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ABSTRACT: Two-dimensional (2D) inorganic/organic hybrids
provide a versatile platform for diverse applications, including
electronic, catalysis, and energy storage devices. The recent surge in
2D covalent organic frameworks (COFs) has introduced an organic
counterpart for the development of advanced 2D organic/inorganic
hybrids with improved electronic coupling, charge separation, and
carrier mobility. However, existing synthesis methods have primarily
focused on few-layered film structures, which limits scalability for
practical applications. Herein, we present a general synthesis
approach for a range of COF/inorganic 2D material hybrids,
utilizing 2D inorganic materials as both catalysts and inorganic
building blocks. By leveraging the intrinsic Lewis acid sites on the
inorganic 2D materials such as hexagonal boron nitride (hBN) and transition metal dichalcogenides, COFs with diverse functional
groups and topologies can grow on the surface of inorganic 2D materials. The controlled 2D morphology and excellent solution
dispersibility of the resulting hybrids allow for easy processing into films through vacuum filtration. As proof of concept, hBN/COF
films were employed as filters for Rhodamine 6G removal under flow-through conditions, achieving a removal rate exceeding 93%.
The present work provides a simple and versatile synthesis method for the scalable fabrication of COF/inorganic 2D hybrids,
offering exciting opportunities for practical applications such as water treatment and energy storage.
KEYWORDS: Covalent organic frameworks, Transition-metal dichalcogenides, Lewis acid catalysts, Hexagonal boron nitride,
Hybrid Materials

■ INTRODUCTION
Two-dimensional (2D) inorganic/organic hybrids provide a
versatile platform for a wide range of applications, encompass-
ing electronic, catalysis, and energy storage devices.1−8 The
combination of 2D inorganic materials like transition metal
dichalcogenides (TMDs) and hexagonal boron nitride (hBN)
with an extensive assortment of organic molecules and
polymers undeniably extends the frontiers of a novel family
of organic/inorganic heterostructures.2,9 This approach allows
for the synergistic integration of the strengths of both material
classes while mitigating their respective limitations.2 The rich
library of organic materials provides a large degree of freedom
for chemical tunability to the 2D inorganic crystals. Moreover,
deliberate selection of organic semiconductors to achieve
aligned energy band and well-bonded interfaces with inorganic
2D semiconductors facilitates charge carrier transfer and
migration in electronic devices,10 consequently boosting the
device performance.2,4 Hence, there is a widespread interest in
developing novel 2D inorganic/organic hybrids.
Covalent organic frameworks (COFs) are an emerging class

of 2D polymers known for their tunable structures, remarkable

stability, and extensive surface areas,11−13 making them
invaluable in applications such as pollutant removal,14−16

energy storage,17,18 catalysis,19−22 biomedicine,23 and
others.24−26 Recent advancements demonstrate that combining
COFs with inorganic 2D materials forms hybrid structures and
devices with improved electronic coupling, charge separation,
and carrier mobility,27−29 offering significant potential in
optoelectronic device development.8,30−32 The previously
reported synthesis methods for COFs/2D inorganic hybrids,
such as direct growth,32 layer-by-layer transfer,30 and micro-
wave-facilitated deposition,27 have primarily concentrated on
producing a few-layered 2D structures with thin film
configurations. However, the challenge lies in scaling up
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these methods, limiting their applicability in areas like gas
separation, water treatment, and batteries, where large-scale,
solution-processable multilayer 2D nanosheets are typically
needed.33,34 Therefore, it is imperative to develop general
synthetic methodologies for producing large scale COF/
inorganic hybrids while preserving their 2D morphology and
solution processability.
Recent research has demonstrated that Lewis acids can

effectively catalyze the synthesis of imine COFs with high
crystallinity.35−38 By leveraging the analogous Lewis acidity
found in 2D inorganic materials like hBN39 and TMDs,40 we
postulated that these materials could function as both catalysts
and inorganic building blocks for creating COF/inorganic
hybrids, enabling the controlled growth of COFs on the
surface of such 2D materials. Herein, we present a general
synthetic method for a series of COF/inorganic 2D material
hybrids, catalyzed by various inorganic 2D materials, including
hBN, molybdenum disulfide (MoS2), molybdenum diselenide
(MoSe2), and tungsten disulfide (WS2). This approach enables
the growth of a diverse range of imine-based COFs with
varying functional groups and topologies at the interface of 2D
inorganic building blocks, resulting in COF/inorganic hybrids
featuring high crystallinity and a large surface area. Through
the careful control of COF monomers and inorganic 2D
component concentrations, these COF/inorganic 2D material
hybrids maintain controlled 2D morphology and good solution
dispersity, allowing for easy processing into thin films via the
vacuum filtration method. As a proof of concept, we employed
COF/hBN films as filters for the removal of organic dyes
under flow-through conditions. This straightforward yet
versatile synthesis method significantly reduces barriers to
scalable COF/inorganic 2D hybrid material synthesis,
unlocking numerous possibilities for practical applications
such as water treatment and energy storage.

