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Covalent organic frameworks (COFs) are well known as the next generation of shape-persistent zeolite analogues, which have
brought new impetus to the development of porous organic materials as well as two-dimensional polymers. Since the advent
of COFs in 2005, many striking findings have definitely proven their great potentials expanding applications across energy,
environment and healthcare fields. With thorough exploration over a decade, research interest has been drawn on the scientific
challenges on chemistry, while making full play of COF values has remained far from satisfactory yet. Thus opening an avenue
to modulating COF assemblies on the multi-scale is no longer just an option, but a necessity for matching the application
requirements with enhanced performances. In this mini-review, we summarize the recent progress on design of nanoscale COFs
with varying forms. Detailed description is concentrated on the synthetic strategies of COF assemblies such as spheres, fibers,
tubes, coatings and films, thereby shedding light on the flexible manipulation over dimensions, compositions and morphologies.
Meanwhile, the advanced applications of nanoscale COFs have been discussed here with comparison of their bulky counterparts.
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1    Introduction

In addition to the well-known zeolites that are naturally
formed porous materials, significant progress has been
achieved in the artificial construction of micro/meso-pores in
functional polymers. Of varying members, covalent organic
frameworks (COFs), have attracted increasing attention as
they are deemed a next generation of shape-persistent zeolite
analogues [1]. Such organic materials constitute a family
of crystalline porous polymers, which are featured with
designable ordering structures, periodic pore channels, and
adaptable chemical functionalization, having thus been re-
sponsible for fantastic potentials in light harvesting/emission
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[2,3], sensing [4], semiconducting [5], photocatalysis [6],
proton conductivity [7,8], charge storage [9], and the like in
the environmental and energy fields. Also, different synthetic
strategies of COFs have well been documented with the aim
of development of versatile topological structures [10–16],
reaction types [17–22] and functional modules [23–31].
Although the COF-related researches have blossomed to
what it is today, the main challenges have remained on their
utilization because the performances of powdered COFs
have often been not satisfactory if without fine control over
the sizes and shapes as well as surface natures of COFs [32].
The tremendous attempts have been devoted to manage the
oriented and confined growth of COF microcrystals into
uniform and specific nanomaterials such as nanospheres,
nanofibers, nanosheets, and free-standing films. Up to date,
there has been lasting progress achieved on the dimensional
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manipulation of COFs benefiting their extended utilizations
of beyond the conventional fields as well as improved per-
formances.
In this mini-review, we implement a survey for generally

covering the substantial progress in recent years on the theme
of nanoscale COFs (NCOFs) with varying forms. Note that
summaries on design principles, synthetic chemistry, and
characterizations of COFs would not be discussed because
this part has been systematically described in the past reviews
[33]. Also, to focus on the specific topic, two-dimensional
polymers with a single-layer structure on substrates are
beyond the scope of this review on account of their structural
characters without typical COF stacking and periodic pore
channels [34].

2    Colloidal NCOFs
Miniaturization of bulky COFs in three dimensions with im-
proved solution properties is of significance to promote their
performances in sophisticated systems. Pioneering studies
on application of COF colloids have recently commenced
on the biomedical fields, such as bio-imaging, drug deliv-
ery, phototherapy and anti-bacteria. To adapt the physio-
logical conditions, they have been equipped with multiple
functions and modified for the usage effectiveness. How-
ever, preparation of COF nanospheres having both unifor-
mity and crystallinity remains largely challenged yet; only a
few publications have reported on this line thus so far. Zhao
and co-workers [35] incorporated triptycene into the vertices
of boronate ester-linked COFs in order to attenuate π-π in-
teraction between neighboring layers. Besides the few-layer
nanosheets observed, hollow nanospheres coexisted in the
products. The feeding concentrations of monomers decided
the relative amounts of nanosheets and nanospheres formed
in the reaction. The nanospheres were themajor product at in-
creased concentrations and grew up to micrometer level with
prolonging reaction time. The morphology and size of the
nanospheres were quite uniform, displaying a 200-nm diam-
eter and a hollow cavity with the mono- or few-layer-shell
thickness, but the long-range ordering structure was absent
within the COF nanospheres. The maximum BET surface ar-
eas reached as high as 973 m2/g due to the formation of the
amorphous covalent frameworks.
Then an important progress has been achieved by Banjener

