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ABSTRACT: Covalent organic frameworks (COFs) are crystalline organic materials of interest for a wide range of applica-
tions due to their porosity, tunable architecture, and precise chemistry. However, COFs are typically produced in powder 
form and are difficult to process. Herein, we report a simple and versatile approach to fabricate macroscopic, crystalline 
COF gels and aerogels. Our method involved the use of dimethyl sulfoxide as a solvent and acetic acid as a catalyst to first 
produce a COF gel. The COF gel was then washed, dried, and reactivated to produce a macroscopic, crystalline, porous COF 
aerogel. We demonstrated this synthesis for six different imine COFs and found that the crystallinities and porosities of the 
COF aerogels matched those of COF powders. Electron microscopy revealed a robust hierarchical pore structure, and we 
showed that the COF aerogels can be used as absorbents in oil-water separations, for the removal of organic and inorganic 
micropollutants, and for the capture and retention of iodine. This study provides a versatile and simple approach for the 
fabrication of COF aerogels and will provide novel routes for incorporating COFs in applications that require macroscopic, 
porous materials. 

■ INTRODUCTION 

Covalent organic frameworks (COFs) are an emerging 
type of porous material synthesized by dynamic, covalent 
bonds.1–3 Due to their tunable chemistry, tailorable struc-
tures, regular pore channels and high surface areas, COFs 
have received significant interest for applications including 
membrane separation, pollutant removal, and energy stor-
age1,3. However, most COFs are produced in the form of 
powders that are difficult to process.4 This limits the test-
ing and development of COFs for many applications includ-
ing membrane-based separations, electrochemical pro-
cesses that rely on separators or electrodes, and adsorp-
tion processes that require easy removal or separation of 
the adsorbent.2,4–11  

Recent studies have demonstrated novel processing and 
synthesis methods for producing macroscopic COF films 
and foams.  Dichtel and coworkers reported an acid‐
mediated exfoliation method that enables the dissolution 
of COF powders and solvent processing of COFs into thin 
films.4 In another example, Banerjee and coworkers devel-
oped an organic terracotta process and were able to pro-
cess COF powders into sculptures using p-toluenesulfonic 
acid (PTSA) as the organizer.11 However, the synthesis and 
processing of macorscopic COFs for applications remains a 
significant challenge.  

Aerogels or foams are of particular interest for applica-
tions in adsorption and separation fields because they pro-

vide high surface areas and an interconnected network of 
pores. The presence of different types of pore sizes en-
hances molecular accessibility due to interconnected pore 
channels and facilitates a high rate of mass transport.6,12 
Pioneering work by Banerjee and coworkers described the 
fabrication of a series of β-ketoenamine COF foams 
through an in-situ gas-phase foaming protocol. The as-
fabricated COF foams showed hierarchical porosity and 
superior dye adsorption efficiency compared with COF 
powders.6 Thomas and coworkers successfully fabricated 
COF/graphene aerogels through a hydrothermal approach, 
where COF monomers and reduced graphene oxide (rGO) 
were reacted at elevated temperatures to form wet gels 
and then freeze-dried to produce ultralight aerogel.12 The 
composite aerogel exhibited a high capacity for adsorption 
of organic solvents adsorption and superb electrochemical 
supercapacitor performance. Despite these recent advanc-
es, we still lack straightforward and versatile methods to 
fabricate crystalline and porous COF aerogels.   

