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ABSTRACT: The induction of macro and mesopores into two-dimensional porous covalent organic frameworks (COFs) could
enhance the exposure of the intrinsic micropores toward the pollutant environment, thereby, improving the performance. However,
the challenge is to build a continuous hierarchically porous macro-architecture of crystalline organic materials in the bulk scale. In
this regard, we have strategized a novel synthetic method to create hierarchically porous COF foams consisting of ordered
micropores (2-2.2 nm), disordered meso and macropores (50 nm to 200 um) as well as ordered macropores (1.5 mm to 2 cm).
Herein, graphene oxide was used for creating disordered macro and meso pores in COF-GO foams. Considering the rheological
features of the precursor hydrogel, we could integrate crystalline and porous COF-GO foams into self-supported 3D-printed objects
with the desired shapes and sizes. Therefore, we have engineered the 3D macro-architecture of COF-GO foams into complex ge-
ometries keeping their structural order and continuous porosity intact over a range of more than a million (10° m to 10° m). The
interconnected 3D openings in these COF-GO foams further enhance the rapid and efficient uptake of organic and inorganic pollu-
tants from water (>95% removal within 30 s). The abundant distribution of interconnected macroporous volume (55%) throughout
the COF-GO foam matrix enhances the flow of water (1.13 x 10 m.s™") which results in efficient mass transport and adsorption.

INTRODUCTION

The last decade has witnessed a burgeoning interest in porous
materials especially in covalent organic frameworks (COFs)
because of their low-density, pre-designed structure and
atomic precision." Recently, progress has accelerated as long-
standing critical problems such as chemical stability and bulk-
scale production have been resolved by various strategies.” As
a result, these crystalline organic porous architectures have
started finding applications in various fields including cataly-
sis, energy storage, drug delivery, and water purifications.® In
particular, COFs with exceptional intrinsic micro- or mesopo-
rosity have been investigated for the successful removal of
hazardous chemicals from water considering both adsorption
and separation methods.* Notably, the adsorption technique is
much more reliable, as diffusion of guest molecules through
the adsorptive matrix can enhance the interaction and promote
effective separation. However, to achieve a high mass trans-
port efficiency through the framework, the intrinsic mi-
cro/mesopores should be interconnected with the extrinsic
macropores. Such pore connectivity could play a central role
in the design of porous materials, which can screen and cap-
ture the targets of interest. Inspite of their potential ad-
vantages, hierarchical porosity in COFs has not been explored
at the highest level. In a recent effort, we induced macroporos-

ity within an ordered framework to create a high mass flow
through the entire porous covalent network.” The concurrent
presence of micro-, meso- and macro-pores endowed fast and
efficient removal of different hazardous pollutants, especially
persistent organic pollutants (decabromo diphenyl ether) from
water. However, their powdered nature and absence of any
monolithic form limit their potential large-scale practical
application.

The solid-state synthesis of two dimensional (2D) COFs pro-
vides monolithic and free-standing macroscopic objects.®
However, the obtained high-density material often suffers
several disadvantages like volume shrinking and subsequent
blocking of their internal pores. The 3D macro-architecture of
organic crystalline material like COF, without compromising
its hierarchical porous structure, faces several challenges like
the synthetic difficulties and poor mechanical stability of the
resulted material. Herein, we strategically overcome these
issues by employing the 3D-printing technology to induce
graphene oxide layers as chemical spacers inside the mono-
lithic COF matrix and thereby, could 3D-print self-supported
COF foams in different shapes from COF precursors. Alt-
hough COFs were employed in a 3D-printing method previ-
ously,® in the current work, we were able to induce hierar-
chical porosity ranging from nm to mm in 3D-printed COF
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Figure 1. a) Schematic representation of the synthesis and 3D-printing of COF-GO foams. The mixture of COF precursors; water; and
graphene oxide forms a hydrogel, which is used for the 3D-printing. b) Schematic representation of the partial frameworks of COFs. At
this stage, we expect the formation of partial framework structures or oligomers in the 3D-printing ink. c) (i) & (ii) The SEM image of
3D-printed millimeter sized COF-GO foam grid with print resolution 0.7 mm and pore size ~1.5 mm. c) (iii) & (iv) The digital photo-
graphs of 3D-printed centimetre sized COF-GO foam grid. d) The precursors for COF-GO foam synthesis. e) The space-fill model of
TpBD COF. f) (i) X-ray microtomography of 3D-printed TpBD foam. It shows the presence of macropores in the COF-GO foam; (ii) SEM
image of TpBD foam monolith which displays the macropores in the matrix; and (iii) Graphical representation of the macroporous foam.
g) (i) The digital image of 3D-printed self-supported nine pore COF-GO foam grid with the size of 2.3x2.3 cm and (ii) Graphical represen-

tation of the nine pore COF-GO foam grid.

