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Abstract: The  use  of  covalent  organic  frameworks  (COFs)  in

practical  applications  demands  shaping  them  into  macroscopic

objects,  which  remains  challenging.  Herein,  we  report  a  simple

three-step  method  to  produce  COF  aerogels,  based  on  sol-gel

transition, solvent-exchange, and supercritical CO2 drying, in which

2D imine-based COF sheets link together to form hierarchical porous

structures. The resultant COF aerogel monoliths have extremely low

densities (ca. 0.02 g cm-3), high porosity (total porosity values of ca.

99  %),  and  mechanically  behave  as  elastic  materials  under  a

moderate strain (< 25-35 %) but become plastic under greater strain.

Moreover,  these  COF  aerogels  maintain  the  micro-  and  meso-

porosity  of  their  constituent  COFs, and show excellent  absorption

capacity (e.g. toluene uptake: 32 g g-1), with high removal efficiency

(ca. 99 %). Finally, we show that the same three-step method can be

used to create functional  composites of  these COF aerogels  with

nanomaterials. We hope that our new procedure paves the way to a

wider variety of macroscopic COF-based aerogels.

Introduction

Practical applications that involve adsorption of gaseous or
liquid  molecules can be made cheaper  and more efficient  by
optimizing the porous materials employed.[1] In the past decade,
the interest in 2D porous structures has increased, owing to their

intrinsically porous designed structures.[2] These include covalent
organic  frameworks  (COFs),[3] crystalline  porous  organic
polymers  assembled  by  connecting  organic  building  blocks
through dynamic covalent bonds via reticular chemistry, which
allows  for  a  high  degree  of  structural  and  functional
customization.[4] Given  their  outstanding  physicochemical
properties,[5] high crystallinity, and permanent porosity with large
surface  areas,  COFs  have  demonstrated  great  potential  for
applications[6] such as  energy  storage,[7] catalysis,[8] molecular
storage, and water-purification/desalinization.[1a] 

However,  the  typical  products  of  COF  syntheses  are
normally powders, rather than macroscale objects, thus limiting
their  practical  use.  To  overcome  this  problem,  different
methodologies have recently been developed for shaping COFs
into macroscopic porous objects such as monoliths,  thin-films,
and membranes.[1b, 9] Among them, there is particular interest in
the possibility of shaping COFs into macroscopic hierarchically-
porous  objects  that  would  contain  a  combination  of  pores  of
different  size  scales,  as  such  objects  would  facilitate  mass
transport  through  the  shaped  material,  enhancing  the
accessibility  of  the  adsorbed  molecules  to  the  resultant  COF
intrinsic micro- and meso-pores.[10] Thus far, however, fabrication
of these macroscopic porous objects is not straightforward, as
their formation usually implies the total or partial collapse of the
COF  porosity.  For  instance,  this  occurs  in  three-dimensional
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(3D)  structures  with  hierarchical  porosity  produced  by  co-
polymer  synthesis,  printing,  or  templating.[11] Interestingly,
Banerjee  et  al.[12] have  recently  developed  a  gas-foaming
method to produce COF foams of multiscale porosity.  In their
method, the reaction of sodium bicarbonate with an excess of p-
toluene sulfonic acid leads to the continuous effervescence of
CO2, enabling the generation of COF foams. Remarkably, these
foams showed hierarchical  macro-,  meso-  and  micro-porosity,
allowing  the  ultrafast  and  efficient  adsorption  of  various
pollutants  and  micro-pollutants  from  water  at  very  low
concentrations. 
Another  class  of  very  interesting  macroscopic  hierarchically
porous objects is aerogels, porous materials with 3D hierarchical
morphology and porosity, low densities, high surface areas, and
high  total  pore  volumes,  all  of  which  greatly  facilitate  mass
transport  of  adsorbed  molecules  through  their  matrices.
Aerogels  are  extremely  important  for  several  applications,
including  heterogeneous  catalysis,  energy  storage,  sensors,
pollutant  capture,  and gas  storage.[13],[14] They  are  traditionally
prepared from silica gels,[15] but also can be made from metal
oxides,[16] organic  polymers,[17] carbon-based  materials,[13]

