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Ultra-Low Density Covalent Organic Framework Sponges with
Exceptional Compression and Functional Performance

Chenhui Ding, Yingying Du, Tamara Fischer, Jürgen Senker, and Seema Agarwal*

Abstract: The emergence of covalent organic frame-
works (COFs) macroscopic objects with hierarchical
porous structures addresses the limitations of traditional
COF powders, which are challenging to process, thus
bringing them closer to practical applications. However,
the brittleness of the parent COF powder results in
poor mechanical stability of these COF macroscopic
objects, presenting a significant challenge that must be
overcome for their continued development. In this work,
we successfully obtained a continuous, hierarchically
porous, and interconnected open-cell COF structure
made up of hollow sponge walls of thickness 100–250 nm
through a template-assisted framework process. This
unique structure endows the COF sponge with a high
surface area (1655 m2 g−1), ultralow density (2.2 mg
cm−3), and exceptional mechanical stability. Even after
300 000 compressions at a 50% compression rate, its
stress and height decreased by only 7.9% and 7.1%,
respectively. These properties grant the COF sponge
excellent solvent absorption capacity, catalytic perfor-
mance, and reusability. Therefore, this work broadens the
development pathway for COF macroscopic objects and
is expected to further unlock the potential of COFs in
practical applications.

Introduction

Covalent organic frameworks (COFs) are porous crystalline
cross-linked materials.[1–4] They have customizable porous
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structures and functions, exceptional stability, and large
surface areas, making them valuable in various fields such
as separation,[5–8] catalysis,[9–11] energy storage,[12–15] environ-
mental remediation,[16–18] and biomedical engineering.[19–21]

However, COFs typically exist as microcrystalline pow-
ders, which are insoluble, nonmelting, and difficult to
process into required forms. This presents challenges in
the separation and recycling of COF powders during use.
Additionally, the agglomeration of COF powders impedes
substance transport and limits their accessibility.[22–25] To
address these issues, several methods have been developed
to process COFs into macroscopic objects, including 2D films
or membranes[26–29] and 3D macroscopic objects (aerogels,
sponges, and foams).[30–32] Among these, 3D macroscopic
objects are particularly advantageous as they not only retain
the intrinsic properties of COFs but also introduce hierar-
chical porous structures. These structures facilitate substance
transport and exposed active sites, effectively broadening the
potential applications of COFs.[33–35]

Generally, COF macroscopic objects can be categorized
into COF-based materials and pure COF materials. COF-
based macroscopic objects are typically formed by encap-
sulating COF particle within a polymer network (such as
chitosan and poly(vinyl alcohol))[36–38] or by growing COFs
on the surface of a carrier (like graphene aerogel, short
fiber sponge, and melamine foam).[39–41] The introduction
of a carrier imparts the COF-based macroscopic objects
with a hierarchical porous structure and excellent mechanical
stability. The reliance on a carrier to form the macroscopic
objects limits the potential for further development and
application of COF macroscopic objects.

In contrast, pure COF macroscopic objects, constructed
entirely from COFs, can perfectly circumvent these issues.
These materials have seen rapid development in recent years,
with various strategies emerging, including 3D printing,[42,43]

in-situ gas phase foaming,[44] sol–gel methods,[45,46] and
nanoparticle/microparticle template-assisted techniques.[47,48]

However, pure COF macroscopic objects reported thus
far are usually composed of COF particles, which suffer
from weak interactions between the particles and a high
number of defects. When subjected to external forces, these
structures often collapse, losing both their initial macro-
scopic shape and internal hierarchical porous structure.[49–51]

Therefore, developing pure COF macroscopic objects with
both mechanical stability and well-defined hierarchical porous
structures remains a significant challenge in the field, which
we have solved in the present work using a template-assisted
framework (TFA) solvothermal process.[52]
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Figure 1. Schematic of the preparation strategy used in this work for TpPa sponges.