foams. Software-controlled 3D-printing technology has been
used for additive manufacturing of the porous materials; al-
though that has mostly been engaged to the fabrication of
graphene-based foams, MOF and zeolites.” We presumed that
the engineering of 3D COF macrostructures could integrate
molecular bodies into prototype devices of complex geome-
tries while keeping their prescribed precise microstructures at
the atomic-level. However, 3D-printing ink must possess cer-
tain rheological features such as shear-thinning and stable
physicochemical properties for the specific build-up of macro-
structures.”® This escalates the challenges to construct 3D
macro-architectures of COF foams due to the granular nature

of the precursor mixture.” Since the precursor mixture is the
ink for the 3D printing, the granular nature of the foams suf-
fers from issues like the inability of continuous flow and poor
viscosity features. Moreover, the nonadhesive nature of COF
foam crystallites, makes them unsuitable as a material for
building desired macrostructures on a large scale (mm to cm).
Considering this, we have introduced a novel strategy where
graphene oxide (GO) has been used as a foaming agent to
engineer crystalline and porous COF foams into 3D-printed
geometrical forms. Graphene oxides in water act as a weak
hydrogel, which can form intermolecular hydrogen bonds due
to the presence of several donor-accepter hydrogen-bonding
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sites (-COOH; —OH; —epoxy) at the edges and on the basal
planes.”® ° As a result, we could achieve hierarchical control
over the microscopic structure, mesoscale assembly and mac-
roscopic architecture which led to the creation of the first set
of crystalline 3D-printable COF-GO foams with a porosity
domain ranging from nanometer (10° m) to millimeter (107
m) [range of a million]. The as-synthesized 3D-printed COF-
GO foams have further been used as excellent adsorbents
(even better than the pristine COF and powdered COF foams,
as anticipated) for the rapid removal of different organic pol-
lutants such as methylene blue (MB); basic fuschin (BF),
congo red (CR) from water (removal efficiency of ~95% in
less than 10 seconds). Inorganic pollutants like KMnO, were
also removed from water with the quantitative efficiency of
98% within 30 s. Notably, these COF-GO foams were suc-
cessfully applied for the removal of bisphenol A (BPA), gen-
erally known as a plastic pollutant, from water with 80% re-
moval efficiency within a minute.'® The X-ray microtomogra-
phy analysis indicates the induction of macroporous volume
(55%), and good flow of water (1.13 x 10° m.s™') in 3D-
printed COF-GO foams which results in efficient mass trans-
port.

RESULTS AND DISCUSSION

The COF precursor paste was synthesized by mixing 1, 3, 5-
triformylphloroglucinol (Tp: 0.4 mmol) and diamine (BD:
benzidine/ Dq: 2, 6-diaminoanthraquinone/ Azo: 4, 4’-
Azodianiline: 0.6 mmol) in the presence of p-toluenesulfonic
acid (PTSA: 9 mmol) and water (50 uL) (Figures S1 and S2
and section S-1, Supporting Information). Then, water suspen-
sion of graphene oxides (15% weight of the precursor alde-
hyde and amine i.e., 1.8-2 mL from 16 mg.mL™ graphene
oxide suspension) was introduced as a foaming agent into the
precursor matrix to create macropores between the COF crys-
tallites (Figure S6). Keeping the hydrogel features of the COF-
GO foam precursor paste in perspective, we 3D-printed self-
supported COF-GO foams in different shapes including
squares, cubes, grids, and letters by using a software-
controlled DIW 3D-printer (Figure 1a-d and Figures S7-S9).
Afterwards, the printed objects were kept at 90°C at the closed
condition for 10-12 h. During the thermal treatment, PTSA
controls the imine bond formation thereby rendering high
crystallinity to the g-ketoenamine COF-GO foams. Then the
freeze-drying process removed water from the COF-GO foam,
which helped in maintaining the porous macrostructure. The
dried monolith became very hard and heavy in the presence of
PTSA. This was further washed off with water and again
subjected to the freeze-drying process. It is worth mentioning
that once PTSA is removed from the COF-GO foam mono-
liths, they become soft and light-weight (they float on water)
(Figure S3). The foam monoliths further keep their porosity
and crystallinity intact in 3D shapes.