biopolymers,[18] even  metal-organic  frameworks,[19] and
polyhedral.[20] However, to date, COF-based aerogels have been
fabricated only via encapsulation of COF particles into aerogels
made  from  other  materials,  such  as  alginate  and  graphene
oxide.  For instance, monolithic  alginate aerogels  incorporating
different  COFs  have  been  fabricated  using  a  freeze-drying

template approach.[21] For Pd-based catalytic dehalogenation of
chlorobenzene,  these monolithic  aerogels  exhibit  an  excellent
yield, with no aggregation or leaching of Pd after the recycling
process. Also, a composite aerogel made of COF and reduced
graphene  oxide  (rGO)  has  been  recently  reported.[22] This
COF@rGO aerogel was also prepared using freeze-drying once
the composite had been hydrothermally synthesized. It presents
a high absorption capacity for organic solvents. Moreover, as a
supercapacitor  device  running  over  5000  cycles,  it  shows  a
capacitance performance of 269 F g-1 at 0.5 A g-1, owing to its
hierarchical  structure,  which  favors  rapid  solvent-absorption,
rapid charge-transfer, and ion-diffusion.

Herein,  we  report  the preparation  of  a  series  of  ultralight
monolithic aerogels made from pure imine-based COFs, through
a  straightforward  three-step  method  (Scheme  1).  Three  COF
aerogels are synthesized using this method, in which a COF gel
is  first  prepared  by  a  sol-gel  process  under  mild  conditions.
Then, this COF gel undergoes solvent exchange, and finally, it is
dried under supercritical CO2 (scCO2). The COF aerogels exhibit
a 3D sponge-like architecture built up from the interconnection of
fiber-like structures made of assembled COF-nanosheets.  The
resultant  monolithic  COF  aerogels  maintain  the  micro-  and
meso-porosity of the constituent COF, and show unprecedented
low densities (ca. only three times the density of air), interesting
mechanical properties, and a hierarchical porous structure that
features both meso- and macro-porosity. 
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Scheme 1. Top: Schematic of the synthesis of hierarchical COF aerogels via sol-gel processes, comprising: i) mixture of the molecular building blocks in AcOH; ii)
formation of the COF gels; and iii) solvent exchange and supercritical CO2 activation. Bottom: Representation of the COF aerogel synthesis followed in this work,
using TAPB-BTCA-AGCOF (photograph) as representative example of a macroscopic aerogel monolith. Scale bar: 0.5 cm.

As  a  proof-of-concept,  we  demonstrated  that  these
monolithic COF aerogels could serve as reusable scavengers of
toluene  from contaminated  water,  for  which  they  exhibit  high
removal efficiency (ca. 99 %). Additionally, we proved that the
kinetic  control  over  the  sol-gel  process  enables  the

encapsulation  of  nanoparticles  through  ready  modification  of
COF  aerogel  features,  based  on  the  exploitation  of  the  high
surface area and mass diffusion, which should provide access to
a broad range of new applications.
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Results and Discussion