Specifically, a hierarchical porous polymer template
sponge was first prepared via freeze-drying. A large number
of COF nanoparticles were then grown in situ on its surface,
closely stacking to form a continuous COF film with a thick-
ness of 100–250 nm. After removing the polymer template,
a continuous, hierarchically porous, and hollow pure COF
sponge was obtained. This unique structure endows the COF
sponge with several remarkable properties, ultralow density
(2.2 mg cm−3, the lowest density reported for COF macro-
scopic objects to date), high surface area (1655 m2 g−1), and
excellent mechanical stability (demonstrated by only a 7.9%
decrease in height and a 7.1% decrease in stress after 300 000
compressions at 50% strain). This further enhances the COF
sponge’s performance in various applications: 1) It possesses
the highest solvent absorption capacity among known COF
materials, allowing for quick and efficient solvent discharge
through simple squeezing, enabling multiple and efficient
reuse; 2) it accelerates material transfer, exposing more cat-
alytic sites, and demonstrates catalytic activity far surpassing
that of COF powder as shown exemplarily in the Knoevenagel
reaction. Remarkably, even after 20 cycles of use, the COF
sponge maintains its solvent absorption capacity, catalytic
performance, and overall structure, demonstrating excellent
durability and reusability. These characteristics position the
COF sponge as a future material for various practical applica-
tions, fully unleashing its potential in different scenarios.

Results and Discussion

The most commonly used imine-linked COF, TpPa
(Figure S1), was selected as the research model.
Polyacrylonitrile (PAN) was used as the template polymer,
and a hierarchical porous and hollow TpPa sponge was

prepared using the TFA solvothermal process, as shown in
Figure 1.

Initially, p-phenylenediamine (Pa) was dissolved in a
specific concentration in a uniform solution of PAN in
dimethyl sulfoxide (DMSO). This solution was then freeze-
dried, resulting in a light-pink PAN/Pa open-cell sponge
(Figures 2a–d). The external macroscopic morphology of
the sponge was determined by the mold used during the
freezing process, yielding a cylindrical shape in this study.
Internally, the sponge exhibited a continuous hierarchical
porous structure, with the PAN loaded with Pa, making the
sponge cell walls provide an ideal platform for the in-situ
growth of TpPa.

After this, the sponge was soaked in a dichloromethane
solution containing 1,3,5-triformylphloroglucinol (Tp) and
subjected to solvothermal reaction at 120 °C for 1day, with
acetic acid serving as a catalyst. During this process, Pa
reacted with Tp, resulting in the in-situ growth of numerous
TpPa nanoparticles on the PAN skeleton. These nanopar-
ticles were tightly packed together through a symbiotic
process, forming defect-free, continuous TpPa film that com-
pletely enveloped the PAN sponge skeleton. Simultaneously,
the sponge transformed into a red, hierarchically porous
PAN/TpPa sponge (Figure 2e–h).

Finally, the PAN template was removed through sol-
vent (dimethylformamide) extraction, yielding a pure TpPa
sponge. The resulting TpPa sponge retained its external
macroscopic morphology and color even after the PAN
template was eliminated (Figure 2i). Internally, the con-
tinuous TpPa cell walls and hierarchical porous structure
were preserved, forming a TpPa sponge with hollow walls
(Figures 2j–l). For comparison, a red spherical TpPa powder
(Figure S2), assembled from nanoparticles, was synthesized
using the same solvothermal method.
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Figure 2. Photographs and SEM images of PAN/Pa sponge a)–d), PAN/TpPa sponge e)–h), and TpPa sponge i)–l).