In general, an excellent 3D-printing ink should flow smoothly
(5 mm.sec) under an applied pressure with an excellent
shear-thinning nature for precise printability."* The plot of the
time (15 min) against storage modulus (G") and loss modulus
(G") indicates a negligible change in the physical properties
(G" 4 to 5x10* Pa; G" 5 to 6x10° Pa) of the COF-GO foam
precursor paste (Figure S4c). The viscosity vs function of
shear rate plot reveals the shear-thinning behaviour of the
COF-GO foam precursor paste samples (Figure S4a, d, f). The
plots show the decrease in viscosity (10° or 10° Pa.s to 10
Pa.s) as the shear rate increases from 0.1 sec™ to 100 sec™
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which shows the non-Newtonian behaviour of the fluids.™
This dynamic change of viscosity under pressure shows their
shear-thinning nature and indicates these fluids to be suitable
candidates for 3D-printing. During the 3D-printing process,
the COF-GO foam precursor paste undergoes various defor-
mations like flowing under pressure and multi layer deposition
in different shapes. Hence, it is incredibly challenging to
maintain the foam-like nature (>55% void volume throughout
the material) in the entire 3D printed object. Thus, the strain
sweep experiment was performed on the sample at room tem-
perature at an oscillation frequency of = 1 rad.sec™ (Figure
S4b, e, and g). At lower values of shear strain (up to 0.3%)
both G' and G" are independent of the applied strain and the
sample exhibits solid-like behaviour where G'> G". This re-
veals that all the samples behave like an elastic solid at rest
and can endure the 3D geometry after printing. With further
increase in the strain amplitude, above the yield point (0.35%),
the samples began flowing and exhibiting a shear-thinning
behavior (Figure S4b). The multi-cycle step strain oscillatory
measurements reveal the self-healing behaviour of the COF-
GO foam precursor pastes. The three consecutive cycles of
step-strain analysis shows G'> G" at lower strain value
(0.05%) and G"> G' at the higher strain (100%) (Figure S5).
All these rheological results indicate the suitability of the
precursor-paste for 3D-printing. We could create millimeter to
centimetre scale porous architectures of COF-GO foams into a
grid or cube or letters by 3D-printing. The 3D-print resolution
is up to 0.7 mm with the pore size of ~1.5 mm (Figure 1c). We
could print up to 15 layers of COF-GO foam in a layer by
layer mode and fabricate self-supported 3D-printed nine pores
grid with a size of 2.3 x 2.3 cm (Figure 1g and Figure S8 and
S9). The X-ray computed tomography (micro-CT) features the
three dimensional images of 3D-printed interfaces of the COF-
GO foam (Figure S32). Moreover, we have found that the
compressive breaking strain of the TpBD foam is 22.2% and
Young’s modulus as 0.259 MPa (Figure S45).

The PXRD profile of the 3D-printed COF-GO foams exhibits
high crystallinity and matches well with the simulated PXRD
of pristine COFs/ COF foam powders. The first intense peak,
originating from the <100> plane at 3.8°; 3.7°; 3.5° and (26)
correspond to the TpBD, TpDq, and the TpAzo foams respec-
tively. A weak and broad peak is visible at an angle of 26-27°
(20) which signifies the n-x stacking of hexagonal COF layers
in the foam matrix (Figure 2a and Figure S10). Additionally,
the complete removal of PTSA is evident from the PXRD
patterns and also from the absence of the signature stretching
peak at 815 cm™ in the FT-IR (Figures S11 and S13). More-
over, FT-IR signifies the presence of C=C (1560-1570 cm™),
C=0 (1590-1620 cm™) and C-N bonds (1220-1250 cm™)
referring to the formation of the p-ketoenamine network
within the foam (Figure S12). *C solid-state NMR spectros-
copy confirms the atomic level constructions of the COF-GO
foam backbone. A broad peak resonance at 183-186 ppm for
all COF-GO foams indicates that the carbon atom from C=0
functionality originated due to the keto-enol tautomerism.?
The COF-GO foams also display the enamine and a-enamine
carbon positions at 145-147 and 107 ppm respectively (Figure
2k and Figure S14). Additionally, the TGA analysis shows
that the thermal stability of COF-GO foams up to 400°C with
the retention of 90% mass (Figure S16).