■ RESULTS AND DISCUSSION
We first evaluated the potential of using the surface of 2D
materials to catalyze COF growth, resulting in the controllable

formation of COF/inorganic 2D materials heterostructures.
The 2D materials explored in this study included ball-milled
hBN and TMDs (MoS2, MoSe2, WS2, Scheme S1) with 2,4,6-
tris(4-aminophenyl)-1,3,5-triazine (TAPT) and 2,5-dimethox-
yterephthaldehyde (OMePDA) employed as model monomers
for COF (TAPT-OMePDA, Figure 1a) formation. The loading
ratio of 2D materials was 57.4 wt % relative to the total weight
of COF monomers, with a concentration of 15 mg/mL. The
polycondensation reaction was carried out under 120 °C for 3
days using a mixture of 1,4-dioxane and mesitylene in a 1:1
volume ratio. As anticipated, yellowish, insoluble solid
precipitation was obtained. The obtained products exhibited
excellent crystallinity, as evidenced by the distinct and
prominent powder X-ray diffraction (PXRD) patterns from
both COFs and 2D materials (Figure 1b). For example, in the
hBN/COF heterostructure, the peaks centered at 27.5° and
43.5° were attributed to the (100) and (110) facets of hBN,41
respectively, while peaks at smaller angles 2.8°, 4.8°, 5.9°, and
7.8°, corresponded to the (100), (110), (200), and (210)
facets of crystalline TAPB-OMePDA COF,37 respectively.
Similar successful COF formation were observed for other
types of TMD materials (Figure 1b), indicating their potential
as effective catalysts. It is worth noting that the PXRD patterns
of the TMD-catalyzed COFs displayed broader peaks
compared to the h-BN catalyzed COFs, suggesting smaller
crystal domains.42 Fourier-transform infrared (FT-IR) spec-
troscopy further confirmed the successful condensation of
aldehyde and amine moieties by the presence of C�N
stretching at around 1615 cm−1 (Figures S1−S4), indicating
the formation of imine bonds during the condensation
reaction. Thermogravimetric analysis (TGA) of the hBN/
COF samples revealed that the TAPT-OMePDA COF
exhibited thermal stability up to 400 °C (Figure S5), which
aligns well with previous findings that employed acetic acid as
the catalyst.43 Additionally, the hBN content in the composites
was determined to be approximately 41.2% via TGA (Figure
S5). Morphological characterization of the initial 2D materials
and resulting heterostructures was performed using scanning

Figure 1. (a) Structure of TAPT-OMePDA COF. (b) PXRD of different 2D materials/TAPT-OMePDA hybrids using 57.4 wt % 2D materials. (c)
SEM of hBN/TAPT-OMePDA hybrids synthesized using 57.4 wt % hBN. (d) PXRD of hBN/TAPT-OMePDA hybrids catalyzed by different hBN
ratios. (e) BET isotherms of different hBN/TAPT-OMePDA hybrids with different hBN ratio.
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electron microscopy (SEM, Figures 1c, S6−S12). The SEM
imaging of hBN/COF hybrids revealed sheetlike structures
derived from hBN, featuring a rough surface attributed to
aggregated COF particles (Figure 1c). In contrast, pure hBN
sheets exhibited smooth surfaces (Figure S9). Similar
morphological features were consistently observed in other
TMD/COFs heterostructures (Figures S6−S8). Ball milled
hBN was selected as the representative example for further
investigation due to the superior crystallinity exhibited by the
resulting composites. We propose that through Lewis acid−
base interaction, the electron-rich oxygen in the aldehyde
coordinates with Lewis acid sites on TMD/hBN,44 rendering
the carbonyl carbons more electrophilic and facilitating
nucleophilic attack by amine groups.35,37 This interaction
was further revealed by the FT-IR analysis. Examination of the
FT-IR spectra of the OMePDA monomer and MoS2-
OMePDA (Figure S13) complex showed that the peak at
1669 cm−1, corresponding to the C�O stretching of the
aldehyde group in OMePDA, shifted to 1675 cm−1 in the
MoS2-OMePDA complex and significantly broadened, indicat-
ing possible Lewis acid−base coordination.45 The detailed
proposed mechanism of imine COF formation is depicted in
Scheme S2.
Additionally, we explored the impact of surface defects in 2D

