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Shaping 90 wt% NanoMOFs into Robust Multifunctional
Aerogels Using Tailored Bio-Based Nanofibrils

Jowan Rostami,* Tobias Benselfelt, Lorenza Maddalena, Civan Avci, Farhiya Alex Sellman,
Goksu Cinar Ciftci, Per A. Larsson, Federico Carosio, Farid Akhtar, Weigian Tian,*

and Lars Wagberg*

Metal-organic frameworks (MOFs) are hybrid porous crystalline networks with
tunable chemical and structural properties. However, their excellent potential is
limited in practical applications by their hard-to-shape powder form, making it
challenging to assemble MOFs into macroscopic composites with mechanical
integrity. While a binder matrix enables hybrid materials, such materials have a
limited MOF content and thus limited functionality. To overcome this chal-
lenge, nanoMOFs are combined with tailored same-charge high-aspect-ratio
cellulose nanofibrils (CNFs) to manufacture robust, wet-stable, and multi-
functional MOF-based aerogels with 90 wt% nanoMOF loading. The porous
aerogel architectures show excellent potential for practical applications such as
efficient water purification, CO, and CH, gas adsorption and separation, and
fire-safe insulation. Moreover, a one-step carbonization process enables these
aerogels as effective structural energy-storage electrodes. This work exhibits the
unique ability of high-aspect-ratio CNFs to bind large amounts of nanoMOFs

in structured materials with outstanding mechanical integrity—a quality that

is preserved even after carbonization. The demonstrated process is simple and
fully discloses the intrinsic potential of the nanoMOFs, resulting in synergetic
properties not found in the components alone, thus paving the way for MOFs
in macroscopic multifunctional composites.

1. Introduction

Metal-organic frameworks (MOFs) have
emerged as one of the leading forms of
synthetic crystalline networks. MOFs
can achieve energy-efficient and atom-
economical  self-assemblyM and their
diversity provides a versatile toolbox with
chemical and structural precision for tai-
loring materials toward different function-
alities.??! The key is to utilize the MOFs’
unique and tunable interior pore envi-
ronment, with an ultrahigh porosity that
entails large specific surface areas.’l How-
ever, common MOFs are typically collected
as powders, which are highly impractical
in most applications.! In the pursuit of
a coherent MOF-material, metal-organic
aerogels (MOAs), ie., aerogels made
from MOFs with chemically crosslinked
matrices, have been proposed.’! However,
the fabrication of MOAs is challenging
since MOFs lack the propensity to form
stable networks of sufficient structural
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integrity.[¥) In this respect, crystallization and precipitation of
the MOF components during the aerogel processing severely
limits the development and use of pure MOAs in practical
applications.!

One way to facilitate their utilization is to shape MOFs into
easy-to-handle objects by incorporating them into a solid host
matrix. Ideally, the host matrix should be a lightweight, highly
porous, and physically strong material, such as an aerogel,
which provides accessibility to the internal pore structure of the
MOFs and sufficient mechanical robustness.1% The develop-
ment of state-of-the-art MOF-containing hybrid aerogels has
resulted in many possible applications such as adsorption and
separation of gases, energy storage, purification, catalysis, and
molecular recognition.''2] These aerogels are composed of
MOFs that provide the functionality and (bio)polymers or high-
aspect-ratio particles that provide a continuous network of suf-
ficient mechanical strength.¥l Among these network-providing
polymers, cellulosic nanomaterials have emerged as an exciting,
bio-based option, providing both in situ and ex situ functionali-
zation with MOFs to form hybrid aerogels.®*¥l However, the
relatively high fibril/polymer content needed for such materials
hinders the full functionality and possible application of the
MOFs.[l Therefore, the development of mechanically robust
aerogels with a maximum MOF loading and minimal poly-
meric content is crucial in reaching the full application poten-
tial of these systems.[81210]