The incorporation of macropores in the 2D network was visi-

ble in the SEM images of the TpBD foam (Figure 2f-g and
Figures S17 and S18). A diligent observation of the SEM
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Figure 2. a) PXRD profiles of 3D-printed COF-GO foams. b) N, gas adsorption of 3D-printed COF-GO foams. c) Pore size distribution
analysis of TpBD foam from X-ray tomography reveals the macroporous nature of the foam. d) NLDFT pore size distribution of TpBD
foam from N, adsorption analysis. It indicates the micro (2.2 nm) and mesoporous nature of the foam. e and h) TEM of TpBD & TpDq
foams respectively. f & g) FESEM of TpBD foam. i) and j) FESEM of TpDq and TpAzo foams, respectively. k) 3C CP-MAS solid-state

NMR of COF-GO foams.

images displays the presence of several macropores ranging
from 5 um to 100 pum inside the foam matrix. The macropores
of TpBD foam are occupied with crystalline COF ribbons
along with the thin sheets of graphene oxide. Whereas, the
COF crystallites present in the TpDq foam exhibit a sheet-like
morphology (1-2 pum) with the macropores ranging between
5-100 um (Figure 2i and Figure S19). Again, the TpAzo foam
exhibits the morphology of ribbons (length of 1-2 pum) which
are surrounded by thin sheets of graphene oxide (Figure 2j and
Figure S20). The TEM images support the ribbon-like mor-

ACS Paragon

phology of COF-GO foams along with the large lateral sized
graphene oxide layers (~3 um) (Figure 2e & h and Figure
S21).

We have performed confocal fluorescent microscopic 3D
imaging of COF-GO foams for substantiating the porous fea-
tures of the as-synthesized materials. The confocal fluores-
cence microscopic images of TpBD and TpDq foams after
staining with fluorescent Rhodamine B (RhB) solution suggest
a scattered particle morphology of both materials which con-
tains micrometer-sized pores (~5 um). The confocal
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Figure 3. a) (i) The space-fill model of the TpBD foam (manually represented) and (ii) the space-fill model of the TpBD COF. b) Confocal
fluorescence images of TpBD (i) foam & (ii) COF. This indicates the presence of the extrinsic macropores in the COF-GO foam, whereas,
any macropores are absent in the COF. c) 3D tomographic images of TpBD (i) foam & (ii) COF (inset: digital photographs of foam and
COF). Tomography images suggest the macroporous nature of the COF-GO foam. Due to the large void volume, the size of the foam
monolith is larger than the COF with the same gravimetric weight. d) 3D X-ray tomographic images of (i) TpBD foam & (ii) TpDq foam.
e) 3D X-ray tomographic pore size distribution (including solid materials) of (i) TpBD foam & (ii) TpDqg foam. f) 3D X-ray tomographic

pore size distribution (only pores) of (i) TpBD foam & (ii) TpBD COF.

microscopic images of the COF-GO foams display plenty of
extrinsic pores with poorly interconnected particles. On the
other hand, the pristine COF particles feature only a few
macropores (Figure 3a-b). The presence of extrinsic macro-
pores in the pristine COFs is sharply reduced, especially for
the sheet-like morphology of TpDq (Figure S22).

Microscale X-ray computed tomography was engaged to
unveil the 3D macrostructures of 3D-printed TpBD and TpDq
foams possessing hierarchical pores ranging from nm to um
scales (Figure 3d and Figure S23). The tomography highlights
the three-dimensional morphological features of the COF-GO
foam monoliths and the presence of interconnected extrinsic
macropores (2—200 pm) (Figure 3c-f and Figures S24-S27).
The presence of ordered lamellar or ribbon-like COF crystal-
lites (up to 200 pum) within the specimen indicates that the 3D
objects (1.0 x 1.0 x 0.5 mm) of foams are made up of small
crystallites (1-5 pm) having thin layers of two-dimensional
microporous COF nanosheets. The vertical and horizontal
cross-sectional view of the foams displays the presence of
macropores (2— 200 pum) not only on the surface but also
within the entire foam matrix. We have analysed the pore size
distribution of the solid matrix, considering the pores as