First,  we  synthesized  the  COF  gels  by  mixing  the
corresponding aldehyde- (1,3,5 benzenetricarbaldehyde,  BTCA
or  terephthalaldehyde,  PDA) and  amine-  (1,3,5-tris(4-
aminophenyl)  benzene,  TAPB,  or 1,4-diaminobenzene,  PPDA)
monomers in glacial acetic acid (AcOH) with water (10 %, v/v) in
a dialysis membrane at room temperature.  The corresponding
mixture  was  then  left  undisturbed  in  contact  with  additional
AcOH at an oven at 25ºC for 5 days. Note that,  although the
formation of  COF gels  in  other  several  organic  solvents  (e.g.
dimethyl-sulfoxide  or  m-cresol)[23] had  previously  been
described, after trying some of those, we ultimately chose AcOH
because  it  enables  the  optimum  solvent  exchange  process
needed for  the subsequent  drying step in scCO2 (see below).
Moreover, we found that gelation does not require heating of the
precursor solution, but that in order to be uniform, it did require
the addition of  10 % of  water  (v/v).  Additionally,  although the
COF gels  had formed instantaneously,  we  incubated them at
room temperature in AcOH for 5 days to enhance their porosity
and  crystallinity.  Interestingly,  we  observed  that  shorter
incubation  times  lead  to  a  decrease  in  the  crystallinity,  while
longer incubation times induce material degradation (Section S3,
SI). 

Next,  we produced our low-density aerogels  by drying the
previously  synthesized  gels  with  scCO2.  This  began  with  two
solvent-exchange processes: one with tetrahydrofuran (THF), to
remove  unreacted  monomers,  and  the  other  with  ethanol

(EtOH). Again, this is where the use of AcOH as solvent in the
previous  step  had  proved  advantageous,  as  our  attempts  at
solvent-exchange  in  COF  gels  that  we  had  synthesized  in
dimethyl-sulfoxide or  m-cresol,  let  to partial  retention of  those
solvents and hampering the scCO2 exchange. Importantly,  we
had to perform the solvent exchanges using a solvent gradient
between them, i.e. THF vs EtOH, to prevent the collapse of the
gel  from  possible  solvent-structure  interactions.  Finally,
exchange with subcritical CO2(l) and supercritical CO2 activation,
by venting up ca. 8-10 bar h-1 to atmospheric pressure, gave rise
to the three imine-based COF aerogels, which we named TAPB-
BTCA-AGCOF,  PPDA-BTCA-AGCOF,  and  TAPB-PDA-
AGCOF  (Scheme  1).  The  control  of  the  venting  caudal  was
critical  in  the  formation  of  the  monolithic  COF  aerogels,  as
uncontrolled venting led to the collapse of the monolithic COF
structures. 

We would like to highlight the importance of the scCO2 drying
process, as open-atmosphere drying of the COF gels led to the
formation  of  COF  xerogels  (Section  S2,  S5,  S6;  SI),  whose
porous  structures  collapsed  due  to  shrinking  of  the  COF  gel
structure upon capillary strain of the solvent. We believe that this
microstructural collapse was responsible both for a large loss in
porosity  and  a  decrease  in  the intensity  in  the powder  X-ray
diffraction (PXRD) peaks relative to the respective COF aerogels
(vide infra). Moreover, it also leads to the appearance of a broad
diffraction peak at 20-25 ° in the PXRD, which we attributed to
a partial collapse of the COF (Section S7, SI), thus corroborating
results recently reported  by Dichtel et al.[24]

Figure 1. (A, C, E) Representation of the structures of the 2D imine-based TAPB-BTCA (A), PPDA-BTCA (B) and TAPB-PDA (C) COFs; and (B, D, F) PXRD
patterns of the corresponding aerogels, showing the experimental (red lines) and corresponding simulated patterns (blue lines) for  TAPB-BTCA-AGCOF (B),
PPDA-BTCA-AGCOF (D) and TAPB-PDA-AGCOF (F).
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Figure 2. Transmission electron micrographs (A, B, E, F, I, J), scanning electron micrographs (C, G, K) and photographs (D, H, L) of TAPB-BTCA-AGCOF (A-D),
PPDA-BTCA-AGCOF (E-H), and TAPB-PDA-AGCOF (I-L).

