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The organized assembly of nanoparticles into complex macroarchitectures opens up a promising pathway
to create functional materials. Here, we demonstrate a scalable strategy to fabricate macroarchitectures
with high compressibility and elasticity from hollow particle-based carbon nanofibers. This strategy
causes zeolitic imidazolate framework (ZIF-8)-polyacrylonitrile nanofibers to assemble into centimetre-
sized aerogels (ZIF-8/NFAs) with expected shapes and tunable functions on a large scale. On further
carbonization of ZIF-8/NFAs, ZIF-8 nanoparticles are transformed into a hollow structure to form the
carbon nanofiber aerogels (CNFAs). The resulting CNFAs integrate the properties of zero-dimensional

hollow structures, one-dimensional nanofibers, and three-dimensional carbon aerogels, and exhibit
Received 11th May 2022 low density of 7.32 =3 high mechanical strength (rapid from 80% strain), outstandi
Accepted 12th July 2022 a low density of 7.32 mg cm™ >, high mechanical strength (rapid recovery from % strain), outstanding

adsorption capacity, and excellent photo-thermal conversion potential. These results provide a platform

DOI: 10.1039/d25c02619h for the future development of macroarchitectured assemblies from nanometres to centimetres and
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The assembly of simple nanoparticles (such as silica, poly-
styrene and metal-organic frameworks) into macro-
architectures has a unique attraction for engineering materials
due to their variable sizes, shapes, and chemical and physical
properties.'™ As a novel nanomaterial, the formed macro-
architecture with three-dimensional (3D) porous inter-
connected network structures has broad application prospects
in various fields, including environment treatment, chemical
sensing, energy storage, catalysis, and advanced electronic
devices.*” Moreover, the functions of macroarchitectures are
mainly determined by the fundamental building blocks. On
account of large surface area, high porosity and more exposure
to active sites, the complex macroarchitectures, which are
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facilitate the design of multifunctional materials.

assembled by building blocks with hollow structures, possess
greater advantages.®’

In the past few decades, in order to seek high-performance
hollow building blocks for macroarchitectures, much effort
has been put into it. In particular, the emergence of one-
dimensional (1D) carbon hollow nanostructures, including
hollow porous carbon nanofibers (HPCNs)' and carbon nano-
tubes (CNTs)" promotes the rapid development of this field.
The HPCN- and CNT-based macroarchitectures realize the
transformation from 1D nanomaterials to three-dimensional
(3D) macroscopic materials with excellent properties (e.g.,
electrochemical energy storage and antimicrobial air filtra-
tion)."** Furthermore, these macroarchitectures can not only
retain the characteristics of the 1D material, but also generate
many new kinds of features (e.g., high specific surface area, high
mechanical strength, and low density) that the components do
not possess. Unfortunately, though the HPCN- and CNT-based
macroarchitectures exhibit improved conductivity and
stability properties, the synthesis of their building blocks is
usually expensive and complex." Besides, the assembly of
building blocks into 3D macroarchitectures usually exhibits
relatively poor mechanical properties and requires some adhe-
sives or templates, which have to be eliminated by extra strat-
egies.”” These complex synthetic procedures and less favourable
structural stability largely hinder the scale-up production of
carbon aerogels and their practical applications.
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To address these issues, we explore a novel and scalable
method to synthesize functional macroarchitectures with
robust mechanical properties fabricated from MOF-derived
carbon nanofibers through manipulating nano-sized particles
(MOFs) and micron-sized fibers. First, zeolitic imidazolate
framework (ZIF-8) nanoparticles, which are spectacular for their
large nitrogen content and surface area,'**® are embedded into
polyacrylonitrile (PAN)/polyvinylpyrrolidone (PVP) nanofibers to
form ZIF-8-PAN/PVP composite nanofibers. Subsequently, the
ZIF-8-PAN/PVP nanofibers are assembled into centimetre-sized
nanofiber aerogels (ZIF-8/NFAs) by a freeze-drying technique.
After preoxidation and carbonization of ZIF-8/NFAs, the carbon
nanofiber aerogels with hollow and porous interlayer structures
are fabricated (named C-ZIF-8-CNFAs). The interlayer structure
of C-ZIF-8-CNFAs is very similar to natural luffa consisting of
a network of elastic frameworks. As with the interconnected
nanofibers in the interlayer structure, cellulose skeletons are in
the interior of luffa interconnected in a highly uniform manner
to maximize strength, a porous structure. Therefore, we refer to
our porous structure as luffa-like. The prepared C-ZIF-8-CNFAs
exhibit a low density of 7.32 mg cm ™, high specific surface area
(288 m* g ), large hierarchical pore volume (0.22 cm ™ g™ %),
high mechanical strength (rapid recovery from 80% strain),
outstanding adsorption capacity, and excellent photo-thermal
conversion potential.