    Herein, we demonstrate a simple approach to synthe-
size pure crystalline COF aerogels using dimethyl sulfoxide 
(DMSO) as the reaction solvent and 6M acetic acid as the 
catalyst (see Figure 1). This solvent and catalyst combina-
tion produced a uniform wet gel, and COF synthesis was 
conducted in the gelled state. After reaction, the gel was 
washed, dried, and activated to produce crystalline and 
porous COF aerogels. These macroscopic COF aerogels 
retain the shape of the reaction vial, feature hierarchical  



 

 
Figure 1. (a) Schematics for fabrication of COF aerogel through gelation and supercritical CO2 drying (Type I) or through gelation, 
reactivation, and supercritical CO2 drying (Type II). (b) COF monomers used in this study, and (c) Schematics for six different COF 
chemistries studied. (TAPB: tris(4-aminophenyl)benzene; TAPA: tris(4-aminophenyl)amine; BPDA: (1,1'-Biphenyl])-4,4'-
diamine;  PDA: terephthaldehyde; BrPDA: 2,5-dibromoterephthalaldehyde; OMePDA: 2,5-dimethoxyterephthalaldehyde; TFPA: 
tris(4-formylphenyl)amine; BTCA: 1,3,5-benzenetricarboxaldehyde).  

 

micropores and mesopores, and show excellent adsorption 
capacities. We demonstrated that these COFs could be easi-
ly effectively implemented in adsorption and decontamina-
tion applications. This work is significant because it pro-
vides a straightforward and general route to produce mac-
roscopic COF aerogels, and our method will be of interest 
to those interested in developing COFs for membrane-
based separations, energy storage applications, decontam-
ination and remediation, and other applications which 
benefit from macroscopic and porous COF scaffolds.  

 

■ RESULTS AND DISCUSSION   

Synthesis and characterizations of COF aerogels. To 
test our procedure for preparing COF aerogels, we targeted 
six different COF chemistries using the monomers shown 
in Figure 1b. In the first step of the synthesis, a stoichio-
metric ratio of amino monomers (TAPB, TAPA, or BPDA) 
and aldehyde monomers (PDA, BrPDA, OMePDA, or TFPA) 
were dissolved in 1 mL DMSO by sonication until a clear 
solution formed. Next, we added 6M AcOH as a catalyst, 
and the solution gelled within one minute of adding the 
acid catalyst. The wet gels were then incubated at 80 °C for 
12 hours to complete the reaction, during which the solu-

tion became a hazy gel. After the reaction was complete, 
the gels were sequentially immersed in tetrahydrofuran 
(THF), acetone and ethanol to remove impurities, and then 
they were dried under supercritical CO2 (ScCO2).  For two 
chemistries studied (TAPB-OMePDA and TAPB-TFPA, Type 
I in Figure 1a), this process produced crystalline COF aero-
gels. However, TAPA-TFPA, TAPB-PDA, TAPB-BrPDA, and 
BPDA-BTCA COFs were amorphous aerogels after this pro-
cess (Type II in Figure 1a). To produce crystalline COFs for 
these chemistries, these four samples were reactivated in a 
mixture of dioxane and mesitylene, solvent exchanged, and 
dried under ScCO2. The COF aerogels retained their macro-
scopic size and shape during the reactivation process. One 
point worth mentioning is that the first-step drying meth-
od can either be freeze drying or ScCO2 drying since amor-
phous samples gain crystallinity after reactivation. More 
details on the synthesis are provided in the Supporting 
Information.  

 



 

 
Figure 2. Characterization of COF aerogels by PXRD (a-g) and nitrogen sorption (g – i). (a-g) PXRDs for six different COFs: (a) 
TAPA-TFPA (b) TAPB-PDA (c)TAPB-OMePDA (d) TAPB-BrPDA (e) TAPB-TFPA (f) BPDA-BTCA. (g) Nitrogen sorption isotherms for 
six different COFs. (h) Calculated BET surface areas. (i) Pore size distributions for TAPA-TFPA COF aerogel. Insert shows the SEM 
micrograph of TAPB-TFPA COF aerogel. 