PXRD patterns of the three COF aerogels exhibited a good
crystallinity,  matched the simulated pattern  of  the AA-eclipsed
stacking models, and were comparable with the PXRD patterns
of  their  solvothermal  counterparts.[25] Thus,  TAPB-BTCA-
AGCOF  showed an intense peak at 5.7° corresponding to the
(100) plane, along with the peaks at 9.9° and 11.5° attributed to
the  (110)  and  (200)  reflections  (Figure  1B).  Similarly,  PPDA-
BTCA-AGCOF displayed the three peaks at 4.8°, 8.4°, and 9.8°,
corresponding to the (100), (110), and (200) planes, respectively
(Figure 1D). Also, TAPB-PDA-AGCOF showed the three peaks
at 2.9°, 4.9°, and 5.6° attributed to the (100), (110), and (200)
planes, respectively (Figure 1F). Altogether, these results agree
with  the  formation  of  the  expected  COF structures  based  on
ordered 2D layers. 

We  further  characterized  our  COF  aerogels  by  UV-vis
absorption and emission spectroscopies (Section S4, SI), as well
as  Fourier  transforms  infrared  (FT-IR)  spectroscopy,  which
confirmed the typical imine (C=N) stretching band of at   1620
cm-1 (Section S5, SI). Additionally, characteristic vibrations of the
amino  and  carbonyl  groups  of  the  precursors  were  detected,
with a substantial attenuation of the intensity at  ca. 1690 cm-1

(C=O,  stretching  bands)  and  3400  cm-1 (N-H,  stretching
bands), yet suggesting the presence of unreacted groups likely
located at the defective edges of the COF nanolayers. Next, we
turned to 13C CP-MAS solid-state NMR, which corroborated the
formation of imine bonds (characteristic imine carbon signal at
156 ppm) and revealed a residual peak at  190 ppm, which
we assigned to the remaining aldehyde groups (Section S6, SI).
Nevertheless, the rigorous quantification of unreactive defectives
edges  cannot  be  done  spectroscopically.  Finally,
thermogravimetric analysis (TGA) under N2 atmosphere showed
that the COF-aerogels are thermally stable up to 500 0C (Section
S8,  SI).  Next,  we  analyzed  the  microstructure  of  the  COF
aerogels  by  transmission  electron  microscopy  (TEM)  and

electron microscopy scanning (SEM) (Sections S9 and S10, SI).
All  of  the micrographs  revealed  a  sponge-like  architecture,  in
which COF nanolayers (Figures 2A, 2E, and 2I) are assembled
into  fiber-like  structures  (Figures  2B,  2F,  and  2J),  the
interconnection  of  which  gives  rise  to  the  formation  of
hierarchical  meso-  and macro-porous  3D aerogels  (Figure  2).
Statistical analyses of TEM images confirm nanolayer sizes of
30-45  nm  for  TAPB-BTCA-AGCOF;  60-100  nm  for  PPDA-
BTCA-AGCOF; and  120-170  nm  for  TAPB-PDA-AGCOF
(Section S10, SI).

To gain insight into the nature of the interlayer connections in
the 3D aerogel structures, we closely analyzed the 13C CP-MAS
NMR spectrum of each of the activated COF aerogels together
with its corresponding thermogravimetric  results  (Section S11,
SI).  We  thus  confirmed  the  presence  of  small  quantities  of
AcOH. Therefore, we hypothesized that AcOH plays a significant
role  in  the  formation  of  the  3D  networks  in  the  aerogels  –
namely, by participating in the H-bonds that connect the amine
and  aldehydes  groups  between  the  layers.  Accordingly,  we
reasoned that the presence of AcOH molecules throughout the
aerogel  formation  enables  the  establishment  of  new  imine
condensation bonds at the grain boundaries between the COF-
nanolayers within the structures, thereby leading to the formation
of aggregates and, ultimately, of the 3D structures. Interestingly,
a similar  formation of  free-standing membranes of the  TAPB-
BTCA-COF  based  on  related  interactions  has  already  been
reported.[26]