materials on the fabrication of such composites. To accomplish
this, hBN flakes were ball-milled prior to exposure to the
monomers, as the ball-milling process has been shown to
introduce more surface defects and provides more active areas
for hBN due to shear force exfoliation.41 As expected, the
isolated yield of the COF/hbN composites using ball-milled
hBN (80.6%) was significantly higher than that of pristine hBN
(43.7%). The PXRD of both composites exhibited prominent

peaks located at 2.8° and 27.5° that corresponds to COF and
hBN, respectively (Figure S14). These results indicate the
potential of using defects and surface engineering to tune the
crystallinity and increase the yield of COFs, highlighting the
versatility of 2D materials as catalysts. A more detailed
investigation into the impact of surface defects will be
addressed in the forthcoming study.
Next, we investigated how the ratio of 2D materials used

influences the crystallinity and yield of the resulting
composites. As depicted in Figure 1d, with a reduced hBN
ratio, the PXRD patterns of the COF component in the
composites exhibited sharpened peaks and increased intensity.
For instance, the full width at half-maximum (FWHM) of the
peak at 2.8° decreased from 1.3° to 0.90° to 0.75° as the
catalysis ratio decreased from 57.4 wt % to 16.7 wt % to 7.4 wt
%. This reduction in FWHM indicates an increase in crystal
domain size, implying an enhancement in the crystallinity of
the resulting COFs.42 The decreased crystallinity of COFs in
the composites is expected to be due to the excess amount of
Lewis acid present at higher hBN ratios, which could suppress
the imine exchange during the polycondensation process.35

Moreover, the Brunauer−Emmett−Teller (BET) surface area
of the composites was determined to be 1302 m2/g, 1309 m2/
g, and 740 m2/g for hBN ratios of 7.4, 16.7, and 57.4 wt %,
respectively, using nitrogen sorption isotherms (Figure 1e).
The pore size distribution of all composites is located at
around 3.0−3.2 nm, which matched well with that of TAPT-
OMePDA COF (Figures S15−S17).46 The decreased surface
area observed at 57.4 wt % hBN ratios is possibly due to the
nonporous nature of hBN, which minimizes the overall surface
area of the composites.46,47 The hBN/COF hybrids were also
observed in SEM in the cases of using 7.4 and 16.7 wt % hBN

Figure 2. PXRD spectra of (a) hBN/TAPT-FPDA hybrids, (b) hBN/TAPT−OHPDA hybrids, (c) hBN/TAPT-BPDA hybrids, (d) hBN/TAPB-
FPDA hybrids, (e) hBN/TAPT-BTCA hybrids, and (f) hBN/TAPT-TFPA hybrids. FPDA = 2,3,5,6-tetrafluoroterephthalaldehyde; OHPDA = 2,5-
dihydroxy-1,4-benzenedicarboxaldehyde; BPDA = 5,5′-dialdehyde-2,2′-bipyridine; TAPB = 1,3,5-tris(4-aminophenyl) benzene; BTCA = benzene-
1,3,5-tricarbaldehyde; TFPA = tris(4-formylphenyl)amine. hBN/COF hybrids were synthesized using 57.4 wt % hBN as the catalyst.
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as catalysts (Figures S18−S19). It is worth noting that in the
produced composites from using 7.4 wt % of hBN, some
hybrids did not exhibit a sheetlike structure but were
completely covered by COFs (Figure S19b). This phenom-
enon may be attributed to the relatively low ratio of hBN
compared to the COFs.
To comprehensively understand the generality of 2D

