The ordered
pore channels in the crystalline COF membrane improved the
permeability by 100 times compared to the amorphous membrane
synthesized by the same process. This suggests that the crystallinity
plays an important role in separation applications, which signifies
the practical use of COF-based membranes over polymeric mem-
branes. Furthermore, the membrane showed excellent dye rejection
ability with a molecular-weight-cut-off of approximately 900 Da.

Another COF (TpPa) was constructed as a separation layer by
interfacial polymerization on a polyimide (PI) substrate for
enhanced solvent transport and selective molecular sieving.
Excellent solvent resistance of the TpPa/PI membrane makes it
appropriate for separation and purification of organic solvents.
The membrane showed high performance in ethanol per-
meance (58.0 LMH/MPa), fast green FCF rejection (96.2%)
and n-hexane permeance (102.0 LMH/MPa)."*?

This journal is © The Royal Society of Chemistry 2025
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Another example describes the synthesis of TraHz and
TpaHz COF-based composite membranes by swift interfacial
polymerization on a polyacrylonitrile (PAN) substrate."*" The
highly stable membranes exhibit excellent separation perfor-
mance even at higher temperatures in polar aprotic solvents
(up to 80 °C). The membranes showed a molecular-weight cut-
off of ~650 g mol ' with an excellent dye rejection of more
than 98% for the Chicago blue and Congo red dyes in THF,
water, and ethanol. Also, the Rhodanile blue rejection is higher
than 98% in toluene with remarkable permeances of 47 and

This journal is © The Royal Society of Chemistry 2025

33 L m > h " bar ' for toluene using TraHz-30 and TpaHz-30,
respectively (Fig. 9(c)).

3. Future directions

Biocatalysts and biomimetic catalysts are known for their
remarkable efficiency and selectivity in performing various
organic transformations (Fig. 10(a)). However, their inherent
fragility in non-aqueous media significantly limits their

Chem. Soc. Rev., 2025, 54, 3578-3598 | 3593
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(c) cladding COF membranes on biocatalysts. Fig. 10(c) is adapted with permission from ref. 27; Copyright 2023, American Chemical Society.

industrial applicability. To address this challenge, researchers
have explored porous, inert matrices to encapsulate biocata-
lysts, which has allowed for some degree of stabilization during
reactions (Fig. 10(b)). Despite these advancements, such encap-
sulation methods—often based on noncovalent interac-
tions—suffer from leaching and poor recyclability under
operational conditions. A more sustainable and robust
approach involves cladding or armouring biocatalysts with
porous, crystalline membranes that feature well-defined pore
channels. Similar to how a cell membrane facilitates the
selective transport of molecules, ions, and metabolic products,
COF membranes with precisely structured pores can provide

3594 | Chem. Soc. Rev,, 2025, 54, 3578-3598

access to active sites for catalytic transformations while ensur-
ing stability. These well-defined pore channels allow organic
molecules to transit efficiently, thus preserving the catalytic
activity of the biocatalysts. We recently developed a novel
cladding technique to armour peptide-based biomimetic cata-
lysts with COF membranes, enabling them to perform retro-
aldol catalysis in various non-aqueous media, including
acetone, acetonitrile, and dichloromethane. This approach
demonstrates that COF cladding can offer structural protection
and functional access, effectively stabilizing biocatalysts in
environments where they typically degrade (Fig. 10(c)). We
believe this method can be extended to enzyme-based

This journal is © The Royal Society of Chemistry 2025
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biocatalysts, using noncovalent interactions to armour them with
COF membranes without compromising their structural integrity
and catalytic functions. Such COF cladding represents a significant
advancement in the field by stabilizing biocatalysts and preventing
leaching in non-aqueous media. The ability to grow COF mem-
branes directly on biological substrates holds immense potential
for enabling various organic transformations in both aqueous and
non-aqueous environments, thus broadening the industrial applic-
ability of biocatalysts.

4. Conclusions and overview

This review emphasizes the critical role of substrate compat-
ibility and innovative synthesis methods in successfully fabri-
cating and applying covalent organic framework (COF) thin
films. Directly growing COF thin films on suitable substrates is
essential to ensure structural integrity, optimal performance,
and strong film-substrate adhesion. The versatility of COF thin
films, with properties such as high crystallinity, tunable pore
sizes and customizable functional groups, has made them
invaluable for separation processes, energy storage, and elec-
tronic and optoelectronic device applications. We have high-
lighted various strategies for synthesizing COF thin films on
diverse substrates, including metals, metal oxides, glass, and
polymers, and discussed the benefits and challenges associated
with each method. This review also explores the critical para-
meters influencing film quality, such as reaction rate control,
film thickness, and substrate compatibility, which are pivotal
for advancing COF thin-film technologies. Moreover, develop-
ing a cladding technique to armour biocatalysts with COF
membranes marks a significant breakthrough. This approach
offers a sustainable solution to the instability of biocatalysts in
non-aqueous environments, ensuring robust performance and
preventing leaching while preserving the catalytic function. By
extending the COF cladding technique to biological substrates,
this method can revolutionize biocatalytic processes in both
aqueous and non-aqueous media. This review provides a com-
prehensive understanding of COF thin film fabrication, high-
lighting innovative strategies to enhance film quality and
functionality across various applications. The insights pre-
sented here pave the way for future research and development
in COF thin films, offering tailored solutions for next-
generation industrial and technological advancements.
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