group [32] with the aim of improvement of the crystallinity
of COF nanomaterials. They addressed a template-free
method to synthesize COF microcapsules by the Schiff-base
reaction of 1,3,5-tris(4-aminophenyl)benzene (Tab) and
2,5-dihydroxyterephthalaldehyde (Dha) under solvothermal
conditions (Figure 1(a)). The obtained COFs displayed
the hollow structure with a broad size distribution from
0.5 to 4 µm. In contrast to Zhao’s results [35], the high
crystallinity of COFs remained in the microcapsules because

the intramolecular hydrogen bonding between hydroxyl and
imine groups enhanced structural rigidity and planarity of the
frameworks for oriented stacking. Additionally, it was found
that the initially formed morphology was rod-like, which
could be assembled into different shapes such as nanorods
and solid particles. Afterwards, the assemblies were slowly
transformed into a hollow sphere by an inside-out Ostwald
ripening (Figure 1(b)). The systematic studies indicated that
the formation of such hollow shapes was dependent on the
reaction conditions including solvent species and reaction
temperatures, and the used method was adapted to some of
the other reported imine-linked COFs. Subsequently, they
varied the molecular conformations of building blocks for
modulating the morphologies of COFs [36]. The two nanos-
tructures, hollow sphere and ribbon, were observed, when
the designed frameworks were composed of the hexagonal
macrocycles with phenyl- or triazine-centered vertices, re-
spectively. In combination with the theoretical calculations,
π-π stacking interaction between the neighboring layers was
proved influential to the formed morphologies as well as the
surface areas. Compared with the phenyl-core structures, the
triazine units were more coplanar with the three phenyl rings
connected around the center. This leads to the favorable
stacking of adjacent COF layers and a large extension along
the Z direction to form a nanoribbon. In the other case, the
hollow spheres were obtained as a result of a morphological
evolution controlled by an inside-out Ostwald ripening.
As reported early, we found that the high qualities both

in crystallinity and colloidal properties were difficultly
achieved at the same time by using the typical solvothermal
system. To circumvent the issue, we proposed a disorder-
to-order interconversion strategy for controlled synthesis of
COF-based microspheres [37]. The process occurred on the
pre-designed microspheres that were formed by a seed-con-
trolled precipitation polymerization, resulting in a uniform
nanostructure with Fe3O4 nanocluster in core and amorphous
polyimine network in shell. Depending on the reversible
imine exchange, the polyimine shells were transformed into
imine-linked COF shell by the direct solvothermal treatment
of microspheres without change of the whole colloidal size,
shape and structure (Figure 2). This method also could
flexibly tune the thickness of COF shell and was adaptive
to different building blocks as well. The photothermal
conversion on COF shell was firstly reported to demonstrate
the potential capability of imine-COFs for phototherapy
applications. After that, Wang and co-workers [38] found
that imine-linked COFs could form an continuous shell on
the surface of NH2-modified silica microspheres by one-step
solvothermal method. Subsequent etching of silica cores
generated a hollow COF spheres. The morphology of COF
shells with different thicknesses were well remained, but the
crystallinity of COFs compromised to some extent likely due
to the acid-etching damage of the COF structure.
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Figure 1         (a) Synthesis of COF-DhaTab by the Schiff base reaction of Tab and Dha; (b, c) scanning electron microscope (SEM) (b) and transmission electron
microscope (TEM) (c) images of COF-DhaTab hollow microspheres; (d) proposed mechanism of the formation of COF hollow spheres [32] (color online).

Figure 2         (a) Schematic representation of preparing imine-linked COF
composite microspheres through the amorphous-to-crystalline conversion
process; (b–d) TEM images of Fe3O4 nanoclusters (b), Fe3O4@Polyimine
(c), and Fe3O4@imine-COF (d) [37] (color online).