Fig. 1a depicts the assembly strategy of macroarchitectures
(C-ZIF-8-CNFAs) schematically. The preparation process begins
with the fabrication of ZIF-8/nanofibers (Fig. S1bt) using the
method that ZIF-8 nanoparticles (Fig. Slaf) are incorporated
into nanofibers by electrospinning (specific preparation
methods in the ESIt). Upon homogenization in a mixed solu-
tion of ultrapure water and tert-butanol, the ZIF-8/nanofibers
become wrapped around each other and dispersed uniformly.
Subsequently, the homogenized nanofiber dispersion is frozen
in a mold followed by freeze-drying into uncrosslinked ZIF-8/
NFAs. To build further robust bonding among nanofibers, the
obtained uncrosslinked ZIF-8/NFAs are preoxidized at 250 °C to
form crosslinked ZIF-8/NFAs with a welding structure under the
action of polyvinylpyrrolidone (PVP), providing elastic resilience
to the resultant NFAs. Ultimately, the resulting preoxidized ZIF-
8/NFAs are carbonized at 900 °C to form hollow C-ZIF-8-CNFAs
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Fig. 1 Preparation steps for C-ZIF-8-CNFAs. (a) More fabrication
details for C-ZIF-8-CNFAs. (b) Schematic illustration of the fabrication
of CNFAs.
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under a N, atmosphere. As a result of the carbonization, the
organic ligands of ZIF-8 and molecules of PAN and PVP are
decomposed and transformed into N-doped carbon materials.
In addition, the Zn*' in ZIF-8 nanoparticles is reduced to
metallic Zn and then evaporated at high temperature.'*>*
Nanoscale 0D MOFs are assembled into micron-scale 1D fibers,
which are then assembled into centimeter-scale 3D carbon
aerogels (Fig. 1b). This novel approach enables the super
assembly on a multi-dimensional scale, which realizes the
macroscopic application of nanoparticles and the functionali-
zation of CAs. In order to verify that the performance of C-ZIF-8-
CNFAs is improved after the introduction of ZIF-8, pure CNFAs
(Fig. S2t) without ZIF-8 (the synthetic process is shown in the
ESIf) are also prepared.