In this work, we present a versatile strategy to prepare
aerogels with 90 wt% nanoMOF loading, using only 10 wt%
high-aspect-ratio cationic cellulose nanofibrils (CNFs) as effi-
cient nanosized building blocks that enable a strong interfa-
cial adhesion in synergistically interconnected networks. This
strategy provides a simple, water-based preparation procedure,
which results in anisotropically ordered, mechanically robust,
and wet-stable MOF aerogels. The resulting aerogels allow the
intrinsic properties of the MOFs to be fully utilized, as demon-
strated by their excellent ability to physisorb gases and purify
water. Interestingly, this combination of a network of mechani-
cally robust and flexible CNFs and high specific-surface-area
nanoMOFs shows synergistic properties not found in any of
the components alone, such as excellent flame retardancy. The
aerogels were also carbonized in an inert atmosphere, forming
compressible and elastic N-doped carbon aerogels that can be
used as supercapacitor electrodes. The preparation of these
aerogels and their carbonization demonstrate a precise, effi-
cient, and sustainable method to obtain high-value-added mul-
tifunctional materials, which show unique properties useful for
various applications. Their flame retardancy, controlled nano-
pore structure, and gas-separation/adsorption properties make
them ideal as high-value-added insulation materials in extreme
environments. Their high specific surface area, low weight, and
excellent conductivity make them ideal as sustainable superca-
pacitor electrodes.

2. Results and Discussion

To overcome the challenges of a lack of shapeability and
mechanical integrity in powdered MOFs, we have developed self-
supporting and mechanically resilient nanoMOF-rich aerogels.
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Zeolitic imidazolate framework-8 (ZIF-8) was chosen as a model
MOF system. Cationic nanoMOFs were mixed with a small frac-
tion (10 wt%) of very high-aspect-ratio, cationic CNFs to obtain
an overall cationic hybrid gel. The hybrid gel was freeze-cast and
lyophilized to obtain anisotropically ordered MOF-based aero-
gels suitable for different advanced applications.

ZIF-8 MOFs were synthesized in aqueous media by coordi-
nating 2-methylimidazole (2-MiM) and Zn?** ions in tetrahe-
dral conformation, generating micrometer-sized particles with
a sodalite topology that shows relatively rapid sedimentation
(Figure 1a,b and Figure S1, Supporting Information). However,
the addition of the cationic surfactant cetrimonium bromide
(CTAB) inhibits crystal growth and stabilizes the particles,"
resulting in cationic nanoZIF-8 (nZIF-8) particles with excel-
lent colloidal stability. The nanoMOFs have an average size of
178 + 22 nm (Figure 1a,c and Figure S1, Supporting Informa-
tion), a {-potential of 37 £ 1 mV (0.1 wt%, pH = 9), and a surface
charge density of 26 + 2 umol g~. We combined these nZIF-8
particles with a small amount (10 wt%) of colloidally stable,
wood-derived, cationic CNFs with widths of 0.5-3.2 nm, lengths
of up to 3.6 um, a {-potential of 131 £ 4 mV (0.1 wt%, pH = 7),
and a surface charge density of 613 + 26 umol g™! (Figure 1d,e,
and Figure S2, Supporting Information).

First, we used quartz crystal microbalance measurements
to clarify the interactions between the nZIF-8 and the CNFs
(Figure S3, Supporting Information). The measurements
showed an association between nZIF-8 and the CNFs, thus
establishing that an interaction occurs between the two same-
charge nanoparticles in the wet state. This finding might be
counterintuitive, since both are positively charged. However,
the nZIF-8 particles have a very low charge and are desorbed
upon extended rinsing, indicating the weak and non-ionic
nature of the interaction. Therefore, the dominating attractive
force behind the initial adsorption of the nanoMOFs at the cel-
lulose/water interface is probably van der Waals interactions,
which rapidly increase in strength as the two types of nanopar-
ticles are pushed closer together by the growth of ice crystals
during freeze casting. Due to the same sign of the charge of the
particles, macroscopic flocculation between the nanoparticles
can be avoided (Figure S4, Supporting Information), which is
essential in order to preserve the inherent properties of the two
materials.