Aside from the imine-based COFs, Dichtel et al.
[39] adopted a homogenous polymerization to fabricate the

colloidal COFs with the linkage of boronate ester groups.
In addition to the reaction solvents (dioxane/mesitylene),
the co-solvent acetonitrile (CH3CN) of different volume
fractions could inhibit the aggregation of COF microcrystals
to make the colloidal dispersion stand for weeks. This
nitrile-assisted method was available to the different kinds
of boronate ester-linked COFs because the attractive forces
among microcrystals were attenuated by the interaction of
boronate linkages with CH3CN. Also, varying the concentra-
tions of co-solvent CH3CN could control the colloidal sizes,
morphologies and surface natures. Solution casting of such
colloids yielded a free-standing transparent COF film with
retained crystallinity and porosity as well as preferential
orientation.
The inorganic/organic hybrid particles have been explored

for spanning applications of the COF nanomaterials. Li et
al. [40] doped Pd2+ ions within the coordination sites on an
imine-linked COF microcapsule. After the high-tempera-
ture carbonization, the immobilized Pd ions were reduced
to the nanocrystals, accompanied with the conversion of
COF skeletons into N-doped carbon materials. The newly
formed hybrids showed the enhanced catalytic activity
and selectivity in the hydrogenation of nitrobenzene in
ethanol and oxidation of cinnamyl alcohol compared with
the commercial Pd/C catalysts. Lu et al. [41] reported a
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simple method of encapsulating Au nanoparticles within
the COF microspheres. In contrast to the early reports,
the mild conditions (at 70 °C for 24 h in a flask) were
applied for the reaction of 1,3,5-tris(4-aminophenyl)-ben-
zene and 2,5-dimethoxyterephthaldehyde in the presence of
PVP-stabilized Au nanoparticles. The formed product had
very uniform spherical morphology and entrapped the Au
nanoparticles in the central region, leading to a well-defined
core/shell nanostructure. Gascon et al. [42] proposed a
phase inversion method to prepare the COF-based beads
with incorporated organometallic complexes. Polyimide was
used as a binder (Matrimid 5218) to suspend COF powders
in solution, and the composite particles encapsulating Ir
was formed by pumping the above mixture to water with
a microfluidic device. The prepared beads with accessible
porosity and high mechanical stability could be used as
catalysts for the direct hydrogenation of CO2 into formic acid
under mild conditions.

3    One-dimensional NCOFs
Similar to the COF colloids, oriented growth or construction
of one-dimensional COF assemblies has not been explored
very much. Banerjee and co-workers [43] reported a tem-
plate-mediated synthesis of hollow tubular COFs using a two-
step strategy. ZnO nanorods were wrapped with COF layers
by a typical Schiff-base reaction of 1,3,5-triformylphloroglu-
cinol and p-phenylenediamine. Then the inside templates
were etched by acid (1 M HCl) to leave the hollow nanos-
tructures in quantitative yield (Figure 3). The COF shell was
clearly observed without collapse or decomposition, and also,
the chemical compositions as well as crystallinity and poros-
ity of COFs retained intact, as a result of the high tolerance
of COFs to acid treatment. By the similar strategy, Wang
et al. [44] proposed an interfacial polymerization approach

to encapsulation of imine-linked COFs on the NH2-modified
1D carbon nanotubes. The results emphasized that the appro-
priate surface modification of the templates was necessary to
achieve the controllable shell properties and enhanced crys-
tallinity of COF-based composites.
Dichtel et al. [45] developed a template-free method for

control over 1D morphologies of COF nanomaterials. The
precursor 2,3,6,7,10,11-hexahydroxytriphenylene was in-
stalled with aliphatic side chains to remain only two reactive
sites for condensation with boronate linkers. As a result,
the extension of periodic COFs was impeded to obtain the
discrete hexagonal macrocycles (Figure 4(a, b)). Through
the self-assembly of those macrocycles, the nanorods were
formed to show a high aspect ratio with uniform widths of
2.6 nm and lengths ranging from 100 to 500 nm (Figure 4(c)).
The long-range ordering of the nanotubes, which was com-
parable to that of 2D COFs, followed the arrangement of
cofacially stacking macrocycles, but without showing porous
structure. The introduced aliphatic side chains provided the
additional solubility in solvents such as NMP and DMF,
wherein the resulting assemblies were more dynamic. The
nanotubes could be disrupted by sonication and sponta-
neously reformed after 12 h of free standing.
Several other examples have also been reported to give 1D