As illustrated in Fig. 2a, when the ZIF-8/nanofiber dispersion
solution is frozen, the uniformly dispersed ZIF-8/nanofibers are
extruded by the growth of ice crystals and assembled among ice
crystals. After the sample is frozen completely, the nanofibers
become lapped and locked into a 3D nanofibrous network.
Subsequently, the ZIF-8/NFAs with a luffa-like structure are
obtained after the sublimation of ice crystals through the freeze-
drying process.”> Moreover, ZIF-8/NFAs can be made into
diverse desired shapes such as cylinders, cubes, moon-like
shapes, star-like shapes, heart-like shapes and intricate
shapes of the letters (Fig. 2b). Fig. 2c shows the obvious
reduction of the intensity of ZIF-8/NFA XRD patterns compared
to the original ZIF-8, but the site hardly changes, which
confirms that the introduced ZIF-8 nanoparticles are not
destroyed during the electrospinning and the preparation
process of aerogels. After the preoxidation and carbonization
steps, the typical C-ZIF-8-CNFAs with an ultra-low density of
7.32 mg cm™? can freely stand on the tip of a red maple leaf
(Fig. 2b). The scanning electron microscopy (SEM) images in
Fig. 2d-f show that C-ZIF-8-CNFAs have the hierarchical porous
luffa-like structure with three kinds of pores (the picture of an
actual luffa shown in the inset of Fig. 2d). The porous structure
exhibits obvious rectangular pores of ~25 um, and the wall of
these pores is made of interconnecting nanofibers (Fig. 2e).
Meanwhile, the secondary pores of ~1.5 um are formed by the
welded nanofibers that are interconnected with each other. The
nanoscale pores of ~200 nm also exist in these nanofibers,
which come from the carbonization of ZIF-8 nanoparticles
(Fig. 2f). As observed from the magnified SEM image (Fig. S37),
the welded structure resulting from preoxdiation is still
preserved through carbonization. Remarkably, ZIF-8 nano-
particles encapsulated by PAN and PVP are transformed into
a hollow structure after carbonization. As can be seen from the
TEM image (Fig. 2g), the ZIF-8-derived hollow structure is evenly
dispersed in PAN/PVP-derived carbon nanofibers. Because Zn>*
ions coordinate with -C=N groups existing on the surface of
PAN/PVP nanofibers, the ZIF-8 particles become tightly encap-
sulated by the PAN/PVP layers. During carbonization, the PAN/
PVP layers make ZIF-8 shrink from inside to outside, thereby
leading to the generation of a hollow structure. Moreover, the
confined carbonization process within the PAN/PVP matrix
prevents the irreversible fusion and aggregation of carbonized
ZIF-8 nanoparticles.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematical illustration of the formation principles for the hierarchical cellular structure. (b) Photographs of ZIF-8/NFAs with diverse

shapes and the lightweight C-ZIF-8-CNFAs standing on the tip of a red maple leaf. (c) Wide-angle XRD patterns. (d—g) SEM (d—-f) and TEM (g)
images showing the microstructure of C-ZIF-8-CNFAs at various magnifications. (h and i) N, adsorption—desorption isotherm and pore-size

distribution curve of CNFAs and C-ZIF-8-CNFAs.

After ZIF-8 nanoparticles were introduced into CNFAs, the
properties have been improved significantly. To comprehend
the variation of the porous characteristics in C-ZIF-8-CNFAs,
nitrogen (N,) adsorption-desorption measurements were
carried out. As observed from Fig. 2h and i, C-ZIF-8-CNFAs have
a larger specific surface area of 288.3 m*> g~ " and pore volume of
0.22 cm* g7, while the specific surface area and pore volume
of CNFAs are only 12.1 m® g~ " and 0.01 cm > g™, respectively.
Meanwhile, C-ZIF-8-CNFAs also have a hierarchical porous
structure with micropores, mesopores, and macropores
(Fig. 2i). Because of the existence of the hierarchical porous
structure in C-ZIF-8-CNFAs, they have a lower density relative to
CNFAs (20.73 mg cm %) (Table S11). The chemical compositions
and graphitic structure of C-ZIF-8-CNFAs are investigated by X-
ray powder diffraction (XRD) and X-ray photoelectron spec-
troscopy (XPS). The XRD pattern (Fig. S4at) of C-ZIF-8-CNFAs
only exhibits two broad peaks at about 25° and 44°, corre-
sponding to the (002) and (101) diffraction facets of the
graphitic structure, respectively.?® The correlative XPS spectrum
shows that C-ZIF-8-CNFAs consist of C, N and O (Fig. S4b¥). The
high-resolution N 1s spectra (Fig. S4cf) can be deconvoluted

© 2022 The Author(s). Published by the Royal Society of Chemistry

into four peaks: pyridinic N (398.6 €V), pyrrolic N (399.4 eV),
graphitic N (400.9 eV), and oxidized N (403.7 eV), respectively.
The percentage of nitrogen and its types are listed in Table S2.}
There is no Zn content thus indicating that it had evaporated
during the carbonization process at high temperature (at 900 °C
for 3 hours).** Furthermore the N content of C-ZIF-8-CNFAs
increases with the introduction of ZIF-8 compared to CNFAs
clearly (Table S3+).