Second, the high-aspect-ratio CNFs constitute the basis for
forming a highly entangled gel network at very low concentra-
tions, with long-range stress transfer preventing stress accumu-
lation in the more brittle contacts between the nanoMOFs. The
aspect ratio of the cationic CNFs (I/w = 870) in this work is sig-
nificantly higher than the more commonly reported values for
typical anionically charged wood-derived CNFs (I/w = 200).018:1]
This is mainly because our modification procedure preserves
the length of the fibrils, resulting in a critical overlap con-
centration—that is, the threshold concentration at which the
moving fibrils start to interfere with each other—of 3 pg mL™
(Tables S1 and S2, Supporting Information). This concentration
is significantly lower in comparison with values for anionically
charged wood-derived CNFs (=50 pug mL™).") Furthermore,
the final concentration of 0.25 wt% CNFs in our wet gel mix-
tures results in a crowding factor—that is, the number of fibrils
occupying the rotational volume of a fibril—of 845 (Tables S1

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a . w@ . f Vertical ice growth — Lyophilization —3 Aerogel
Zn2* 2-MiM 72 ! 2-MiM
N /R NP
L 4

I

Figure 1. Fabrication and microstructure of nanoMOF aerogels. a) Schematic illustration of the formation of zeolitic imidazolate framework-8 (ZIF-8)
particles via self-assembly of 2-methylimidazole (2-MiM) linkers and tetrahedrally coordinated Zn?* ions, with and without the use of cetrimonium
bromide (CTAB) for nanoMOF stabilization. b) Representative scanning electron microscopy (SEM) image of micrometer-sized ZIF-8 particles formed
without CTAB; the inset shows the partial sedimentation of the dispersion after 2 h. c) Representative SEM image of nanoZIF-8 (nZIF-8) particles
formed with CTAB; the inset shows a stable dispersion with no sedimentation after 2 h. d) Schematic image of the hierarchical structure of wood: from
timber, via fibers, to nanofibrils and cellulose polymer chains. e) Representative atomic force microscopy image of the cationic cellulose nanofibrils
(CNFs). f) lllustration of the formation mechanism of anisotropically frozen hydrogels and a representative photograph of the aerogels, composed of
90 wt% nZIF-8 and 10 wt% CNFs, achieved by lyophilization. g,h) SEM images of the aerogels imaged in the transverse (g) and longitudinal (h) direc-

tion. i) High-magnification SEM image of a porous part of the pore wall shown in (h).

and S2, Supporting Information), indicating that there are
many contact points for these extremely high-aspect-ratio
fibrils. The number of contacts naturally increases further upon
water removal, creating a fine but stiff mesh that holds the
nanoMOFs in place, as shown in Figure 1i. In turn, the higher
surface-to-volume ratio of the nanoMOFs enables the forma-
tion of stable homogeneous mixtures and an increased number
of CNF contacts in the dried state.

The CNF/nanoMOF gel mixtures were then freeze-cast
and lyophilized to obtain highly porous nZIF-8—CNF aerogels
(AG?'F8) with parallel tubular pores and pore walls covered
with nZIF-8 particles (Figure 1f-i and Figure S5, Supporting
Information). The obtained microporous and mesoporous
aerogel (97% porosity) (Table S3, Supporting Information) is
self-supporting, with a specific surface area of 1470 m? g~'—that
is, about 90% of that of the neat nZIF-8 MOFs (1610 m? g™
(Figures S6-S9 and Table S4, Supporting Information). The
obtained surface area of the nZIF-8 MOFs also indicates that
CTAB is sufficiently removed and is not blocking the pores, as
the specific surface area results agree with literature values and
are not affected by the CTAB.I"]

MOF-based aerogels with high loadings are generally weak,
and the ability to create a strong material in the direction of
the applied stress is vital in many practical applications. The
unidirectional freeze-casting demonstrates the possibility of
focusing the strength and stiffness of the aerogel in the pore
direction while adding flexibility in the transverse direction.
The anisotropy also provides a distinct pore direction that
allows a guided flow of heat, liquid, or gas through the MOF-
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containing network without building too-high stress that com-
presses the aerogel. Therefore, a tailored aerogel anisotropy can
be beneficial for obtaining characteristics such as flame retar-
dancy or applications such as filtration or gas adsorption and
separation.?122