morphologies while growing COFs in solvothermal systems.
Jiang group [5] obtained the short nanobelts from the synthe-
sis of boronate ester-linked COFs with pyrene and tripheny-
lene units positioned on the edges and vertices of hexagonal
frameworks, respectively. Salonen and co-workers [46] ap-
plied the molecular dipole interaction of pyrene dione and
triphenylene to control the evolution of rod-like COFs. Liu
et al. [47] proposed a vapor-assisted grinding approach to
improving the aldehyde-amine condensation, in which the
nanofibers was transformed from the initial COF grains. They
profiled  the  morphological  conversion   to  a   dissolution-

Figure 3         (a, b) Synthesis of highly stable and hollow COF nanotubes via a template-mediated strategy, and (c, d) TEM images of ZnO@COF (c) and COF
nanotubes (d) [43] (color online).
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Figure 4         (a, b) Schematic analogues of discrete boronate-ester macrocy-
cles (a) prepared by the differernt precursors (b); (c) atomic force micro-
scope (AFM) image of the nanotubes assembled by the designed macrocy-
cles [45] (color online).

recrystallization process. Meanwhile, a microfluidic tech-
nique was applied to finely modulate the flow ratios of
monomers and catalysts, being able to obtain a macroporous
sponge with interpenetrated COF nanofibers that reserved
the microporosity and crystallinity [48].

4    Two-dimensional NCOFs

4.1    Substrate-supported thin films

Researchers have devoted great deal of enthusiasm to syn-
thesis of 2D organic polymers over decades. In the view of
the 2D structural characters reported on COFs, there are two
distinct strategies developed for the COF-based 2D polymers,
namely bottom-up synthesis and top-down delamination. The
first example was reported by Dichtel group [49] (Figure 5),
who solvothermally prepared an oriented COF coating on a
surface of single-layer graphene (SLG) supported with differ-
ent substrates including Cu, SiO2 and SiC. The formed COF
layer had nearly no grains on the surface, appeared fibrous in
texture, and showed the area of over ~100 µm2 with uniform
thickness that can be controlled from ca. 70 to 200 nm. The
crystallinity and alignment of COF coatings on the substrate
were evidenced for the possibility to explore new electronic
devices on basis of the potential oriented π-electron mobility,
but the given pores were too small to accommodate comple-
mentary semiconductors. Thus their group addressed the ex-
pansion of pore widths by varying the edge lengths on the ph-
thalocyanine-based tetragonal frameworks [50]. All of these
powdered COFs had superior crystallinity, and the expected
pore sizes were tuned from 2.7 to 4.4 nm. The correspond-
ing oriented films covered on a transparent SLG-modified sil-
ica substrate were characterized by grazing incidence X-ray
diffraction, showing the typical COF structures and vertical
alignment with respect to the substrates. The thickness of the
films achieved was up to several hundreds nanometers, de-
pending on the properties of bi-aldehyde linkers. In light  of

Figure 5         Solvothermal condensation of HHTP and PBBA on the surface
of a substrate-supported SLG to form a continuous COF-5 film [49] (color
online).