We  found  that  the  COF  aerogels  show  extremely  low
densities (ca. 0.02 g cm-3, Table S5). In fact, they are so light
that  a  small  chunk  can  rest  comfortably  atop  the  hairs  of  a
dandelion  (Figure  3A).  We  then  assessed  their  mechanical
stiffness through uniaxial quasi-static compression tests (Figure
S29, Table S5). All samples behaved elastically below 25 % to
35 % strain, after which they were plastically compressed to  a
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maximum deformation of 90 %, yet without exhibiting failure. At
this point, they demonstrated partial recovery, even at maximum
deformation. Such  compressive  curves,  usually  described
according to the typical behavior of  an elastomeric  foam with
connected cells, comprise three regions. The first region (known
as the Hookean region) corresponds to linear elasticity at low
stresses  and  is  dominated  by  cell-wall  bending.  The  second
region is a plateau of prolonged-collapse, whereby the stresses
increase  monotonically,  implying  elastic  buckling  of  the  wall.
Finally, the third region comprises an area in which the stress
rises steeply; here, the cells have almost completely collapsed,
and  further  strain  promotes  the  densification  of  the  material
(Section S12, SI).[27] These three stages have been observed in
benchmark  graphene-based  aerogels.[28] However,  in  some
studies,  the  Hookean  region  drastically  decreases  with  the
lowering  of  the  density,  in  some  cases  even  eventually
disappearing.[28b] In  fact,  observation  of  the  Hookean  region
demands  a  certain  number  of  cell  walls  be  aligned  with  the
pressure  axis  in  order  to  provide  sufficient  resistance  to  the
stress; otherwise, only the other two regions are observed. This
scenario is what  we observed with our  COF aerogels,  whose
compressive  curves  lack  a  Hookean  region  and  whose
deformation  -  even  at  extremely  low  values  of  stress  -  is

dominated  by  elastic  buckling  (Figure  3C).  The  highly-porous
aerogel microstructure has a stochastic distribution of widely and
loosely-connected cavities separated by particles built  up from
the piling of  a  few 2D covalent  sheets.  Indeed,  the basic  2D
morphology of  the COFs makes them very prone to buckling.
The elastic moduli of the three COF aerogels are summarized in
Figure 3B. Reflecting on the differences that we observed for the
elastic modulus, we reasoned that there could be three possible
explanations  that  are  not  mutually  exclusive:  i)  the
microstructure of the COF aerogels (including their density); ii)
the shape and dimensions of the particles within the aerogel ( i.e.
the molecular structure);  and iii) the air flowing away from the
aerogel.

However,  given  the  lack  of  significant  differences  in  the
particle  size  and  density  values,  we  hypothesized  that  the
mechanical behavior of our COFs is strongly dominated by their
2D  molecular  features.  For  example,  they  can  be  arbitrarily
decomposed  into  a  rigid  node  (triple-branched  benzene  ring)
and more-flexible extended linear connectors. As expected, the
calculated elastic  modulus followed the same ordering  as the
diameter of the void and the closely related length of the linear
connector.

Figure 3. (A) The aerogels reported here have extremely low densities, as illustrated by this photo of a chunk of monolithic TAPB-PDA-AGCOF aerogel resting
on top of dandelion hairs. (B) Calculated elastic modulus and density values for the three COF aerogels. (C) Compression-strain curves obtained for  TAPB-
BTCA-AGCOF (blue-line), PPDA-BTCA-AGCOF (green-line), and TAPB-PDA-AGCOF (yellow-line). Inset: zoom on the area of low-stress.