The COF aerogels were characterized by powder X-ray 
diffraction (PXRD) analysis, Fourier-transform infrared 
spectroscopy (FTIR), nitrogen sorption measurements, 
and scanning electron microscopy (SEM) (Figure 2 and 
Figure S5-S14). All six COF aerogels exhibited excellent 
crystallinities, and the peak positions were consistent with 
previous reports on COF powders (Figure 2a-g). They also 
matched simulated XRD spectra calculated using eclipsed 
AA-stacking modes. The simulations did not predict the 
peak near 5 degrees of TAPB-TFPA COF observed in exper-
iments, but this discrepancy between experiments and 
simulations has been previously observed for this particu-
lar COF 13(Figure 2f).  For all six COF aerogels, FTIR analy-
sis revealed the appearance of a C=N stretching vibration 
band at 1619 cm−1 and the attenuation of the aldehyde 
band at 1690 cm−1 after the reaction, indicating the for-
mation of imine bonds (Figure S7). The porous structures 
of COF aerogels were analyzed through nitrogen sorption 
tests. All six COF aerogels showed high nitrogen sorption 
at low relative pressures (P/P0<0.1), indicating a mi-
croporous structure in these COFs (Figure 2g). The BET 
surface areas were found to be 186, 2273, 2258, 682, 1626, 
1142 m2 g-1 for TAPA-TFPA, TAPB-PDA, TAPB-OMePDA, 
TAPB-BrPDA, TAPB-TFPA and BPDA-BTCA COF aerogels, 
respectively, which were comparable or larger compared 

to their counterpart powders (Figure 2h and Figure S11). 
The TAPA-TFPA COF aerogel and powder exhibited lower 
surface areas (aerogel: 186 m2 g-1; powder: 308m2 g-1) 
compared to other COF chemistries, likely due to the lower 
inherent crystallinity of this particular COF. TAPB-PDA and 
TAPB-OMePDA COF aerogels exhibited slightly higher BET 
surface areas compared with their powders (see Figure 2i 
and Figure S11). The pore size distributions were calculat-
ed using nonlinear density functional theory (NLDFT) 
methods, and all exhibited a combination of microporous 
and mesoporous structures (Figure 2i and Figure S12). 
Taking TAPA-TFPA COF aerogel as an example, the pore 
size distributions showed sharp peaks near 1.5 nm and 
broad peaks ranging from 4 nm to 20 nm, indicating the 
presence of a wide range of pore sizes (Figure 2j).  The 
pore size near 1.5 nm is consistent with previous re-
ports13,14 and represents the intrinsic micropores of TAPA-
TFPA.  SEM analysis showed that all COF aerogels were 
composed of fiber-like structures (insert in Figure 2j and 
Figure S13). Of particular interest, TAPA-TFPA COF aero-
gels showed numerous mesopores and macropores (~20-
100 µm), and these mesopores and  

 



 

 

Figure 3. Summary of performance of TAPB-TFPA and TAPB-OMePDA COF aerogels for the absorption of ethanol (EtOH), 
dimethylacetamide (DMAc), methanol (MeOH), dichlorobenzene (DCB), tetrahydrofuran (THF), and dimethyl sulfoxide 
(DMSO). (a, b) Digital photographs of absorption of (a), dyed chloroform (b), dyed silicon oil from water. (c, d) Organic sol-
vent absorption capacities of (c) TAPB-OMePDA COF aerogel and (d) TAPB-TFPA COF aerogel. (e) Performance of TAPB-
TFPA COF aerogel over multiple cycles of absorption of chloroform and (f) PXRD spectra of recycled TAPB-TFPA COF after 
multiple cycles of absorption, washing, and drying. 

 

macropores had a more regular structure and size when 
compared with the other five aerogels (Figure S13a). For 
the other five COF aerogels synthesized, the fiber-like 
structures were comprised of aggregated particles and 
many irregular, large voids and pores caused by the irregu-
lar stacking of the fiber-like structures (Figure S13b-f). 
Along with these macroscale pore structures, all COF aero-
gels had a crystalline, microporous structure characteristic 
of crystalline COFs. We also found that the amorphous aer-
ogels exhibited the same macroporous morphology as the 
crystalline aerogels (Figure S14). This indicates that the 3D 
macroporous structure did not shrink or collapse during 
the reactivation process.   

