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1. The challenge: COFs are powerful 
but hard to shape
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Layered material

O. Yaghi

Solvothermal 
conditions

Permanent Porosity / Low Density

Boronato-ester
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insoluble powders



H. Furukawa, O.M. Yaghi, J .Am. Chem. Soc., 2009, 131, 8875

Boroxine ring Boronate

Covalent Organic Frameworks: Boron-based COFs
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Semiconductor Catalysis
Adsorption, storage and 

separation

Sensing Energy storage Mass transport
PoreSkeleton

Nat Rev Methods Primers. 2023, 3, 1

COFs Design Properties & Applications



Boroxine and Boronate-ester COFs
Themally robust: 400-500 ºC
Low Chemical Stability: Hydrolisis

Covalent Organic Frameworks: Material Design Evolution

Applications: Robust Materials
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Chemically Robust Imine Based COFs
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Softening interlayer 
charge repulsion



Covalent Organic Frameworks
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Semiconductors

Catalysis

Adsorption, storage & separation

Energy storage

High Surface Area

Tuneable Pore Sizes & Shapes

Mass transport

controlling the shaping and sizing of COFs 

Production methods

Robust Materials

RT-COF-1Ac

Structural Material Design
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Crystallinity
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The Objetive: Shaping without losing crystallinity/porosity

Our strategy: Dynamic imine chemistry + controlled nanoaggregation
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TODAY ROADMAP



2. Dynamic imine chemistry as a 
route to processability 
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RT-COF-1Ac

cat. CH3COOH

Dioxane/Mesitilene
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Hampering COF Processability

solvoth, 12 h 



CH3COOH

Meta-cresol

IR and NMR (in solid) spectra 

confirm imine formation

Imine COF Formation at Room Temperature

Very unusual gel based on 2D flakes

Mild conditions vs Solvothermal 
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Zamora, F. et al Chem-Eur J 2015, 21 , 10666-10670.
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GIXRD measurements & isotherm
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Zamora, F. et al Chem-Eur J 2015, 21 , 10666-10670.

Surface area 
329 m2/g 
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First reported COF gel

Zamora, F. et al Chem-Eur J 2015, 21 , 10666-10670.

Gels: “Dynamic imine chemistry enables COF gelation under mild conditions”



RESULTS AND 

DISCUSSION

Anthracene
250 µL of 10-3 M Anthracene & Purpurin in THF

Gel

TAPB-PDA-COF

2-3 mL each fraction

Uses of imine-based COF gels: Stationary Phase

Purpurin

Stationary Phase for 
Chromatography

Anthracene

Purpurin

Ongoing experiments



3. COF gels and aerogels: porous monoliths from molecular 
frameworks

F. Zamora et al. Angew. Chem. Int. Ed. 2021, 60, 13969–13977
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Jesus A. Martín

How to make a COF Aerogel
Solvent 
trapped

3,4 nm
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Ambient Conditions

COF-nanoparticles 
medited by 
solvent

HAcO

F. Zamora et al. Angew. Chem. Int. Ed. 2021, 60, 13969–13977

Prof. D. Maspoch



TAPB-BTCA-COFPPDA-BTCA-COF

TAPB-PDA-COF

1,2 nm
1,8 nm

COF Aerogels

Extremely low densities
(ca. 0.02 g cm-3)

21
F. Zamora et al. Angew. Chem. Int. Ed. 2021, 60, 13969–13977

Aerogels: “COF gels can be converted into ultralight porous monoliths”



1.8 nm

1.2 nm

3.4 nm

COF nanolayers connected to form 3D aerogel structuredisordered porosity to stable interparticle aggregates that give 

rise to the meso- and macro-porous structures of the aerogels

1146 m2 g-1 

677 m2 g-1 

2535 m2 g-1 

supermicropores

COF Aerogels

22
F. Zamora et al. Angew. Chem. Int. Ed. 2021, 60, 13969–13977

COF-nanoparticles 
aggregation are 

medited by solvent



4. From aerogels to membranes: shaping 
without losing function
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Mechanical Properties of COF Aerogels

y= 40.704x; R=0.9853

y= 17.713x; R=0.9937

y= 7.6985x; R=0.9598

Uniaxial Compression Tests

Elastic

Elastomeric

F. Zamora et al. Angew. Chem. Int. Ed. 2021, 60, 13969–13977
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Membranes: Pressure-induced shaping transforms aerogels into flexible membranes



51,3 µm

Membrane Formation under Pressure from COF Aerogels
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From COF monolith to COF membrane

120 MPa

Flexible COF membranas: Crystallinity and Hieralchical Porosity



Properties & Applications of COF Aerogels
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Gas mixture separation Supercapacitors



Gas Separation using COF membranes

Prof. Dan Zhao

1,2 nm 1,8 nm 3,4 nm

27F. Zamora et al. Adv. Sci. 2022, 2104643

Flexible COF 
membranes



The mixed gas pair selectivity is higher compared to the ideal gas pair selectivity owing to the sorption and diffusion 
competition between the gas mixtures.  