However, the density of rigid nodes per area within the sheet
correlated nearly perfectly with the compressibility value, β (the
inverse  of  the  elastic  modulus),  in  the  form  of
β=

1
E

=A−mCnodes,  where  A is related to the flexibility of
the connector and m, to the rigidity of the node (Figure S32). As
the  chemical  nature  of  the  connectors  is  quite  similar  to  an
analogous  single-to-double-bond  ratio,  we  considered  the  A

parameter to be the same for the three aerogels. As intuitively
expected, this correlation indicates that as the concentration of
rigid  nodes  within  the  sheet  increases,  the  elastic  modulus
enhances. Regardless, the limited number  of  members in this
novel family of COF-based aerogels indicates that verification of
this apparent correlation will require further work.
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Having  characterized  our  COF  aerogels  extensively  for
diverse physicochemical and mechanical  parameters,  we then
turned  to  functional  testing  of  their  permanent  porosity  by
measuring their N2 adsorption isotherms at 77 K. The isotherms
for  TAPB-BTCA-AGCOF  and PPDA-BTCA-COF  present  a
steep increase at low values of relative pressure, followed by a
monotonic increase in the quantity adsorbed over 0.4 (Figure 4A
and 4B); a trend typical of porous structures with a wide range of
porosity.  Detailed  analyses  of  these  adsorption  isotherms  by
DFT revealed the presence of the pore cavities at 1.2 nm and
1.4  nm,  which  we  assigned  to  the  crystallographic  pores  of
TAPB-BTCA-AGCOF and  PPDA-BTCA-AGCOF,[10c,  24,  29]

respectively.  They  also  revealed  the  presence  of  additional
disordered cavities as the cumulative pore volume monotonically
increases  above  pore-width  values  greater  than  those  of  the
crystallographic pores (Figures S34 and S37; Section S13, SI).
In  contrast,  the  adsorption  isotherm  of TAPB-PDA-AGCOF
exhibits  a  hysteresis  loop  between  the  adsorption  and
desorption branches at low relative pressure (Figure 4C). Once
the  DFT  method  was  applied,  the  cumulative  pore  size
distribution  (Figure  S40)  showed  some porosity  related  to  its
crystallographic pores (3.3 nm), in addition to smaller pores in
the range of to the so-called supermicropores, which we similarly
attributed to interparticle aggregation or to a certain degree of
interpenetration  and  other  gate-opening  phenomena,  as
previously observed in COF-300.[30] 

From  the  aforementioned  isotherms,  we  calculated
Brunauer−Emmett−Teller (SABET) surface areas of 1146 m2 g-1 for
TAPB-BTCA-AGCOF, 677  m2  g-1  for  PPDA-BTCA-COF,  and
2535  m2  g-1  for TAPB-PDA-AGCOF.  These values,  which are
close to those found for their solvothermal counterparts, [10c, 24, 29]

further  confirm the quality  of  the COFs forming the aerogels.
They also confirm the absence of  precursors  inside the inner
porosity of  the COFs, especially in the case of  TAPB-BTCA-
AGCOF  and TAPB-PDA-AGCOF, corroborating  our  previous
identification,  by  FT-IR  spectroscopy,  of  amine  and  aldehyde
groups  as  structural-functional  groups.  Moreover,  taking  into
account the structural and microstructural porosity, we estimated
a  total  porosity  percentage  of  ca.  99  %  for  the  three  COF
aerogels (Table S6). These values are slightly higher compared
to  other  aerogels,[31] because  in  addition  to  the
extrinsic/microstructural  porosity,  the  intrinsic  porosity  of  the
COFs produces an enhancement of ca. 3-5 %. 

A

B

C

Figure 4.  N2 adsorption–desorption isotherms for (A)  TAPB-BTCA-AGCOF,
(B) PPDA-BTCA-AGCOF, and (C) TAPB-PDA-AGCOF. Adsorption branch in
black, desorption branch in red.