materials in promoting the synthesis of 2D material/COF
hybrids, we conducted a broader exploration by using different
monomers to generate COFs with diverse functional groups,
topologies, and pore sizes (Figure 2). Encouragingly, the inert
hBN flakes demonstrated excellent tolerance to other
substituted functional groups (−F, −OH) and pyridine-based
aldehyde monomers. The PXRD patterns of the resulting
products exhibited prominent and narrow peaks, consistent
with previous studies,35,37,42,48−50 indicating the successful
formation of high-crystalline COFs. Moreover, we achieved
considerable composite yields in all cases, with 86.5% for
TAPT-FPDA, 87.3% for TAPT−OHPDA, and 87.3% for
TAPT-BPDA (Figures 2a−c). Furthermore, when we replaced
the amine monomer with a TAPB-based backbone, successful
COF formation was still obtained in the case of TAPB-FPDA
and TAPB-PDA, as evidenced by the PXRD patterns (Figure
2d and Figure S20). Notably, we also investigated different
node-linker topologies, such as the “3 + 3” configuration and
found that hBN effectively catalyzed the synthesis of TAPT-
BTCA and TAPT-TFPA COFs with yields of 75.7% and
80.5%, respectively. PXRD analysis further verified good
crystallinity of both COFs (Figures 2e, f).51,52 The COFs
synthesized using different monomers exhibited a diverse range
of pore sizes, spanning from 1.45 nm for TAPT-BTCA52 to 4.0
nm for TAPT-BPDA.53 These findings unequivocally demon-
strate the remarkable versatility and efficacy of 2D hBNs in

catalyzing the formation of hBN/COF hybrids with tunable
properties.
Despite the successful formation of heterojunctions, the

resulting composites lost their original sheetlike structure from
the 2D materials and instead exhibited an aggregated lump
morphology from SEM (e.g., Figure 1c for TAPT-OMePDA,
Figure S21 for TAPT-FPDA). These aggregated composites
showed poor dispersity and were difficult to process, which
hindered their further use in membrane and thin film devices.8

We hypothesized that the aggregation might arise from two
factors: (1) a high concentration of 2D materials leading to the
tendency of 2D materials themselves to aggregate before
polymerization commences54 and (2) an excessively fast
polymerization rate due to high monomer concentration,
resulting in early stage polymerization-induced phase segrega-
tion and interparticle cross-linking.55 The polymerization rate
is governed by concentration of both monomers and
catalysts.46,55,56 To overcome this challenge,54 we employed
a low initial concentration of 2D materials (1 mg/mL) to
prevent their aggregation. TAPT-FPDA was selected as the
targeted COF due to its outstanding crystallinity (Figure 2a).
The monomer concentrations of TAPT and FPDA were
reduced to 0.008 mmol/mL and 0.012 mmol/mL, respectively.
The reduced concentration of both the monomers and 2D
materials helped to avoid cross-linking between nanosheets
and prevented COF particles from detaching from the 2D
materials due to adsorption−desorption equilibrium. Instead, it
enabled the COFs to grow on the surface of the 2D
materials.57 As anticipated, yellowish solids can be observed
after 4 h at 120 °C under hydrothermal conditions.
Subsequently, following an additional 68 h under the same
conditions, a yellowish hBN/TAPT-FPDA heterostructure was
successfully obtained. SEM images (Figure 3a) revealed that

Figure 3. (a) SEM images of hBN/TAPT-FPDA sheets using 1 mg/mL hBN, 0.008 mmol/mL TAPT, and 0.012 mmol/mL of FPDA. (b) SEM
images of hBN/TAPT-FPDA synthesized with the using AcOH as catalyst. Other reaction conditions are the same as those in Figure 3a. (c) PXRD
of hBN/TAPT-FPDA obtained with and without AcOH catalyst. (d) Pictures of the syringe filter and hBN/TAPT-OHPDA loaded membrane
obtained via vacuum filtration. (e) UV−vis spectra of Rhodamine 6G before (blue) and after (red) flowing through the hBN/TAPT-OHPDA filter.
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the heterostructure retained the sheetlike structure of hBN
without significant aggregation, while exhibiting a rough and
porous coating corresponding to the COFs. Transmission
electron microscopy (TEM) analysis (Figure S22) displayed
the presence of a COF layer also coated on the hBN edge. FT-
IR spectra exhibited characteristic peaks at 1606 cm−1 (Figure
S23), corresponding to the C�N stretching of imine moieties
in TAPT-FPDA. Furthermore, the transmission spectra
(Figure S24) showed a prominent absorption edge at around
510 nm corresponding to the optical gap of TAPT-FPDA.58