We further tested a variety of reaction conditions by 
varying the solvent, temperature, monomer concentration, 
catalyst amount, and drying methods (see details in Sup-
porting Information). We found that the use of DMSO was 
critical to the formation of wet gels (Figure S15). We tested 
other solvents including dioxane, mesitylene, chloroform, 
THF, acetone and ethanol, but the use of these solvents 
produced powder samples (Figure S16). Protic solvents 
such as dimethylformamide, dimethylacetamide, and N-

methyl-2-pyrrolidone were also tested in the synthesis of 
TAPB-PDA aerogels (see details in Supporting Infor-
mation). While these solvents produced TAPB-PDA COF 
gels, they were not applicable to TAPB-OMePDA COFs 
(Figure S17). While it is unclear why DMSO produces the 
most uniform COF gels, hydrogen bonding between the 
S=O functional group and water, acetic acid, and the COF 
imine bonds may play a role in promoting the gelation pro-
cess.15–17 When the reaction was conducted at ambient 
temperatures, a wet gel was formed, but the yield of final 
material was significantly lower compared to the reaction 
conducted at 80 °C. When the temperature was significant-
ly higher than 80 °C (120 °C or 160 °C), the wet gel shrank 
significantly due to the evaporation of DMSO (see details in 
Supporting Information). We also found that monomer 
concentration was an important variable. Wet gels were 
not observed at lower monomer concentrations (e.g. 5.5 
mg TAPB and 3.0 mg PDA in1 mL DMSO), but at higher 
concentrations (42.2 mg of TAPB and 24.1 mg of PDA in 
1mL DMSO), the resulting gels were a highly heterogene-
ous morphology, very different from the homogeneous, 
smooth morphology observed when using DMSO (Figure 



 

S18).  Additionally, the dimensions of COF aerogel were 
similar to that prepared at lower concentrations due to the 
mold dimensions, and therefore the density increased sig-
nificantly. The amount of acetic acid also influenced gela-
tion and aerogel formation. A small amount of 6M acetic 
acid (e.g. 0.05 mL AcOH in 1mL DMSO) added facilitated 
the synthesis of wet gels while greater amounts (e.g. 0.4 
mL or 0.6mL AcOH in 1mL DMSO) resulted in heterogene-
ous gels (Figure S19). Finally, we found that in the last step 
drying procedure, freeze drying was not an effective meth-
od to recover fragile COFs as it caused partial loss of crys-
tallinity for these  COF chemistries studied (Figure S20). 
This can be attributed to structure distortion caused by 
water removal during freeze drying process and it is con-
sistent with our previous report that demonstrated that 
high surface tension solvents can damage the pore struc-
ture and reduce crystallinity of COFs.18 

 

Absorption performance. Due to the highly porous 
structures, high surface area, and low density, the COF 
aerogels are expected to serve as effective absorbents for 
organic pollutants and show promising applications in 
oil/water separations.1,6,12 To test the ability of the COF 
aerogels to absorb organic pollutants, we conducted a se-
ries of absorption tests for TAPB-OMePDA and TAPB-TFPA 
COF aerogels. These two COF aerogels were selected as 
they could be synthesized and crystallized in DMSO sol-
vents directly without further reactivation. In addition, 
both exhibited very high surface areas (over 1000 
m2/g).  A piece of TAPB-TFPA COF aerogel was placed at 
the bottom of a container filled with water and chloroform 
containing the dye Sudan III. Upon adding the COF aerogel 
to the container, the chloroform was selectively absorbed 
within seconds (Figure 3a, Video S1 in Supporting Infor-
mation). In a similar test, we placed a piece of TAPB-TFPA 
COF aerogel was placed on the surface of water and silicon 
oil (dyed with Sudan III), and we observed that the COF 
aerogel similarly absorbed the silicon oil immediately 
(Figure 3b). These simple adsorption processes were effec-
tive for completely removing organic and oil phases, leav-
ing only a clean aqueous phase behind.  