Gas Separation using COF membranes

1,8 nm

1,2 nm

3,4 nm

1,8 nm

1,2 nm

3,4 nm

F. Zamora et al. Adv. Sci. 2022, 2104643 28

3,4 nm
1,8 nm
1,2 nm

Flexible COF 
membranes

1,2 nm
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COF membranes show much higher CO2 permeability compared with commercial membranes and the separation performance 
of our membranes is close to the 2008 upper bound limits 

COF membranes Performances for Gas Separation 

F. Zamora et al. Adv. Sci. 2022, 2104643 29
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Imine-based COFs: Gel to Gel to Aerogel synthesis
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Initial COF-gel Library

Dynamic Bonds

1,2 nm

1,8 nm

3,4 nm



Imine-based COFs: Gel to Gel to Aerogel synthesis

31

imine-to--ketoenamine
Dynamic Chemistry

Enhanced Chemical Stability
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β‐Ketoenamine‐Linked COFs via Gel‐to‐Gel Monomer Exchange Reaction
β‐ketoenamineimine

F. Zamora et al. Adv. Func. Mater. 2024, 2403567

Enhanced Chemical Stability



Capacitance Values (without TFA)
22 mF cm-2 ECOF-3 (-ketoenamine)
3.6 mF cm-2 ECOF-1 (imine)

imine

F. Zamora et al. Adv. Func. Mater. 2024, 2403567

β‐ketoenamine Cyclic Voltammetry of ECOF-3 and ECOF-1
using 20 % of TFA with a 50 mV s-1 scan rate

enol

β‐ketoenamine

imine

Carbon@COF Aerogels: Electrochemical Characterization

Enhanced Chemical Stability



Carbon@COF Aerogels: Electrochemical Characterization

Capacitance Values (20 % TFA):
• 82 mF cm-2 ECOF-3
• 88 mF cm-2 ECOF-4

Excellent stability at a high 
current density rate (2.0 mA 
cm-2) over 10,000 charge-
discharge cycles

Carbon@COF
ECOF

supercapacitor 

assembly

F. Zamora et al. Adv. Func. Mater. 2024, 2403567

in ACN with TBAPF4 1M & %TFA

Capacitance Values (without TFA)
• 22 mF cm-2 ECOF-3 
• 18 mF cm-2 ECOF-4

Cyclic Voltammetry of AGCOF-3

in ACN with TBAPF4 1M & %TFA
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Active material Electrolyte
Capacitance

(mF cm-2)
Energy

(µW h cm-2)
Power 

(µWcm-2)

Dq1Da1Tp COF 
(Anthraquinone)

PVA-H2SO4 gel 
electrolyte

8.5
(0.39 mA cm-2)

0.3 960

Dq1Tp COF 
(Anthracene)

PVA-H2SO4 gel 
electrolyte

12
(0.39 mA cm-2)

0.4 980

TpOMe-DAQ COF
PVA-H2SO4 gel 

electrolyte
84

(0.25 mA cm-2)
2.9 61.8

TpPa-(OH)2 COF
1 M phosphate 

buffer
98

(1.3 mA cm-2)
19.4

No data 
found

ECOF-3
TBABF4 1 M in 
ACN + 20% TFA

82
(2.0 mA cm-2)

148 7100

ECOF-4
TBABF4 1 M in 
ACN + 20% TFA

88
(2.0 mA cm-2)

158 7100

Comparative electrochemical performance of different COF based supercapacitors

Carbon@COF Aerogels: Supercapacitors

F. Zamora et al. Adv. Func. Mater. 2024, 2403567



Mixing Monomer 
exchange

AcOH as solvent of reaction COF-gel of TAPB-PDA-COF COF-gel of TZ-PDA-COF COF-gel of TZ-DMTA-COF

scCO2 dryingMonomer 
exchange

Imine-based COFs: Gel to Gel to Aerogel synthesis

0.5 cm 36

Double Exchange



Gels / Shapping Aerogels / Membranes
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Claim : Dynamic Gel to Gel to Aerogel Exchanges – New Synthetic Platform



5. 3D printing: toward designed COF 
objects

38
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1 - Ink preparation

3 - 3D printing

2 - 3D printer 
development

A new methodology enabling the 3D printing of pure COF monoliths

Dr. Sergio Royuela

S. Royuela et al. Adv. Func. Mater 2023, 2314634

3D Printing COFs

Prof. Josep Puigmartí



B

24 h 6 months

DLS

cationic hexadecyltrimethylammonium bromide (CTAB) and 

anionic sodium dodecyl sulfate (SDS) surfactants 

Flexible
Nanoreactor

Micelles

the players: 

water, RT

EP18179325.8 / WO2019243602
40

Dr. David Rodríguez

Prof. Josep Puigmartí

1 - Ink preparation



Processing

3D printing

EtOH

3D Printing of COFs

Nanoparticle Aggregation

41

COF water colloid

S. Royuela et al. Adv. Func. Mater 2023, 2314634

3D printing: “Colloidal control enables direct printing of pure COF architectures”



COF water 
colloid

Alcohol

COF

Printing head

3D Printing of COFs

42

COF water colloid

2 - 3D printer 
development

S. Royuela et al. Adv. Func. Mater 2023, 2314634
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Printing into alcohol for direct 
surfactant removal

3D Printing of COFs

Printing into Alcohol for surfactant removal

Dr. Sergio Royuela

3 - 3D printing

2 - 3D printer development

S. Royuela et al. Adv. Func. Mater 2023, 2314634



3D Printing of COFs

44

Complex COF pieces of different sizes and shapes

~1.5 cm

scCO2

activation

S. Royuela et al. Adv. Func. Mater 2023, 2314634



5. Outlook: processability is a design rule 
for functional COFs 

45



Processability 
is not a 
secondary 
property of 
COFs, is a 
design 
principle

46

Take-home message:
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Thanks for your kind attention !!
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