To demonstrate the efficiency of the aerogel networks with
an average density of only 29.3 £ 0.5 kg m™>, we measured
their mechanical properties under compression (Table S5, Sup-
porting Information). The compression curves have the clas-
sical shape of a porous material: a linear elastic region followed
by yielding as the pore walls collapse, and after that a plateau
region with compression of pores before increasing pressure
by densification.[?*l The longitudinal compression (Figure 2a)—
that is, the compression in the pore direction—resulted in an
average specific compressive modulus of 35.6 + 2.9 kPa m® kg%
This stiffness can be attributed to the high modulus of both
the nanoMOFs and CNFs.[? After compression to 90% of the
original size, the specific surface area (1460 m? g™) was not dif-
ferent from that of the non-compressed aerogel (1470 m? g
(Figure S10 and Table S6, Supporting Information). This result
demonstrates that, through compression, the bulk density of
the aerogel can be controlled for applications that require a
denser material without compromising the desired high spe-
cific surface area of the nanoMOFs present in the aerogels.

The specific compressive modulus in the transverse direc-
tion—perpendicular to the pores—was 1.5 + 0.3 kPa m? kg™
(Figure 2b). These mechanical properties are among the best-
reported values for MOF-containing aerogels, especially since
the MOF loading is the highest reported to date (Figure 2c),

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Mechanical properties of the MOF-based aerogels and adsorption capacity of anionic dyes. a,b) Compressive stress—strain curves for AG"?'F$,
compressed in the longitudinal (a) and transverse (b) directions of the ice growth during freeze casting. c) Specific modulus of aerogels as a function
of MOF content; data from our study and the literature.>2% d) Cyclic compressions (five cycles) to 50% compression of the original size of an AG"?'F%,
e) Dye adsorption capacity of AG"?'F8 aerogels in 0.05 mg g~ dye solutions of brilliant blue (BB) and Congo red (CR) at pH 7.4, with photographs taken
immediately after submersion and after 336 h. f) SEM image of the MOF-covered aerogel pore walls, before and after 366 h of BB sorption, showing

the intact microstructure of the MOFs after dye adsorption.

to the best knowledge of the authors.?% The cyclic mechan-
ical stability of the dry aerogels in the transverse direction
(Figure 2d) shows that the pores can indeed recover when
the stress is released. The resulting shape recovery was 70%
for the first cycle, followed by 86%, 86%, 83%, and 84% for
the consecutive cycles. Thus, the material was slightly per-
manently damaged during the first cycle, indicating that
buckling of the pore walls upon loading without fracturing,
enabling a partial recovery and a cyclability similar to that of
sponges.[?°]

Improved wet stability is also required for use under wet
conditions. Although the aerogels are made of two cationic
constituents, nZIF-8 and CNFs, without the addition of cross-
linkers or multivalent ions, wet stability can be obtained simply
by utilizing the irreversible association of CNFs under mild
heat treatment, also known as the hornification of cellulose-rich
materials.[?%l Heat-treating a dry film of pure CNFs (i.e., a nano-
paper) at 120 °C for a specific time results in a reduced swelling
that is proportional to the heating time (Figure S11, Supporting
Information). Following the same principle, heat-treating the
aerogels at 120 °C for 24 h results in a significant increase in
the wet integrity, even when the materials are exposed to agita-
tion (Video S1, Supporting Information), most probably due to
an increased permanent molecular contact between the nano-
particles. Hence, the treatment makes the AG"?'F® aerogels
suitable for wet applications, which was demonstrated by using
them as adsorbents for water purification.

Adv. Mater. 2022, 34, 2204800 2204800 (4 of 9)

A model experiment for water treatment based on the
adsorption of the anionic dyes brilliant blue G (BB) and Congo
red (CR) was set up at pH 74 with a dye concentration of
0.05 mg g! (Figure S12, Supporting Information). After soaking
aerogel pieces (15-20 mg) in dye solutions for 336 h, an adsorp-
tion capacity of 48 £ 5 and 43 + 4 mg g™! for BB and CR, respec-
tively, was established (Figure 2e). The insets in Figure 2e and
the scanning electron microscopy (SEM) images in Figure 2f
and Figure S13 (Supporting Information) show that the mac-
rostructure and microstructure of the aerogels were preserved
after the dye sorption, despite the extended treatment in water.