Moreover, by adjusting the concentration of PAN and
Pa in the DMSO solution during the preparation process
(first step), different TpPa sponges could be fabricated, as
summarized in Table S1. The concentration of PAN in DMSO
was fixed at 10 mg mL−1, while the mass ratio of PAN
to Pa was varied to 10:3, 10:5, and 10:10, respectively. The
resulting TpPa sponges were named TpPa sponge-3, TpPa
sponge-5, and TpPa sponge-10. Because of the consistent
concentration of PAN in the DMSO solution, the resulting
TpPa sponges exhibited similar hierarchical porous structures,
with an average pore size of approximately 210 µm. With
the increase in Pa content, an increase in the density (from
2.2 to 6.7 mg cm−3) of the TpPa sponge and the thickness
of its hollow skeleton TpPa cell wall (from 103 to 214 nm)
was observed (Figure S3a–i). Furthermore, by increasing the
concentration of PAN in DMSO to 20 mg mL−1 and adding
the same mass of PAN as Pa, a TpPa sponge referred to
as TpPa sponge-20 was obtained. As shown in Figure S3j–l,
TpPa sponge-20 exhibited a similar hierarchical porous and
hollow cell-wall structure as other TpPa sponges but with a
smaller average pore size of about 124 µm, a thicker hollow
cell-wall skeleton measuring 257 nm, and a higher density
of 12.3 mg cm−3. Thus, by controlling the parameters during
the preparation process, it is possible to obtain hierarchical
porous TpPa sponges with hollow cell walls of varying
densities. Notably, TpPa sponge-3 stands out as the lowest
density mechanically stable COF macroscopic object reported
to date (Table S2), which is so light that it (5.8 mg) can be fully
supported by just three dandelion hair (Figure S4).

Fourier Transform Infrared (FT-IR) spectra, 13C and
15 N cross-polarized magic angle spinning (CP-MAS) solid-
state NMR spectra, and X-ray diffraction (XRD) patterns
were utilized to investigate changes in the chemical and

crystalline structures of TpPa sponges. The FT-IR spec-
tra (Figures 3a, S5a) revealed that upon completing the
solvothermal reaction, the PAN/Pa sponge transformed into
a PAN/TpPa sponge. This conversion was evidenced by
the disappearance of the N─H (3300–3400 cm−1) stretching
peak of Pa and the emergence of stretching peaks at 1574
cm−1 (C═C) and 1236 cm−1 (C─N), consistent with TpPa
powder confirming the successful synthesis of TpPa COF.[53,54]

After solvent extraction, the stretching peak of the PAN at
2242 cm−1 (C≡N) was entirely absent, while the chemical
structure of TpPa was completely retained, indicating that the
TpPa sponge was successfully formed. Additional evidence
came from 13C and 15 N CP-MAS solid-state NMR spectra
(Figures 3c,d). The chemical structures with numbered carbon
atoms and their corresponding NMR spectra are provided in
Figure 3b. The PAN/Pa sponge showed carbon of the aliphatic
main chain of PAN at ∼30 ppm and a nitrile nitrogen peak
at ∼127 ppm, as well as Pa, exhibiting aromatic CH groups
at ∼139 ppm and an amino nitrogen peak at ∼328 ppm. In
contrast, the PAN/TpPa sponge displayed the disappearance
of Pa-specific peaks, with the appearance of TpPa-specific
imine carbon (∼147 ppm), carbonyl carbon (∼184 ppm), and
keto-enamine nitrogen (∼241 ppm) peaks. After the removal
of the PAN template from PAN/TpPa sponge, all PAN-
associated peaks vanished, while TpPa peaks were retained,
aligning perfectly with the spectra of TpPa powder.[52]

The XRD patterns provided further confirmation of the
crystallinity and successful formation of the TpPa sponge
(Figures 3e, S5b). The characteristic PAN reflex at 2θ

= 17.2° was absent in the TpPa sponge, confirming the
complete removal of PAN. The XRD patterns of TpPa
powder, PAN/TpPa sponge, and TpPa sponge displayed
clear reflections at 2θ = 4.8° and 27°, consistent with the
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Figure 3. FT-IR spectra of PAN/Pa sponge, PAN/TpPa sponge, TpPa sponge, and TpPa powder a). Chemical structural formulas of Pa, PAN, and TpPa
b). 13C and 15N CP MAS NMR spectra of PAN/Pa sponge, PAN/TpPa sponge, TpPa sponge, and TpPa powder c), d). XRD patterns of PAN/TpPa
sponge, TpPa sponge, TpPa powder, and the simulated AA eclipsed stacking model e). Space-filled model of TpPa in AA stacking mode f).