the above structural features of oriented COF films, Dichtel
group [51] assembled the redox-active COFs into superca-
pacitors for energy storage. The reversible redox property
of the synthesized COFs was due largely to the incorpora-
tion of 2,6-diaminoanthraquinone into the frameworks. Fol-
lowing the same route, the oriented COF coatings of 200-nm
thickness were yielded on the surface of Au substrate for
being electrodes of supercapacitors. The areal capacitances
reached as high as 3.0 mF/cm2, because a large fraction of
the redox-active anthraquinone moieties was able to access
the electrodes. As control, the insoluble COF powders led to
the poor contact of redox-active compositions with the elec-
trodes, thus giving a moderate capacitance (~0.4 mF/cm2).
Unambiguously, the crystalline and oriented COF coatings
would become attractive candidates as active matters to de-
velop organic electronics.
Along this line, Bein and co-workers [52] synthesized a

uniform, oriented and crystalline COF film on an ITO-coated
glass, displaying a thickness of about 150 nm and a meso-
pore structure (Figure 6). As observed, the film growth
tended to follow an island-fused pathway. Since ben-
zodithophene (BDT) was incorporated into COF skeletons,
the fullerene derivatives [60]PCBM and [70]PCBM were
entrapped in BDT-COF films to study the electron trans-
fer capabilities. Roughly 60% fluorescence of BDT-COF
was quenched, and a longer decay time was detected from
transient absorption measurement, indicative of the electron
injection from the COF donors to the PCBM acceptors
and further formation of polarons at the donor/acceptor
interface. They subsequently adopted the same BDT-COF
film to construct a hole-only device with the architecture of
glass/ITO/MoOx/BDT-COF/MoOx/Au. The thickness-de-
pendent hole mobility was measured in the dark in the
range from 3×10−7 to 6×10−9 cm2/V s; the thinner films were
responsible for the  highest  values.  This  trend  implies  the
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Figure 6         (a) Synthesis of boronate-ester linked BDT-COF; (b, c) SEM (b)
and TEM (c) images of BDT-COF thin film grown on an ITO-coated glass
and a gold surface, respectively; (d) entrapment of fullerenemoleculeswithin
pore channels of BDT-COF [52] (color online).

presence of transport barriers due to the COF stacking de-
fects. Upon illumination of white light LED, a 3-fold in-
crease of the mobility was tested, demonstrating its photoac-
tive property. Additionally, the exceptionally low dielectric
constant was found to be around 1.7 as a result of the formed
COF film with low density and highly porous structure.
Liu et al. [53] reported another electroactive COF based on

tetrathiafulvalene (TTF) that is a well-known electron donor
with high charge-transfer conductivity. The thin film of TTF-
COF with uniform thickness of around 150 nm was grown on
Si/SiO2 substrates and transparent ITO-coated glass, respec-
tively, by the Schiff-base reaction in the solvothermal sys-
tem. Once the obtained TTF-COF film was doped with I2 or
TCNQ, the TTF radical cations were largely generated to fa-
vor the conductivity, reaching a maximum of 0.28 S/m. Also,
the mixed valence TTF, which was formed between TTF and
TTF radical cations, allowed for the delocalization of free
radicals across the vertically stacking sheets. This is a conse-
quence of the relatively high conductivity as well as red-shift
absorption in the oriented TTF-COF films. Inspired with the
early findings, Wang et al. [54] reported the synthesis of sin-
gle-layer TTF-COFs on the highly ordered pyrolytic graphite
(HOPG) substrate, and proved the preferential orientation of
COF layers in alignment with HOPG lattices. Also, they sug-
gested that the decrease of the TTF-COFs’ lattice sizes could
facilitate the formation of large-scale ordering layers with its
structural regularity. Then they addressed an precise control
of the formed number of TTF-COF layers by tuning the feed-
ing amount of TTF units [55]. A direct evidence given by
high resolution scanning tunneling microscopy has validated
that a double-layer TTF-COF was formed on the HOPG sub-
strate, wherein the lower COF layers were continuously cov-

ered onto the whole HOPG surface and the upper COFs ex-
tended discretely over the lower layer.
Although the solution-phase fabrication of COF films on