We measured the absorption capacities of the COF aero-
gels for various organic solvents (Figure 3c, d). TAPB-
OMePDA aerogelshowed a very large absorption capacity 
of approximately 16 - 35 times its own weight, depending 
on the solvent tested. The largest absorption capacities 
were measured for ethanol, dichlorobenzene, dioxane, 
toluene and chloroform (Figure 3c). TAPB-TFPA aero-
gelexhibited a comparable organic solvents uptake capaci-
ty as TAPB-OMePDA aerogel, and it exhibited a better ab-
sorption capacity for dichlorobenzene and chloroform 
than other solvents (Figure 3d). To test the recyclability 
and re-use of COF aerogels, the aerogels were solvent ex-
changed using ethanol and dried using ScCO2. The result-
ing washed and dried aerogels exhibited no loss of absorp-
tion capacity (Figure 3e) or loss of crystallinity (Figure 3f) 
over 10 cycles of absorption, washing, and drying.  

 

Organic dye adsorption. There is a need for low-cost, 
portable, point-of-use technologies to treat contaminated 
water, especially in remote or low-resource locations.19 

Adsorption is an effective and low-cost process that has 
been widely utilized, but the development of stable and 
effective adsorbents with hierarchical porosities remains a 
challenge.20 We focused on TAPA-TFPA COF aerogel to test 
for the removal of micropollutants from water because this 
COF had a unique morphology with large micropores (see 
Figure S13a). The TAPA-TFPA COF exhibited excellent per-
formance in the removal of organic pollutant methylene 
blue (MB), achieving more than 93% removal efficiency 
within 13 mins (Figure 4b). By contrast, TAPA-TFPA pow-
ders exhibited a much slower removal rate of MB, with a 
similar removal efficiency only after over one hour (Figure 
S21). Both the TAPA-TFPA COF aerogel and powders fol-
lowed a pseudo second order model for adsorption (Figure 
S22), and the COF aerogel had a pseudo second order rate 
constant (Kobs) more roughly four time greater than the 
powders (0.20 g mg-1 min-1 vs 0.048 g mg-1 min-1 for the 
aerogel and powder, respectively). This suggests that the 
macroporous aerogel structure increases access to micro 
and macropores in the COF structure. Furthermore, unlike 
the powder, the aerogel can be easily recovered, washed, 
and reused for additional adsorption processes. After 
washing the COF aerogel with acetone and methanol, was 
utilized for 4 more cycles without any degradation in per-
formance in the removal of MB (Figure 4c). We additional-
ly performed a flow-through experiment to demonstrate 
the versatility of the COF aerogel in different adsorption 
treatments. We passed a 10 μM MB solution through a col‐
umn packed with TAPA-TFPA aerogel and measured a 99.0 
% removal efficiency (Figure S23). 

We also found that the TAPA-TFPA COF aerogel was ef-
fective in the removal of other organic and inorganic con-
taminants. Specifically, we tested Methyl Blue (MLB), Con-
gro Red (CR), Methyl Orange (MO), and gold nanoparticles 
(Au NPs) (See Figure S24, Figure S25, Table S3). The re-
moval efficiency for MLB was 97.2%, and the COF had a 
high Kobs of 0.17 g mg-1 min-1. The COF aerogel was also 
effective for the adsorption of MO and CR, with removal 
efficiencies of 80.6 % and 87.0% and Kobs of 0.167g mg-1 

min-1 and 0.068 g mg-1 min-1, respectively. The significantly 
slower removal rate of CR can be attributed to its larger 
molecular size compared with MLB and MB.6  Finally, the 
TAPA-TFPA COF aerogel effectively removed inorganic Au 
NPs (average size 5 nm) from water with a 99.0 % removal 
efficiency and a high Kobs of 0.60 g mg-1 min-1. We hypothe-
size  that the highly efficient removal of Au NPs was due to 
interactions between the Lewis acid surface of Au NPs and 
the imine bonds of COF.21,22 