AA stacking model simulation of TpPa, demonstrating high
crystallinity. Based on Bragg’s law, the reflections from the
(100) and (001) planes indicated a pore size and interlayer
spacing of approximately 1.8 and 0.33 nm, respectively
(Figure 3f), in agreement with previously reported values in
the literature.[55,56]

The surface area, pore size distribution, and cumulative
pore volume of the TpPa sponge and TpPa powder were
analyzed using N2 physical adsorption isotherms at 77 K,
as shown in Figure S6. All samples exhibited typical type-
I reversible isotherms, characterized by a sharp increase
in adsorption at low relative pressures, indicating a highly
microporous structure.[57] The BET (Brunauer–Emmett–
Teller) surface area of TpPa powder was measured to be
561 m2 g−1, with a pore size distribution centered around
1.8 nm, consistent with XRD patterns results, and a maximum
cumulative pore volume of 0.28 cm3 g−1, which aligns well
with previously reported values.[55,58] In comparison, the TpPa
sponge showed a similar pore size distribution centered
around 1.8 nm, but exhibited a significantly larger surface
area (1359–1655 m2 g−1) and cumulative pore volume (0.53–
0.67 cm3 g−1) as summarized in Table S3. Moreover, the
surface area of the TpPa sponges steadily increased as the Pa
content decreased. This increase is likely due to the structural
differences between the TpPa sponge and TpPa powder.
Although both materials are formed through the aggregation
of nanoparticles, TpPa sponges have a hierarchically porous
and hollow cell wall structure in which the thickness of the
hollow TpPa cell wall is much thinner than that of TpPa
powder. This reduced thickness exposes more accessible pore
space in the sponge, leading to a higher surface area and
cumulative pore volume. Specifically, the TpPa sponge-3 with

the thinnest hollow cell wall has a surface area of 1655 m2 g−1

and a cumulative pore volume of 0.67 cm3 g−1, far exceeding
that of TpPa powder. As the thickness of the hollow sponge
skeleton wall increased, the accessible pore space decreased
slightly, resulting in a modest reduction in both surface area
and cumulative pore volume for the thicker cell wall TpPa
sponges.

The mechanical properties of the TpPa sponge were
evaluated through a series of compression tests. As shown in
Figure 4a, the stress–strain (σ–ε) curves of the TpPa sponge-
3 at different strain levels (30%, 50%, 70%, and 90%) show
that the sponge can recover to its original shape after releasing
the compression and three characteristic regions similar to
elastomeric foams can be observed:[59,60] 1) the linear elastic
region (ε < 10%), which is determined by the elastic bending
of the cell wall, and the stress increases linearly with strain,
but the density of TpPa sponge-3 is too low, resulting in
no obvious change in this region;[45] 2) the relatively flat
plateau region (10% < ε < 80%), which is determined by
the elastic buckling of the cell wall, and the stress increases
slowly with strain; and 3) the densification region (80%< ε <

90%), where the cell structure collapses further and the stress
increases sharply with strain, indicating that the TpPa sponge-
3 is resistant to further compression. At a maximum strain
of 90%, the compressive stress reached 12.2 kPa, indicating
that the TpPa sponge-3 can withstand over 35 000 times
its own weight without collapsing. After 100 compression
cycles at 90% strain, the stress and height of TpPa sponge-
3 remained almost unchanged (Figure 4b,c). Even when fully
compressed, the TpPa sponge-3 exhibited excellent compres-
sive properties, returning to its original height (Video S1).
To further evaluate the compression fatigue resistance, TpPa
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Figure 4. The compression stress–strain curves of TpPa sponge-3 at different maximum strains a). The inset shows a magnification of the
compression stress–strain curves. The compressive stress–strain curves b) of TpPa sponge-3 at 90% strain for 100 cycles and cycle-dependent
compressive stress c). The compressive stress–strain curves d) of TpPa sponge-3 at 90% strain for 300 000 cycles, cycle-dependent compressive
stress e), and cycle-dependent height reducion rate f). Schematic diagram of the changes in TpPa sponge during compression deformation g).