In stark contrast to the hard and brittle characteristics of
conventional carbon aerogels, C-ZIF-8-CNFAs show robust
mechanical properties, sustaining large compressive strain
without fracture (insets in Fig. 3a and movie S1}). The
compressive stress-strain (o-¢) curves (Fig. 3a) show the
compressive process of C-ZIF-8-CNFAs and two typical defor-
mation regimes could be recognized: a Hookean or linear elastic
regime of ¢ < 50% with a stable tangent modulus, and a densi-
fication regime of ¢ > 50% with ¢ and do/de increasing sharply.
When the maximum compressive strain increases from 30% to
80%, the maximum compressive stress steeply increases from
1.2 to 25.9 kPa, indicating that C-ZIF-8-CNFAs can bear over
25 000 times their own weight without cracking. Moreover, the

Chem. Sci., 2022, 13, 9159-9164 | 9161
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(@) Compressive stress—strain curve of C-ZIF-8-CNFAs at different strains. The insets are photographs of C-ZIF-8-CNFAs under

a compressing and releasing cycle (¢ = 80%). (b) A 50-cycle compressive fatigue test with ¢ of 50%. (c) The Young's modulus, energy loss
coefficient, and maximum stress versus compressive cycles. (d) Sketch of the changes in the hierarchical porous structure with compressive

deformation.

cyclic compression test of the C-ZIF-8-CNFAs is performed to
validate their durable cycling performance by applying 50
loading-unloading fatigue cycles at a large ¢ of 50% (Fig. 3b). C-
ZIF-8-CNFAs hardly undergo plastic deformation at all after the
50th cycle, which is a huge improvement over traditional CAs
with a crisp character. As shown in Fig. 3¢, C-ZIF-8-CNFAs retain
nearly 100% of the initial value of the Young's modulus,

maximum stress and energy loss coefficient, indicating that
their strength or stiffness has no significant decline high-
lighting their exceptional structural robustness. Two reasons
could account for the excellent mechanical elasticity of C-ZIF-8-
CNFAs. On the one hand, the compressive strain is absorbed by
the bending of the connected ZIF-8/nanofibers between layers;
on the other hand, the strain that continues to grow (beyond
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Fig. 4 (a) Dynamic behaviors of a water droplet on the surface of C-ZIF-8-CNFAs. (b) Adsorption efficiency of C-ZIF-8-CNFAs towards
commonly used organic solvents and oils. (c) Schematic illustration of the organic solvent adsorption process inside the CNFAs and C-ZIF-8-
CNFAs. (d) Mass changes of evaporated water versus time under 1 sun illumination. (e) The temperature of C-ZIF-8-CNFAs and seawater under 1
sun illumination as a function of irradiation time. (f) The infrared images (IR) show the temperature distribution of C-ZIF-8-CNFAs and seawater
under 1 sun illumination with an irradiation time of 0, 30, and 60 min.
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50%) is absorbed by the densification of minor pores, which is
formed by the welding of PVP (Fig. 3d).>® The two reasons can
also be confirmed by the sharp increase of the compressive
stress after ¢ > 50% (Fig. 3a).