spheres and fitting them into the empty volume of the foam.
The TpBD foam exhibits a macroporous void volume of 55%
of the entire matrix which is 5 times larger than the corre-
sponding pristine TpBD COF (11% of the macroporous vol-
ume) (Figure S23 and S24). 90% of the macropores range
between 30-180 pum in diameter in the COF-GO foam,
whereas the pristine COF contains macropores ranging from
2-37 um only (Figure 2c and Figures S24, S26 and S27). The
TpDg foam has a macroporous volume of 74% of the the
entire matrix and out of this, 90% of these macropores are in
the diameter range of 10-80 um (Figures S25 and S26). The
3D tomographic images of pristine TpBD and TpDg COFs
show the absence of interconnected macropores which results
in void-free solid structures. Therefore, the solid-state synthe-
sis of COFs would only provide a poorly macroporous dense
structure associated with intrinsic microporosity (in 2-2.5 nm
range) (Figure S43 and S44). On the other hand, the strategic
incorporation of the macroporous volume in the COF-GO
foam aids the adequate access of the active adsorbent sites
inside the COF crystallites. Additionally, we have estimated
the macroporous specific surface area of COF-GO foams in
the PoroDict module of X-ray tomography. We could find the
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Figure 4. a) The Chem Draw representations of pollutant molecules considered for adsorption studies. b) The removal efficiency of pollu-
tant molecules by TpBD foam. ¢ & d) The kinetic analysis of adsorption studies. e & f) Pollutant removal efficiency at various pollutant
concentration. g) Recyclability test. h) The removal efficiency of the TpBD foam against MB at different pH ranges (1 to 13) All the stud-
ies regarding the pollutant removal are related to TpBD foam, if not mentioned.

macroporous specific surface area of COF-GO foams (TpBD
foam: 44414 m’/m® and TpDgq foam: 108110 m?*m?) is higher
than the corresponding pristine COFs (TpBD COF: 28278
m?/m® and TpDq COF: 38338 m*/m°) (Figure S31).

The 3D-printed COF-GO foams reported, herein, posses con-
tinuous porosity ranging from 3D-printed ordered macropores
(1.5 mm to 2 cm) to disordered macro and meso pores (50 nm
to 200 pm) and to reticular micropores (2 — 2.2 nm) (Figure
le-g). The N, adsorption analyses of TpBD; TpDq; and
TpAzo foams provide critical information related to their
micro and mesoporosity and the ordered nature of the pore
channels (Figure 2b and Figure S15 and Figure S46). Despite
the presence of graphene oxides, the TpBD, TpDq, and TpAzo
foams show BET surface areas of 971, 500 and 624 m”.g™
respectively (Figure 2b). The slight drop in the surface area
compared to the pristine COFs could be due to the disordered
mesoscale assembly of the COF crystallites in foams. The
small hysteresis loop present in each isotherm could be an
indication of the extrinsic meso and macroporous nature of a
3D-architectured foam. The pore size distribution, calculated
using the NLDFT model, also refers to the presence of regular
~2 nm pores hence reflecting intrinsic ordered microporosity
of the COF-GO foams (Figure 2d and Figure S15). The pore
size distribution of TpBD, TpDqg and TpAzo foams ranging
from 5-400 and 5-150 A show the large disordered mesoscale

assembly of COF crystallites in foams. The higher surface area
of TpBD foam could be due to the ordered pi-pi stacking of
the 2D COF layers that renders high crystallinity. The sharp
<100> peak in the PXRD profile of TpBD foam confirms its
higher crystallinity compared to the other two foams.

During the foam synthesis, the mixing of amine and PTSA
results in the formation of amine-PTSA salts via
NamineH**Ogcid (Davg = 2.78—2.91 A | dyyy = 2.06-2.19 A)
hydrogen bonding between the amine (—NH;") of the diamine
molecules and the sulfonate groups (—SO; ) from the PTSA
catalyst.’” The formation of these salts will slow-down the
reaction kinetics of imine linkage with the C; symmetric Tp
moieties. The presence of graphene oxide aids to create self-
assembly within the precursor paste due to the inter-molecular
O-H---O hydrogen bonding between graphene oxide layers in
water. As a result, several vertical and horizontal alignments
of graphene oxide layers create meso and macroscopic spaces
inside the COF matrix (Figure S33).