substrates has been proved effective, the approach has limita-
tions on control of the film formation. The COF precipitates
would contaminate the film, and the film thickness was hard
to be accurately tuned. Dichtel et al. [56] utilized a flow cell
to prepare boronate ester-linked COF films in order to avoid
contamination and precisely adjust film thickness (Figure 7).
A homogenous solution at the initial time must be required
to provide an induction period for the flow running. The re-
action mixture was pumped through a reservoir at designed
temperatures and into a flow cell equipped with a quartz crys-
tal microbalance substrate for monitoring mass changes. The
residence time (tr), which was the period before monomers ar-
rived at substrate, played a vital role in the film deposition and
crystallinity. A shorter tr caused a slow growth of films with
amorphous structures. While tr was longer, the COF films
were rapidly formed and showed good crystallinity. A series
of 2D hexagonal COF films were prepared by the method,
indicative of its generality. The observation of film texture
revealed the smooth surface with less contaminates, and the
growth of COF films in flow could make control of film thick-
ness, which is much larger than those prepared by the conven-
tional systems.
To circumvent the scalability of COF films, Bein et al.

[57] presented a concept of vapor-assisted conversion for the
scale-up synthesis of boronate ester-linked COFs. Typically,
the precursor solution was drop-cast on glass substrate, and it
was immediately placed into a desiccator with a small vessel
containing mesitylene and dioxane at a given volume ratio.
While storing for 72 h at room temperature, a continuous and
smooth layer of COFs was formed by the inter-growing of
particles on the glass. The film thickness could be easily con-
trolled from a few hundred nanometers to several microns by
varying the concentrations of precursor solutions.

4.2    Covalent organic nanosheets

Top-down delamination of COFs is another important
strategy to obtain 2D macromolecular nanosheets from
COFs because the layered structures are maintained only
by the relatively weak Van der Waals forces. Zamora et
al. [58] reported the delamination of boronate ester-linked
COFs to produce thin layered nanosheets by using the son-
ication under suitable conditions. Dichloromethane was
the most effective solvent for COF-8 synthesized by the
condensation of 2,3,6,7,10,11-hexahydroxytriphenylene
and 1,3,5-tris[4-phenylboronic acid]benzene. After 15-min
sonication (frequency: 24 kHz; amplitude: 42 µm), the ex-
foliated nanosheets of COF-8 comprised 10–25 layers with
reproducible  heights  of  4–10 nm  and  lateral  dimensions
of  several micrometers. Dichtel and co-workers [59] further
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Figure 7         (a) Illustration of boronate ester-linked COFs for preparation of
thin films; (b) turbidity as a function of reaction time during the formation of
COF; (c) schematic of flow setup designed with variable induction periods
[56] (color online).

demonstrated that some other laboratory solvents such as wa-
ter, dioxane and DMF could exfoliate and disperse a 2D hy-
drazine-linked COF (COF-43). As treated with dioxane, the
solvated COF-43 nanosheets retained long-range hexagonal
ordering and displayed high aspect ratios with lateral widths
of 200 nm and average heights of 1.32±0.37 nm. Banerjee et
al. [60] also successfully exfoliated COFs with isopropyl al-
cohol at room temperature. The obtained nanosheets showed
the enhanced fluorescence as well as a blue shift in spectra
with respect to their bulk counterparts. Such nanosheets
could optically detect nitroaromatic compounds, showing
high selectivity toward 2,4,6-trinitrophenol (TNP) which led
to 63% quenching efficiency at its concentration of 5.4×10−5
M. Interestingly, when the nanosheets were coated on a
paper strip for the solid-state detection, the 10-fold enhanced
fluorescence as well as a distinct color change was observed
once the TNP solution was deposited on. This indicated the
superior “turn-on” detection for TNP in the solid state.
Since mechanochemistry could help make many chemical

processes more environmentally and friendly in industry, this
technology has thus been tried in the laboratory for the scal-
able synthesis of COFs. Banerjee group [61,62] reported a
solvent-free grinding method to proceed the Schiff-base re-
action of 1,3,5-triformylphloroglucinol and different diamine
compounds. They found those COF products with nanosheet-
like structures (Figure 8). The typical appearance seemed like
the very thin graphite with lateral dimensions of several mi-
crometers and thickness of 3–10 nm, corresponding to that
of 10–30 COF layers. It indicated that the used mechani-
cal force was strong enough to delaminate the multilayers of
imine-linked COFs, while remaining the structural integrity
as well as 2D motifs. The surface areas decreased dramati-
cally, but the crystallinity of exfoliated nanosheets remained
to some extent, displaying a decrease of the first peak (100