The dye molecules are relatively large: 1.4-1.7 nm for BB and
2.5 nm for CR, compared to the 1.2 nm pores of the MOFs that
are separated by smaller windows of 0.36 nm.[*?8 The effec-
tive aperture of the cavity windows of ZIF-8 has been calcu-
lated to be =0.7 nm.[?’l However, there are several studies where
ZIF-8 has been observed to adsorb larger molecules than its
pores.B% This suggests that the adsorption occurs both on exte-
rior surfaces of nZIF-8 particles and on CNFs, owing to charge
exchange, and at least partially inside the pores (Table S7, Sup-
porting Information). A first effort to separate the mechanisms
behind the dye adsorption was to fit the data to pseudo-first-
order and pseudo-second-order adsorption kinetics models
(Figure S14 and Table S8, Supporting Information).’! The
results show a better fit for the second-order model, and hence
better describe the adsorption kinetics as chemical adsorption.
However, in order to identify the exact adsorption mechanisms,

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Gas adsorption and separation performance and flame-retardant properties. a) Schematic image of how the AG"?'F® aerogels selectively
adsorb and hinder the transmission of CO, while allowing the passage of CH, b) Gravimetric equilibrium adsorption isotherms of CO, and CH, as a
function of gas pressure at 293 K. c) Cyclic equilibrium CO, adsorption isotherms in pristine nZIF-8 powder and in AG"?'"8 at 293 K. d) Cyclic equilib-
rium CO, adsorption isotherms in AG"'F® at 293 K. e) CO, column breakthrough measurement of AG"?'F# at 293 K and 2 bars with a flow direction
parallel to the direction of freezing. f) Horizontal flame burning test of pure CNF aerogels (AGNF) and AG"?'73. The panels show photos of the sam-
ples at the start of the flame test, 2 or 5 s after flame removal, and the residues at the end of the test. g) Photographs of AGNF, nZIF-8, and AG"?'F8
samples before the cone calorimetry test (top row) and after a heat flux exposure of 35 kW m=2 (bottom row). h) Proposed schematic mechanism[32

for the self-extinguishing behavior of the AG"?'F5,

further work is needed and the combination of experimental
results and for example molecular dynamics simulations would
be a fruitful continuation of the present work.

Our robust aerogels are valuable for other purification pur-
poses, such as biogas upgrading and natural gas cleaning, for
which the adsorption capacity must be high, reversible and
specific to achieve a high enough separation (Figure 3a). There-
fore, we measured the adsorption of CO, and CH, in AG"#!F8
and compared it to a reference nZIF-8 MOF powder, at 293 K
up to 40 bars (Figure 3b and Figure S15, Supporting Informa-
tion). The CO, uptake was 343 and 390 mg g for AG"2!F8
and nZIF-8, respectively, while the corresponding CH, uptake
capacity was only 71 and 82 mg g, respectively. These results
demonstrate a crucial property of the prepared aerogels: the
adsorption capacity of the MOF particles in the aerogels is
unaffected by the presence of the CNF network, and the adsorp-
tion can be specific to certain molecules. Compared with the
nZIF-8 powder, the slightly decreased adsorption capacity of the
aerogels (=13%) is in proportion to the dry CNF content (10%)

Adv. Mater. 2022, 34, 2204800 2204800 (5 of 9)

and the decrease in the specific surface area of AG"?!"# aero-
gels (9%) (Table S4, Supporting Information). Based on this,
it can be suggested that the higher CO, adsorption capacity,
compared with that of CH,, is due to the strong interactions
between the CO, molecules and the ZIF-8 structure.?3 For a
50/50 (mol/mol) gas mixture at pressures relevant to biogas
upgrading (i.e., 4 and 10 bars), the selectivity at equilibrium
for AG"?'F8  calculated as CO,:CH,, was found to be 8:1. Thus,
the selectivity for AG™2!F8 is slightly higher than that for pure
nZIF-8 powder, which has the corresponding selectivities of 6:1
for 4 bar and 7:1 for 10 bar. These selectivity values are highly
competitive with other adsorbents used to separate CO, from
CH,, such as molecular sieves or zeolites.[>

By measuring the adsorption isotherms of AG"?'F8 at dif-
ferent temperatures (i.e., 0, 10, and 20 °C), it was possible to
determine the isosteric heat release of adsorption for CO, to be
175 kJ mol™ (Figures S16 and S17, Supporting Information).
This value is similar to earlier reports for ZIF-8 powders,*” but
lower than those for zeolites and porous carbon.® The cyclic