Considering  the  low  densities,  hierarchical  pore  size,
monolithic  forms, hydrophobicity,  and high BET surface areas
(SABET) of our three COF aerogels, we were inspired to evaluate
their  performance  as  oil-scavengers.  Thus,  we  tested  the
capacity  of  each  aerogel  to  remove  a  model  organic
contaminant, such as toluene from water. Initially, Oil Red O dye
(as a simple visual indicator) was dissolved in 1 mL toluene (10 -2

M) and added to 30 mL of  water.  Afterward,  each monolithic
aerogel was placed in contact with the mixture for 1 min. Note
that  we  used  the  COF-aerogels  directly  as  oil-adsorbents,
without any additional support  (Figure 5A). After this time, the
COF  aerogels  were  removed,  at  which  point  they  showed  a
characteristic red color confirming the successful adsorption of
the  Oil  Red  O dye/toluene  solution.  The  aerogels  were  then
dried  under  vacuum  for  3  h,  and  the  adsorbed  Oil  Red  O
dye/toluene  solution  was  fully  extracted  with  20  mL  of
dichloromethane, from which a colorless monolithic aerogel was
obtained,  thus  confirming  the  extraction  of  Oil  Red  O
dye/toluene.  Finally,  the Oil  Red O dye/toluene content in the
dichloromethane  was  quantified  by  UV/vis  absorption
spectroscopy  (Section  S15,  SI),  from  which  we  measured
adsorption  capacities  of  24.7  g  g-1 for  TAPB-BTCA-AGCOF,
25.5  g g-1 for  PPDA-BTCA-AGCOF, and  32.6 g g-1 for  TAPB-
PDA-AGCOF (Figure  5B).  Remarkably,  the  toluene-removal
capacity from water of our three COF aerogels is in the range of
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other carbonaceous  aerogel-type adsorbents  reported to have
excellent  performance,  including  graphene  aerogel,  reduced
graphene oxide (rGO) foam, and poly(1, 3, 5‐triethynylbenzene)
(PTEB)  aerogel  (Table  S7).  We  also  tested  the  adsorption
kinetics  of  COF-aerogels  (Figure  S43),  observing  rapid
adsorption of toluene that reaches its maximum in less than 1
minute. 

Additionally,  we  evaluated  the  regeneration  of  the  TAPB-
PDA-AGCOF monolithic  aerogel  during  ten  consecutive
adsorption-desorption  cycles  of  toluene  from  contaminated
water.  In each cycle,  the COF aerogel  saturated with toluene
was  regenerated  first  using  solvent  exchange  with
dichloromethane,  and  then  activating  the  sample  under  a
nitrogen flow for 1 (Movie S1).  Remarkably,  the COF aerogel
exhibited  no  loss  of  toluene-adsorption  capacity  over  the  ten
cycles (Figure S44).

We  reasoned  that  the  macroporous  structure  and  simple
synthetic procedure used to produce the COF aerogels  could
enable  the  incorporation  of  other  nanomaterials  (e.g.
nanoparticles)  into  the  COF  aerogels.  Thus,  we  envisioned
creating  new  composite  materials  that  would  combine  the
hierarchical  porosity  of  the  COF  aerogels  with  additional
functionalities  of  the  integrated  nanomaterials.  As  a  proof-of-
concept,  we  incorporated  Fe3O4@rGO  particles,  which  are
magnetically  and  electrically-active,  into  the  aerogel TAPB-
BTCA-AGCOF, by following the same three-step method that

we  had  used  for  the  aerogel  synthesis,  except  that  we  first
dispersed Fe3O4@rGO nanoparticles into the BTCA solution by
ultrasonication  (15  min).  The  resultant  monolithic  composite,
which  we  named  [Fe3O4@rGO]@TAPB-BTCA-AGCOF,  is
shown in Figure 5C. Analyses by SEM and PXRD revealed the
structure  of  the  desired  monolithic  aerogel  TAPB-BTCA-
AGCOF, confirming that its synthesis had not been affected by
the nanoparticles  (Figure  5D and Figure  S45).  Moreover,  the
PXRD  pattern  confirmed  the  presence  of  the  Fe3O4@rGO
particles  within  the  monolithic  aerogel,  which  was  further
confirmed  by  elemental  mapping  by  energy  dispersive  X-ray
spectrometry (EDX), which revealed a highly uniform distribution
of Fe and O atoms (Section S16, SI). Notably, the porosity of
[Fe3O4@rGO]@TAPB-BTCA-AGCOF is  retained,  and  its
toluene-adsorption capacity, 24.4 g g-1, similar to that of  TAPB-
BTCA-AGCOF.