sponge-3 was subjected to 300 000 compression cycles at
50% strain. The results showed stress decay of 7.9%,
and a height reduction (plastic deformation) of only 7.1%
(Figure 4d–f). Impressively, its external macrostructure and
internal hierarchical porous structure remained intact after
the test (Figure S7). Additionally, all TpPa sponges tested
under the same conditions exhibited excellent deformation
recovery (Figure S8 and Table S4). This outstanding defor-
mation recovery and mechanical stability sets TpPa sponges
apart from traditional COF macroscopic objects, which tend
to exhibit brittleness,[61–63] and surpass most reported 3D
macroscopic objects (Figure S9 and Table S5). The superior
mechanical properties of the TpPa sponge are primarily
attributed to its unique structural features: 1) The efficient
continuity of the internal TpPa skeleton, which prevents stress
concentration and ensures even absorption and release of
stress throughout the material; 2) the hierarchical porous
and hollow skeleton wall structure provides ample space to
accommodate high levels of deformation while effectively
absorbing and releasing stress; and 3) the defect-free continu-
ous ultrathin TpPa cell wall (100–250 nm), which can endure

significant bending while rapidly recovering its original shape
(Figures 4g, S10 and Video S2). These factors combine to
create a COF sponge with excellent deformation recovery
properties.

TpPa sponges have hierarchical porous and hollow struc-
tures, along with their high surface area and excellent
deformation recovery properties, which should make them
suitable for many different applications in the future. Exem-
plarily we tested their performance in the absorption of
organic solvents. In the case of chloroform, TpPa sponges
demonstrate an exceptionally high absorption capacity, par-
ticularly TpPa sponge-3, which can absorb 262 times its own
weight (Figure 5a). Given this impressive performance, TpPa
sponge-3 was selected as the representative material to test its
absorption capabilities across a range of organic solvents. The
results revealed that TpPa sponge-3 exhibited an astonishing
absorption capacity for organic solvents, ranging from 201 to
262 times its own weight (Figure 5b). This absorption capacity
surpasses that of previously reported COF-based absorbents
and most other absorbents (Figure 5d and Table S6). Three
key factors are hypothesized to contribute to the sponge’s
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Figure 5. The absorption capacity of TpPa sponges for chloroform a). Absorption capacity of TpPa sponge-3 for different organic solvents b).
Performance of the TpPa sponge-3 over 20 cycles of absorption of chloroform c). Comparison of absorption performance of TpPa sponge-3 with other
absorbents d). And a comprehensive comparison is provided in Table S6. Schematic diagram of the high-performance absorption of organic solvents
by TpPa sponges e).

unprecedented solvent absorption capacity: 1) The high
surface area and cumulative pore volume, enable the sponge
to expose more absorption sites, enhancing its overall capacity
for solvent absorption; 2) the hollow TpPa cell wall structure
promotes the absorption of solvents through capillary action
and retains them within the sponge skeleton; and 3) the low
mechanical strength causes the internal hierarchical porous
structure to shrink after absorbing the solvent, and further
locks the solvent between the sponge skeletons through
capillary action (Figure 5e). Additionally, a significant amount
of the absorbed solvent (up to 70%) can be easily expelled
by simple squeezing, indicating that capillary action plays
a dominant role in solvent retention. And thanks to the
excellent deformation recovery ability of the TpPa sponge,
it can be reimmersed in the solvent to restore its original
shape, allowing for convenient and efficient repeated use
without compromising its structural integrity (Video S3).
Specifically, the TpPa sponge-3 demonstrated no reduction
in solvent absorption capacity across 20 cycles of use
(Figure 5c). After the cycles, the external macrostructure and
internal hierarchical porous structure remained fully intact,
underscoring its excellent reusability and structural stability
(Figure S11). This makes the TpPa sponge a promising highly
durable and effective material for repeated solvent absorption
applications.