In contrast to the membrane, photocatalysis, and oxidative
degradation methods for water purifications, adsorption tech-
niques are cost-effective and efficient.”* The 3D-printed COF-
GO foams, consisting of hierarchically connected pores, non-
covalently interact with the adsorbate molecules during the
water flow (containing different pollutants) through the solid
matrix (i.e. physisorption). DFTB modelling shows that
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Figure 5. a) UV spectra of MB adsorption studies. b-d) The adsorption kinetic analysis of the different pollutant molecules with the
TpBD foam in water. €) 2.5D fluorescence confocal images of the TpBD foam (50" and 75" layers) show dispersive adsorption of
RhB molecules in each of the 2D layers. f) X-ray tomographic water-flow simulation studies of the TpBD foam. g) The plot of
position (micron) vs pressure drop (Pa) from the water-flow analysis of the TpBD foam.

molecules interact with both the pore wall of the COF as well
as the periphery of the foam crystallites (Figure S42). All the
three different COF-GO foams (TpBD; TpDq; and TpAzo
foams) have been used for the adsorption of methylene blue
(MB); congo red (CR); Rhodamine B (RhB); Basic Fuschin
(BF); Bisphenol-A (BPA); KMnO, (KMN) and K,Cr,0O,
(KCR) from water (Figure 4a-b, Figures S34 and S35) Among
the three COF-GO foams, the TpBD foam exhibits the highest
pollutant removal efficiency within 30 s. Notably, the adsorp-
tion Kkinetic analysis shows that the TpBD foam performs rapid
removal (MB ~ 98%; CR ~ 97%; RhB ~ 73%; BF ~ 99%;
BPA ~ 76%; KMN: ~ 98%; and KCR ~ 55% within 30 s) of
different pollutants from water (Figure 4c-d and Figure S38).
Meanwhile, the adsorption analysis of TpDq (MB ~ 99%; RhB
~ 95%; BF ~ 99%; BPA ~ 66%; KMn ~ 73%; and KCR ~
62% within 60 s) and TpAzo (CR ~ 88%; MB ~ 98%; RhB ~
85%; BF ~ 99%; BPA ~ 85% within 60 s within 60 s) foams
show good removal efficiency towards various pollutant
molecules in water. Although all the COF-GO foams display
good adsorption behaviour towards the pollutant molecules,
herein, we have analyzed in-detail adsorption studies with the
TpBD-foam considering its rapid uptake behaviour (>90 %
within 60 s). The excellent and efficient removal of MB
(>99% in less than a minute) by TpBD foam at various pH
ranges (calculated from 1 to 13) signifies the potential utility
of the material in real-life conditions (Figure 4h and Figure
S36). The recyclability (5 times) of the TpBD foam for MB
dye indicates the pollutants are only physically adsorbed, and
they can be desorbed back from the foam-surface upon treat-

ment with a suitable organic solvent (Figure 4g). After each
cycle of the adsorption, the COF-GO foam was dipped in
acetone solvent in order to desorb the pollutant molecules.
After the desorption, we have removed the acetone from the
COF matrix by applying a vacuum and then reused the same
for the next cycle. We have measured the removal efficiency
of the molecular pollutants from the water between 5 to 600 s
time interval. The rapid uptake nature is reflected in the pseu-
do-second-order rate constants (ko) of the TpBD foam.™ We
found the ko, Of different pollutants such as MB: 10.2 g.mg
! min; CR: 6.6 g.mg™".min™; RhB: 0.3 g.mg™".min™"; BF: 0.001
g.mg™.min"; BPA: 1.5 g.mg".min™; KMN: 43.8 g.mg™".min*
and KCR: 4.6 g.mg*.min™ (Figure 5b-d and Figure S39).
Importantly, the kinetic removal efficiency of dangerous plas-
tic pollutants like BPA in water (at 50 puM) exceeds the per-
formance of many amorphous polymers and carbon-based
materials.”> BPA molecules are adsorbed on inner pore walls
of the COF crystallites due to the smaller molecular size. The
experimental observations of the different concentration ad-
sorption studies (50; 100; 250; 500 & 100 pM) suggest effec-
tive removal efficiencies of molecular pollutants even at
higher concentrations. It is worth mentioning, the pollutant
removal efficiency of MB (at 500 pM) and BF (at 1000 uM) is
> 90%, whereas for BPA (at 250 uM); RhB (at 500 uM); and
KMN (at 1000 uM) the pollutant removal efficiency is > 80%.
The uptake maxima of TpBD foam towards different pollut-
ants have been experimentally calculated (MB:194 mg.g™"; BF:
310 mg.g™* at 1000 pM and RhB:194 mg.g™; BPA: 69.6 mg.g™
at 500 uM) from the high concentration of solutions (Figure
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4e-f and Figure S37). The obtained experimental uptake
maximum of MB (194 mg.g™) is almost double that of the
previously reported COF-GO foams (108 mg.g™). We believe,
the excellent connection between the macro; meso; and micro-
pores in these 3D-printed foams is responsible for the high
pollutant adsorption capacity.