plane) and the broadening of the last peak (001 plane). This
implies the random displacement of the 2D layers with each
other and largely compromised the surface areas of such ma-
terials. The mechanical grinding is a scalable and energy effi-
cient method as compared to the other existing methods such
as sonication, CVD and interfacial growth in situ. Feng et
al. [63] applied a balling mill technique to delaminate re-
dox-active COFs into few-layer nanosheets used as cathode
materials of lithium-ion batteries. The exfoliated COFs could
shorten the ion/electron migration length to benefit their dif-
fusion in comparison with the bulky COFs. It was impressive
that the anthraquinone-based nanosheets rendered as high as
96% of theoretical capacity at 20 mA/g and were stable at a
capacity of 104 mA h/g over 1800 cycles (500 mA/g).
Functionalization of COFs with reactive groups provides

an innovative way to exfoliate multilayer structures during
the COF formation. Banerjee et al. [64] synthesized an
ionic nanosheet originated from the COFs positively charged
with guanidinium units. They further studied the antibac-
terial performances of ionic nanosheets and proved that the
electrostatic interactions between positively charged frame-
works and negatively charged phospholipid bilayer of bac-
terial membranes could result in good activity against both
Gram-positive and Gram-negative bacteria. Another exam-
ple reported by Banerjee group [65] was the post functional-
ization of anthracene-based COFs withN-hexylmaleimide by
a Diels-Alder cycloaddition pathway. The large substituents
caused the loss of π-π stacking to disassemble COF layers into
nanosheets. Then a thin film was cast at the air/water inter-
face by piling up the nanosheets to give a uniform thickness of
several nanometers (Figure 9). Bottom-up synthesis of COF
nanosheets has been simultaneously developed. Zhang et al.
[66] synthesized a monolayer imine-linked nanosheet at the
air/water interface by incorporating three n-hexyl groups on
the vertices of COF frameworks. Amphiphilic property of
the frameworks ensured the interfacial growth of a monolayer
nanosheet. Although the molecular structures were difficulty
defined, the formation of such smooth, coherent, large and
free-standing polyimine monolayers was evidenced substan-
tially.

5    Conclusions

In this short review, we have described the recent progress
of COF nanomaterials both in synthesis and applications. In-
spired by the concept of bottom-up design, template-medi-
ated methodology is general and flexible to make COFs have
the versatile forms such as core/shell microspheres, hollow
microcapsules, nanotubes, coatings and films. Also, the in-
corporation of template materials such as Fe3O4, ZnO, ITO,
and graphene improves the utilization performances of COFs
as these hybrids could be directly used for energy devices, as
well  as  for  the   other   innovative   applications   such   as
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Figure 8         Illustration of mechanical delamination of imine-linked COFs toward discrete nanosheets [62] (color online).

Figure 9         (a) Synthetic procedure of DaTp-COF and DaTp-CON; (b) casting of a scalable thin film of DaTp-CONs by the method of air/water interfacial
assembly [65] (color online).

biomedical fields. On the other hand, top-down strategy has
been developed to disassemble COFs to discrete colloids or
nanosheets dispersed in solution. This is mainly attributed
to the weak π-π interaction among adjacent layers, thus al-
lowing for the delamination of COFs by solvation, sonica-
tion, and grinding under mild conditions. Also, dangling sub-
stituents on the organic frameworks endow COFs with hy-
drophilic, hydrophobic or ionic properties for the ease of de-
lamination. Since the bulky COFs are neither kind of single
crystals nor assembled to regular aggregates, they are difficult
to realize the full value of COFs in utilizations. Therefore,
the controlled assemblies of COFmicrocrystals with intended
sizes, morphologies and dimensions would create opportuni-
ties to access the versatile applicability and circumvent the
limitations of bulky COFs for largely improving their perfor-
mances.
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