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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low-pressure adsorption—desorption of CO, for both AGP%IF8
and nZIF-8 was also measured (Figure 3c and Figure S18, Sup-
porting Information), which showed a stable and reversible
CO, uptake along with efficient regeneration upon a simple
pressure reduction (i.e., no heating needed). The low heat of
adsorption and the ease of regeneration suggest that CO, is
physisorbed in the aerogels, as no loss of capacity was observed
after four cycles at low pressures, in contrast to the chemisorp-
tion of CO, in zeolites.l’”) Furthermore, the high-pressure CO,
adsorption—desorption cycles shown in Figure 3d indicate that
the adsorption capacity is retained at high pressures and does
not decrease with cycling, suggesting a maintained structural
stability of the nZIF-8 particles within the aerogel structure.

The CO, column breakthrough curve for AG"'*# was also
measured (Figure 3e), where the AG"?!F® particles were stacked
such that the gas flow through the column was parallel to
the pore direction. The CO, breakthrough from the AG"%IF8
column after 120 s exhibits a sharp breakthrough front, sug-
gesting that the structured AG"?!™® with aligned pores offers
rapid mass-transfer kinetics to the sorption sites. The mass
transfer coefficient (k) was calculated to be 0.3 m st (Table S9,
Supporting Information) by modeling the breakthrough data
following previous work.’¥ This value is similar to that of
structured freeze-cast zeolite A monoliths (k = 0.3 m s™) with
lamellar pores.[383% These results also indicate that, by forming
a structured anisotropic material, the aerogels can be benefi-
cially utilized for industrial gas adsorption and separation appli-
cations with very low pressure loss.

The thermal properties and flame-retardant behavior of the
materials were also investigated. In particular, the thermal and
thermo-oxidative stability of neat CNF aerogel (AGNF), nZIF-8
powder and AG"?'¥ were measured under both nitrogen
and air atmosphere using thermogravimetric analysis (TGA)
(Figure S19, Supporting Information). AG"“'"¥ demonstrated
independent decomposition pathways of the components. Its
thermal stability was good up to 400 °C under both nitrogen
and air environments, aligning with previously published
data.l?’]

Given the thermal and thermo-oxidative stability of the
materials, it was important to determine whether additional
flame-retardant characteristics were present by using flam-
mability tests and cone calorimetry measurements. In the
flammability tests, we exposed the samples to a flame, which
showed that AGENF was easily ignited and that the flames rap-
idly spread through and consumed the entire sample (Figure 3f
and Video S2, Supporting Information). In contrast, AG"#IF8
showed exceptional flame-retardant properties. It prevented
the flame from spreading and suppressed the flame only 3 s
after ignition, thereby leaving a coherent residue accounting
for 95 £ 2% of the initial weight (Figure 3f and Video S3, Sup-
porting Information). The flame-retardant behavior was further
investigated using oxygen-consumption cone calorimetry under
a heat flux of 35 kW m2, which simulates the heat fluxes typi-
cally found in early-stage fire scenarios (Figure 3g; Figure S20
and Table S10, Supporting Information).*) Upon exposure to
heat flux, the neat AG®NF aerogel quickly ignited, with a time
to ignition of 12 £ 2 s, and burnt vigorously, with a peak heat-
release rate of 102 £ 1 kW m™2. During combustion, the struc-
ture collapsed, leaving a thin charred film as the final residue
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with 5 + 1% of the original mass. Neat nZIF-8 powder, which
was evaluated as a reference sample, displayed a longer time
to ignition of 33 £ 1 s, with a peak heat-release rate of 102 +
7 kW m~—that is, similar to that of the CNFs—and a final
residue accounting for 35 * 3% of the starting weight. Sur-
prisingly, AG"?'® did not ignite at all, which is extremely rare
for polymeric materials, probably because the released volatile
gases did not reach the concentration required for ignition. On
the other hand, due to the high temperatures and the presence
of oxygen, the sample was partially consumed by smoldering—
that is, solid-state oxidation in the absence of flame—leading
to total smoke-release values of 471 + 11.3 m? m~2. This value
is extremely low, especially in comparison with commercially
available polymer foams, whose equivalent values normally
range from 200 to 400 m? m~2—that is, up to ten times greater
than those of our MOF-based aerogels.!*!