MOF-based derived CNFAs with hollow structures, ultra-low
density, extraordinary mechanical elasticity, and large surface
area are conducive to applications in various fields, including
environment governance, energy absorption, and energy
storage.’*** As a proof of concept, we evaluated the organic
solvent absorption and photo-thermal conversion performance
of C-ZIF-8-CNFAs. Excellent hydrophobicity is one of the
important factors to ensure the absorption efficiency of organic
solvents. As demonstrated in Fig. 4a, C-ZIF-8-CNFAs exhibit
high hydrophobicity with a water contact angle of 142° and the
water contact angle has no significant change after 120 s. The
water droplet and the absorbed oil droplet are on the surface of
C-ZIF-8-CNFAs, indicating the effective oil/water selectivity of C-
ZIF-8-CNFAs (Fig. S51). As shown in Fig. 4b, C-ZIF-8-CNFAs
demonstrate extraordinary absorption capacities for common
oils and various organic solvents, 90-200 times their own
weight, principally depending on the density and viscosity of
the solvents. For example, the adsorption capacity for carbon
tetrachloride (p = 1.595 g cm °) is much higher than the
adsorption capacity for n-hexane (p = 0.66 g cm°). We also
compared the maximum adsorption capacity of C-ZIF-8-CNFAs
and CNFAs for several common organic solvents and oils. The
adsorption performance of C-ZIF-8-CNFAs is also demonstrated
to be better than that of CNFAs (Fig. S6T). According to the
cross-sectional diagram of the adsorption of organic solvents
(Fig. 4c), CNFAs only absorb organic solvents through the
capillary phenomenon of the channel, which is formed by
nanofibers, while the absorbed organic solvent can also enter
into the hollow structure formed by carbonization of ZIF-8
inside the nanofiber of C-ZIF-8-CNFAs. Therefore, the perfor-
mance of C-ZIF-8-CNFAs is significantly improved after the
addition of ZIF-8 nanoparticles. Moreover, the adsorption
capacity of C-ZIF-8-CNFAs for organic solvents is greater than
that of previously reported aerogels (Fig. S71). To verify the
excellent adsorption performance of C-ZIF-8-CNFAs in practical
application, the oil/water separation and cyclic adsorption
experiments were carried out. As illustrated in Fig. S8, C-ZIF-8-
CNFAs can quickly absorb heavy organic solvents such as
carbon tetrachloride (dyed with oil red) sunk at the bottom of
water, thus indicating their potential application for selectively
removing oils from water. Recyclability and reusability are also
crucial to evaluate the practical application possibility of
adsorption materials. In view of the outstanding elasticity and
structural robustness of C-ZIF-8-CNFAs, we chose ethanol as the
absorption solvent for recycling tests. Through simple heating,
ethanol absorbed by C-ZIF-8-CNFAs can be readily removed. As
demonstrated in Fig. S9a and b, even after 10 cycles, C-ZIF-8-
CNFAs still retained over 90% adsorption capacity for ethanol
and their mass was reduced by less than 10%.

Given the abundant porous structure and blackbody char-
acteristic, C-ZIF-8-CNFAs are also promising materials for
interfacial solar steam generation (ISSG). To investigate the
ISSG performance, the evaporation mass change of seawater

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and C-ZIF-8-CNFAs is measured under one sun illumination. As
shown in Fig. 4d, the seawater in C-ZIF-8-CNFAs achieves the
maximum evaporation rate of 3.74 kg m~> h™', which is 5.12
times the evaporation rate of bulk seawater (0.73 kg m~> h™")
and 2.34 times faster than the evaporation rate of general 2D
ISSG (~1.6 kg m > h™"). An infrared camera is used to trace the
surface temperatures of C-ZIF-8-CNFAs and bulk seawater
under one-sun illumination to evaluate the photothermal
behavior of ISSG (Fig. 4e). The surface temperature of C-ZIF-8-
CNFAs presents a quick increase in 5 min and eventually rea-
ches a stable state (~48 °C) after 10 min, while the bulk seawater
temperature stays unchanged (~25 °C). The consecutive
infrared images in Fig. 4f show the equilibrium temperature
distribution and heat localization effect of C-ZIF-8-CNFAs and
bulk seawater in 60 min under one-sun illumination.

Conclusions

In summary, we develop a facile method for the fabrication of
CNFAs with a luffa-like structure by carbonization of ZIF-8/
NFAs. Benefiting from the unique structure, C-ZIF-8-CNFAs
demonstrate high specific surface area, large pore volume,
and ultra-high mechanical strength. The modular assembly of
C-ZIF-8-CNFAs shows great application prospects such as
adsorption and photo-thermal conversion. Notably, this
strategy can be extended to several MOFs (e.g., ZIF-67/NFAs,
Fig. S10%). This work provides a new route to generate macro-
architectured assemblies from nanometres to centimetres.
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