COF powders have been widely utilized in catalysis, but
challenges such as agglomeration and difficult separation limit
their broader application.[64–66] In contrast, the mechanically
stable TpPa sponges, with their hierarchical porous and
hollow structure, ultrathin skeleton, and high surface area,
offer significant advantages. These properties are expected to
enhance exposure to catalytic active sites and improve mass

transfer efficiency (Figure 6a). To explore this, the catalytic
performance of TpPa sponges was evaluated using the Kno-
evenagel condensation reaction between benzaldehyde and
malononitrile as a model, and their performance was com-
pared with TpPa powders. As anticipated, all TpPa sponges
demonstrated superior catalytic performance compared to
TpPa powder (Figure 6b). The TpPa sponge-3, which has the
highest surface area (1655 m2 g−1) and the thinnest skeleton
wall (103 nm), achieved complete conversion of benzaldehyde
within 1.5 h, significantly faster than the 5 h required by TpPa
powder. TpPa sponges have excellent mechanical stability
and are easy to separate from the reaction solution. The
reusability of the TpPa sponge-3 was further explored, and
its catalytic performance remained essentially unchanged
during 20 further uses (Figure 6c). The external macroscopic
morphology, internal hierarchical porous structure, chemi-
cal integrity, and crystallinity of the TpPa sponge-3 were
perfectly preserved (Figure S12), showing excellent stability.
In addition, the catalytic performance of the TpPa sponge-
3 was studied in various other Knoevenagel condensation
reactions, and its performance was consistently better than
that of TpPa powder for all tested substrates under the same
reaction conditions (Figures 6d, S13–S20, and Table S7). This
highlights the superior reusability, efficiency, and stability of
TpPa sponges as catalysts in heterogeneous reactions.

In addition, we successfully synthesized three other
imine-linked COF (Figure S21) sponges (TpPa-(CH3)2

sponge, TpBD sponge, and TpBpy sponge) using the same
method. FT-IR spectra and XRD patterns confirmed that
these COF sponges were obtained with good crystallinity
(Figure S22). Moreover, like TpPa sponges, they also possess
hierarchical porous and hollow structures, with skeleton wall
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Figure 6. Schematic diagram of TpPa sponge catalyzed Knoevenagel condensation reaction a). Comparison of catalytic performance of different TpPa
sponges and TpPa powders b). Reusability tests of TpPa sponge-3 c). Comparison of the catalytic performance of TpPa sponge-3 and TpPa powder in
various Knoevenagel condensation reactions d). And the X axis is the corresponding products.

thicknesses of about 200 nm (Figure S23). This demonstrates
the versatility of the preparation method, suggesting its
potential for broader application to a variety of COFs. This
approach provides a promising pathway for the fabrication
and utilization of COF macroscopic objects in various fields.

Conclusion

This study successfully overcomes the inherent brittleness and
processing challenges of COFs by developing self-standing 3D
pure crystalline COF sponges with hollow skeleton walls and
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varied densities and surface area through a template-assisted
framework solvothermal process. The hierarchical porous
structure and hollow skeleton walls provided TpPa sponges
remarkable compressive stability and demonstrated superior
performance in organic solvent absorption and catalysis. The
sponges maintain their structural integrity and functional
efficiency across extensive reuse cycles, highlighting their
potential for practical applications. Furthermore, the adapt-
ability of the synthetic process allows for the fabrication
of a diverse range of COF sponges, paving the way for
future advancements in COF-based macroscopic materials.
This work establishes a robust platform for developing
high-performance COF macroscopic objects, expanding their
applicability in industrial and environmental contexts. These
sponges can be further modified with appropriate functional
groups, tailored porosity, and a hierarchical porous structure,
enabling broader applications in areas such as wastewater
treatment, toxic metal ion adsorption, sensors, and catalysis.
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