The residues collected after cone calorimetry were further
investigated using SEM, X-ray diffraction (XRD), and Raman
spectroscopy analysis (Figures S21 and S22, Supporting Infor-
mation). Compared with the AGCNF and nZIF-8 powder, the
AG"?1F8 kept its original microstructure, with oriented pores
and formed sub-micrometer particles on the cell walls com-
prised of zinc oxide (ZnO), as revealed by XRD (Figure S22,
Supporting Information) and in accordance with TGA meas-
urements in air (Figure S19, Supporting Information). The rea-
sons behind the observed excellent flame-retardant properties
can be explained based on the above findings and the recently
discussed fire-retardancy mechanisms for MOF-containing
aerogels.’l As schematically depicted in Figure 3h, when the
MOF-containing aerogel is exposed to a flame or a high heat
flux, the insulating structure of the aerogel significantly limits
the through-thickness heating rates and can hence favor char
formation (of the CNFs).l Furthermore, the presence of
nZIF-8 provides structural integrity at high temperatures and
helps in preventing the collapse of the structure, thus further
maintaining a favorable thermal gradient cross the material.
The Zn?" ions in the ZIF-8 also contribute by promoting the
char formation from the CNFs and nZIF-8 particles. Hence, a
limited number of combustible volatiles is released when the
nanoMOF/CNF aerogels are exposed to a flame or an impinging
heat flux, facilitating self-extinguishing and non-igniting
behavior. In addition, during cone calorimetry, flame-induced
combustion is replaced by thermo-oxidative processes that yield
a charred residue composed of ZnO. The observed self-extin-
guishing and non-igniting behavior place the MOF-based aero-
gels among the best-performing aerogels, which include cel-
lulose and high-aspect-ratio inorganic nanoparticles prepared
via similar routes.?*4] Moreover, the observed non-igniting
behavior represents an excellent performance similar to that of
phenolic resins, which are among the best commercially avail-
able fossil-based flame-retardant foams. The limited amount
of smoke released would also impact safety, as the presence of
smoke has been demonstrated to limit humans’ ability to react
and escape from a fire while also resulting in negative long-
term health effects.] This further demonstrates the potential
impact of the achieved flame retardancy.

The MOFs provide mechanical support to the aerogels
during combustion, preventing them from collapsing and
greatly preserving the original structure; moreover, there is a
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Figure 4. Carbonization characteristics and charge storage for the carbonized aerogels. a) Photographs and schematic drawings of non-carbonized and
carbonized AG"?'"® aerogels (CAGs) at 900 °C (CAG®®). Scale bars: 5 mm. b) SEM and c) transmission electron microscopy (TEM) images of CAG*®.
d) Raman spectra of AG"?'® carbonized at 800 (CAG®), 900 (CAG®®), and 1000 (CAG'%) °C. ,f) XPS Cls spectra of AGENF (e) carbonized at 900 °C
(CCNF®%) and CAG®® (f), as well as g,h) N1s spectra of CCNF°® (g) and CAG®® (h). i) Cyclic compressive testing (three cycles) to 50% compression
of the original size of a CAG®®. j) Cyclic voltammetry curves of CAGs at a scan rate of 50 mV s~ and k) Ashby plot of the specific modulus (transverse
and longitudinal) and specific capacitance of CAGs at 800, 900, and 1000 °C, compared with those of other reported conductive aerogel electrodes.)

high nitrogen content in the chemical composition of nZIF-8
and CNFs. Thus, we were able to develop self-supporting
N-doped carbon aerogels. Interestingly, and somewhat surpris-
ingly, the carbonized AG"?'"# aerogels (CAGs) had the same
exterior architecture as the non-carbonized AG"?™® aero-
gels (Figure 4a). In contrast, a carbonized AGCNF at 900 °C
(CCNF%) collapsed into small, fragmented and compressed
carbonized pieces. The microstructure was also preserved in
the CAGs, in which the nZIF-8 particles were converted into
carbon nanocages aligned by the carbon nanofibrils derived
from the CNFs (Figure 4b,c, and Figures S23-S26, Supporting
Information).