We  next  sought  to  evaluate  the  electrical  and  magnetic
properties  of  the [Fe3O4@rGO]@TAPB-BTCA-AGCOF.  Firstly,
we  measured  the  electrical  conductivity  of
[Fe3O4@rGO]@TAPB-BTCA-AGCOF at  room  temperature  by
the  two-contacts  method,  using  silver  paint  directly  on  its
surface, from which we obtained a value of  ca. 1.6×10-6 S cm-1

(Figure  S47 and  Table  S8).  Finally,  we  studied the magnetic
properties of [Fe3O4@rGO]@TAPB-BTCA-AGCOF by exposing
a monolithic aerogel to a magnet, which is rapidly attracted to it
(Movie S2). 

Figure 5. (A) Photographs of the removal experiment of toluene (dyed by Oil red O) from water using a TAPB-PDA-AGCOF monolith: (left) water contaminated
with toluene (Oil Red O); (center) TAPB-PDA-AGCOF monolith on the top the toluene contaminated water; and (right) TAPB-PDA-AGCOF monolith on the top of
the water after ten sorption-desorption cycles. B) Quantity of toluene removed by the COF aerogels (grey-bars) and other adsorbents;  [Fe3O4@rGO]@TAPB-
BTCA-AGCOF  (turquoise-bar),  PTEB aerogel (green-bar),  rGO foam (orange-bar),  graphene aerogel  (purple-bar),  and polyurethane sponge (olive-bar).  (C)
Photograph of  [Fe3O4@rGO]@TAPB-BTCA-AGCOF  (scale  bar:  1  cm).  (D)  PXRD pattern  of  [Fe3O4@rGO]@TAPB-BTCA-AGCOF  (blue-line),  Fe3O4@rGO
(green-line), and simulated (red-line).
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Conclusion

We  have  reported  here  the  synthesis  of  COF  aerogels
through  a  three-step  method  of  sol-gel  transition,  solvent
exchange, and, finally, activation with supercritical CO2. These
aerogels  are  formed,  from  gels,  under  very  mild  conditions
without  requiring  binders  and/or  high  pressures.  This  simple,
low-cost,  and  green  approach  allows  for  the  fabrication  of
ultralight  aerogels  of  imine-based  COF  aerogels  that  have
extremely low-densities (0.017 g cm-3  to 0.02 g cm-3) and show
hierarchical porosity with total porosity values of ca. 99 %, which
are in the top-range of other aerogels.

Mechanically,  the  COF  aerogels  exhibit  elastic  behavior
below  25  % to  35  % strain  but  become  plastic  after  further
compression to a maximum deformation of 90 %, albeit without
exhibiting failure.  Our mechanical  studies indicate a particular
relationship  between  the  elastic  modulus  and  rigidity  of  the
corresponding molecular 2D structure. 

To  assess  their  adsorption  capacity,  we  tested  our  COF
aerogels for the uptake of toluene from an aqueous solution, for
which  they  performed  highly  efficiently  and  with  good
recyclability. Finally, we demonstrated that the same three-step
method could be used to synthesize COF aerogel/nanomaterial
composites with multiple functionalities. As proof-of-concept, we
synthesized  a  COF  aerogel/iron-oxide  nanoparticle  composite
with measurable electrical conductivity and magnetism. We are
confident  that  our  preliminary  progress  on  COF  aerogels
facilitates access to a broad diversity of new COF aerogels and
related composites, especially those with functionalities relevant
to practical and industrial applications.
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