Both the TpBD foam and the TpBD COF (prepared by PTSA
assisted solid-state synthesis) were tested for the removal of
MB from water. We have noted that the TpBD foam removed
98% of pollutant (MB) within 30 s, whereas the TpBD COF
could only remove 73% of MB from water even after 5 min-
utes (Figure 5a). Their highly stacked crystallites with non-
macroporous nature block the infiltration of the pollutant
solution into the inner surface of intrinsic microporous walls.
This hindered transport of solution further promotes the exces-
sive adsorption of pollutant molecules at the surface which
subsequently blocks the accessible adsorbent area (inner core).
We have performed 2.5D confocal microscopic analysis to
investigate the adsorption of molecules into the bulk foams
(Figure 5e, Figures S40 and S41). The experiment reveals that
the RhB molecule is adsorbed at different 2D layers of the
foam monolith (100 numbers of stacked 2D layers along the
Z-axis). The 2.5D confocal images of different layers (25";
50™; 65", 75" 85™: and 100"™) of TpBD foam display disper-
sive adsorption nature of the dyes inside the foam monolith.
We have investigated the water flow analysis in Flow-Dict
module by using 3D X-ray microtomography (Figure 5f-g and
Figures S28-S30). The water accessibility into the inner core
of the foam matrix illustrates the possible solid (COF-GO
foam)-pollutant solution interactions. A segment of the 3D
tomography model of COF-GO foam has been employed
forwater flow simulation along Z-axis with a pressure of 20
Pa. It provides the average flow velocity of the TpBD foam in
the X-direction is 1.3 x 10° m.s™', the Y-direction is 2.96 x 10
*m.s' and the Z-direction is 1.15 x 10° m.s”'. The overall
average velocity distribution has been estimated as 1.13 x 107
m.s '. The TpDq foam also displays a water flow rate with an
average velocity distribution of 1.53 x 10 m.s™' which is less
than the average flow velocity of the TpBD foam. This could
be due to sizeable macroporous distribution in the 3D blocks
of the TpBD foam and indicates that the velocity distribution
of water flow (2x10®° to 1.8x10°° msec™) depends on the pres-
ence of inter connected extrinsic macropores (2-200 pm).
Thus the flow-rate enhances with the number of macropores
present in the foam matrix. At low pressure (20 to 1 Pa), the
water only flows through the larger macroporous voids, which
further suggests the importance of the induction of macropores
inside the COF matrix for pollutant adsorption.

CONCLUSION

We have successfully overcome the difficulty in the 3D-
printing of crystalline organic materials with ordered and
disordered pores in the matrix. Herein, we have demonstrated
a strategy to create the 3D macro-architecture of crystalline
and porous COF-GO foams. The hierarchical inclusion of
macropores employing graphene oxide as a foaming agent in a
COF matrix renders crystalline and porous 3D printed COF-
GO foams. The good shear-thinning and optimum viscosity of
the precursor paste allow us to perform software-controlled
3D-printing of the material in different shapes and in multiple
layers. The 3D-printed COF-GO foams possess a hierarchical
order of continuous porosity in a size regime over six orders of

magnitude (10”° to 10° m). The interconnected macroporous
matrix decorated with intrinsic micropores shows an excellent
adsorption capability of pollutants from water. The rapid and
efficient removal of various organic and inorganic pollutants
from water reveals the significance of the induction of macro-
porous volume into the 2D COF matrix. We believe that the
blending of advanced 3D-printing with the COF-GO foams
can pave the way to the discovery of a leading water purifica-
tion material at an industrial level soon.
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