Carbonization temperatures of 800-1000 °C were used
(i.e., CAG3® CAG*, and CAG!) to tune the degree of
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graphitization and the physicochemical properties of the CAGs
(Figures S27 and S28 and Table S11, Supporting Information).
CAG!%% showed the highest intensity ratio between the G and
D bands (I¢/Ip = 1.05) from Raman spectra (Figure 4d)—a ratio
correlated to the degree of graphitic ordering. This finding is
consistent with the corresponding X-ray photoelectron spectros-
copy (XPS) Cls spectra, which indicated a 41%-51% sp? carbon
structure in the CAGs (Figure 4e,f; Figure S28 and Table S12,
Supporting Information). These results indicate that the frac-
tion of graphitic domains in the CAGs increases with increasing
carbonization temperature. The degree of N-doping of the car-
bonized samples was tuned by combining the incorporation of
MOFs (Figure 4g,h) with an increase in carbonization tempera-
ture (Figure S28 and Table S11, Supporting Information). The
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results show that MOFs improved the N-doping content in the
CAGs by up to 10-15 at%, compared with 1 at% for CCNF%
(Table S13, Supporting Information). Even after carbonization,
the aerogels maintained an astonishing level of mechanical
integrity and could be compressed in both the longitudinal
and transverse directions, with a specific compressive modulus
of 50-70 and 3-5 kPa m?® kg™, respectively (Figure S29 and
Table S14, Supporting Information). The CAGs also showed
an excellent shape recovery of close to 100% for all three cycles
after 50% compression in the transverse direction (Figure 4i
and Figure S30, Supporting Information).

Thanks to these aerogels with robust mechanical integrity,
high specific surface areas (700-1100 m? g7!) (Figures S31
and S32 and Table S15, Supporting Information), and high
N-doping, it was possible to evaluate the energy-storage ability
of the carbonized MOF aerogels as structural electrodes in a
symmetrical two-electrode supercapacitor system. CAG®%
exhibited the highest capacitance (273 F g! at 50 mV s7
(Figure 4j), high stability with a 98.3% capacitance retention
after 20 000 charge/discharge cycles (Figure S33, Supporting
Information), and high rate performance of 75% at 50 A g!
coupled with an energy density of 742 Wh kg™' at a power den-
sity of 15.6 kW kg™! (Figure S34, Supporting Information). This
is presumably due to the synergetic trade-off between high
nitrogen doping and a high specific surface area (970 m? g7}).
More interestingly, their unique combination of mechanical
compressive stiffness and energy storage places the CAGs
comparable with the best structural aerogel electrodes reported
to date (Figure 4k).*’! The results show the promising poten-
tial of carbonized MOF-based aerogels for use in structural
energy-storage devices.

3. Conclusion

We have demonstrated a simple water-based procedure for
fabricating multifunctional MOF-based aerogels containing
90 wt% nanoMOF particles. The high MOF content was
achieved by combining colloidal-quality nanoMOF particles
with high-aspect-ratio CNFs that were freeze-cast and lyophi-
lized. The unique characteristics of the significantly longer and
more slender CNFs are superior to typical CNFs in creating an
entangled gel network at very low concentrations, making them
ideal as a substrate for MOF particles. Hence, the combination
of these two components resulted in highly porous anisotropic
aerogels that were mechanically robust, shape-recoverable in
the dry state, and wet-stable, without any added crosslinking
agent. The unique mechanical integrity of these aerogels was
maintained even after the carbonization step that yielded
N-doped carbon aerogels. The versatile use of these aerogels
was then demonstrated, revealing them to be effective for water
purification, gas storage and separation, flame retardancy, and
supercapacitors. Given the simple fabrication process and the
demonstrated applications, we conclude that these MOF-based
aerogels (non-carbonized and carbonized) are potential break-
through materials in several applications. The next steps will
be to scale up the fabrication to make larger coherent mate-
rials and demonstrate their versatility by incorporating other
types of MOFs designed for specific applications. The further
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development of these aerogels will pave the way for advanced
lightweight nanomaterials with potential applications in fields
requiring fire safety, pollution removal, and energy-storage
capabilities.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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