Importantly, no such characteristic feature was evident in the
transmission spectra of hBN. Collectively, the above evidence
confirms the successful formation of COFs on the hBN
surface. As a control experiment, hBN/TAPT-FPDA hybrids
were grown under the same conditions but with the additional
introduction of 6 M AcOH. Upon adding AcOH, yellow solids
rapidly formed and precipitated, which is presumably due to
fast and uncontrollable polymerization rate, leading to the
formation of large COF clusters.59 After 72 h under these
conditions, the hBN/TAPT-FPDA structure exhibited nonuni-
form coating of COFs on hBN and aggregated features, as
shown in Figure 3b and Figure S25. This contrasted with the
controlled morphology achieved when using only hBN as the
catalyst (Figure 3a). Furthermore, the hBN/TAPT-FPDA
resulted from employing hBN as the sole catalyst, displaying
moderate crystallinity of COFs in PXRD (Figure 3c). In
contrast, hBN/TAPT-FPDA prepared with AcOH showed a
broad shoulder peak around 2.8° (Figure 3c), indicating
relatively poor crystallinity. This could be attributed to the
excessive presence of acid catalysts as both AcOH and hBN
can serve as catalysts, which suppress the imine exchange
process.35,59 This comparison highlights hBN’s remarkable
capacity as a solid support/template catalyst to generate hBN/
TAPT-FPDA composites with a more controllable morphol-
ogy and superior crystallinity when compared to reactions
catalyzed by AcOH.
Leveraging the controlled 2D morphology and excellent

solution dispersibility of hBN/COFs hybrids, we proceeded to
fabricate the hBN/TAPT-OHPDA film by employing vacuum
filtration of the dispersed hybrid solution. The selection of
TAPT-OHPDA COF was motivated by its hydrophilic
nature,49 which facilitates water flux. Unlike COF particles
synthesized via traditional hydrothermal methods, which can
be challenging to process,8 the hBN/TAPT-OHPDA hybrids
could be readily dispersed, forming a film supported by
commercially available microfiltration membranes (Figure 3d).
This streamlined process significantly simplifies the production
of COF films, enabling their seamless integration onto the
plastic filters (Figure 3d). This, in turn, allows for the efficient
removal of organic contaminants when water flows through. As
proof of concept, a solution containing 10 μmol L−1

Rhodamine 6G was pushed through syringe filters with
hBN/TAPT-OHPDA film-loaded membranes at a rate of 0.5
mL s−1. Encouragingly, the hBN/TAPT-OHPDA filter
achieved an impressive 93% removal of Rhodamine 6G
(Figure 3e), highlighting the robust capabilities of hBN/
COF hybrids in effectively eliminating organic contaminants.
In comparison, control experiments using films made from
pure hBN and COF powders for dye removal showed lower
efficiency (Figures S26−S27), with pure hBN and COF
powders exhibiting 34.2% and 25.5% removal efficiency,
respectively. The improved performance of 2D hybrids may
stem from their dense stacking of 2D sheets, providing a longer

distance and larger area for pollutant water to contact the
adsorbents compared to particle stacking with pure COF.
Additionally, films formed by isolated COF powders were
prone to scratching off during the backwash process (Figure
S28), attributable to their weak mechanical properties resulting
from particle stacking.55 The recycling ability of hBN/TAPT-
OHPDA film for pollutant removal was further examined,
demonstrating consistent removal performance over three
cycles, maintaining removal rates from 91.2% to 92.2% (Figure
S29). After backwash with DI water, nearly all rejected dye
molecules were recovered in the backwashed water, exhibiting
89.9% to 91.7% dye recovery compared to the initial 10 μmol
L−1 dye concentration (Figures S30−S31). The near 100%
dye mass balance (Figure S31), achieved by adding filtered
solution and backwash water, further confirms the good
recycling ability.

■ CONCLUSION
In summary, our work introduces a versatile general synthesis
method for a family of COF/inorganic 2D material hybrids,
leveraging a variety of inorganic 2D materials as both catalysts
and inorganic building blocks, including hBN, MoS2, MoSe2,
and WS2. This methodology facilitates the growth of diverse
imine-based COFs with varying functional groups and
topologies on the surface of 2D inorganic building blocks,
yielding COF/inorganic hybrids featuring high crystallinity and
substantial surface areas. By carefully adjusting the concen-
trations of COF monomers and inorganic 2D components, we
obtain hybrids that maintain original 2D morphology with
good solution dispersity, allowing for straightforward process-
ing into thin films using vacuum filtration method. The COF/
hBN films were then employed as filters for Rhodamine 6G
removal under flow-through conditions, achieving more than
93% removal rate, which underscores their significant potential
for the fabrication of membranes and thin film devices. This
streamlined yet adaptable synthesis method effectively lowers
the barriers to synthesize COF/inorganic 2D material hybrids,
unveiling a wealth of possibilities for practical applications,
particularly in water treatment and energy storage areas.
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