 

Iodine uptake. Radioiodine is a pollutant generated by 
nuclear fission. Iodine is highly volatile and quickly dis-
perses in air, and therefore radioiodine is a serious threat 
to environmental and personal health.23 COFs have been 
studied for the capture and storage of radiological io-
dine,23–26 and here we investigated the effectiveness of COF 
aerogels for the adsorption of radioiodine. We tested 
TAPB-PDA COFs for the adsorption of iodine, as shown in 
Figure 5. This COF was chosen because it has large pores 
(3.3 



 

 

Figure 4. Performance of TAPA-TFPA COF aerogel for the adsorption of organic dyes and gold nanoparticles. (a) Pollutants studied 
in the adsorption tests. (MB: Methylene blue; MLB: Methyl blue; MO: Methyl orange; CR: Congo red; Au NPs: gold nanoparticles. (b) 
Time-dependent UV-Vis absorbance measurements during the adsorption of MB (c) Removal efficiency of MB by COF aerogels 
after multiple adsorption and wash cycles. (d) Removal efficiencies of different dyes by the COF aerogels.  

 

 

Figure 5. Evaluation of TAPB-PDA COF for iodine adsorption (a) Schematics showing the experimental setup of iodine uptake. (b) 
Iodine uptake capacity of TAPB-PDA COF aerogel and powder. (c) Measured retention of iodine in the TAPB-PDA COF aerogel after 
7 days at ambient conditions. 

 

nm)18,27, with no additional substituents or additional pore 
functionalities that may interfere with the iodine capture 
process. The TAPB-PDA COF aerogel showed an excellent 
iodine uptake capacity of 7.7 g iodine/1.0g COF aerogel 
(Figure 5b). For comparison, we also analyzed the iodine 
uptake capacity of TAPB-PDA powder. TAPB-PDA powder 
exhibited lower adsorption kinetics and capacity (~5.6 g 
iodine/1.0 g COF powder, Figure 5b). The better perfor-
mance of COF aerogel compared with the powders may be 
due to the lower density and larger total volume of the 
aerogel, which facilitates the interaction of iodine vapor 
with the COF intrinsic micropores and macropores. We 
further measured the ability of the TAPB-PDA COF aerogel 
to retain iodine. The COF aerogel was removed from the 
chamber containing iodine and held at ambient tempera-
ture and pressure. We detected no loss of iodine over 7 
days at ambient conditions (Figure 5c). 

■ CONCLUSIONS 

    In summary, we successfully synthesized a series of 
COF aerogels using DMSO as a solvent and 6M acetic acid 
as the catalyst. While some COFs were crystalline immedi-
ately after synthesis in DMSO and acetic acid, others  re-
quired an additional reactivation step in dioxane and me-
sitylene to produce crystalline COF aerogels. These meth-
ods produced crystalline, and highly porous COF aerogels 
with porosities and crystallinities comparable to COF 
powders produced using conventional solvothermal 
routes. We characterized the microstructure and morphol-
ogy of these COF aerogels and demonstrated their poten-
tial utility for the absorption of organic solvents, adsorp-
tion of organic dyes, gold nanoparticles , and iodine. Due to 
their lower density and hierarchical pore structure, the 
COF aerogels showed excellent performance in these tests. 
This work provides a versatile and widely-applicable 
strategy to produce COF aerogels and will significantly 
advance the development of COFs for applications in re-
mediation, separations, and others requiring porous, mac-
roscopic scaffolds.   



 

Supporting Information. Materials and methods, experi-
mental details, extra characterization data including PXRD, 
FITR, nitrogen sorption tests and SEM, optimization of COF gel 
conditions, organic solvent absorption measurements, ad-
sorption tests of dye adsorption and iodine uptake.  
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