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Abstract: Nanofiber production by electrospinning has made great progress over the past two decades. Recently
the research area was revolutionized by a novel post-processing approach. By cutting the endless and inter-
twined nanofibers into short pieces, it is now possible to reassemble them into interconnected 3D structures.
Such highly porous structures are built from dispersed short nanofibers by freeze-casting. This solid templating
process controls the structures’ ultimate properties and architecture in terms of primary and secondary pores
below 5 um and between 10 and 300 um, respectively. The objective of this review is to provide insight into this
young field of research, in particular highlighting the processing steps, materials and current applications, from
scaffolds for tissue engineering, acoustics, sensors and catalyst supports to filtration.
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Introduction

Less is more, especially when consider-
ing ultralight materials. Due to their char-
acteristics such as high surface area, high
porosity, and low apparent density, such
materials are of interest for several appli-
cations — from catalyst supports, acoustics,
thermal insulation, electrode materials and
sensors to tissue engineering.[!! 3D porous
structures are often synthesized using na-
noscale building blocks such as nanopar-
ticles, nanotubes, nanorods or recently by
using nanofibers.?! Typically, nanofibers
are obtained through electrospinning — an
electrostatic fiber drawing process, which
has outperformed other nanofiber produc-
tion technologies in terms of versatility
and cost-efficiency. Several approaches ex-
ploited the potential of the electrospinning
process to build 3D nonwoven scaffolds,?!
including self-assembly,*! cool drum spin-
ning,5! or gas expansion.[®l However, these
approaches require sophisticated electros-
pinning devices or post processing, since
layer-by-layer deposition dominates fiber
production in electrospinning.[’l Moreover,
the resulting scaffolds lack the possibil-
ity to add scalable pores and often show
poor mechanical stability.8] Recently,
Ding and Greiner pioneered a simple way
of producing ultralight nanofiber based
aerogels or sponges by cutting electro-
spun membranes into short fiber fragments
and subsequently freeze-drying the slurry
of these fragments.22b] The idea of using
short electrospun nanofibers to enhance
the mechanical stability of composites was
already proposed by Reneker.[! Since then

numerous approaches have been investi-
gated to obtain short electrospun nanofi-
bers, either by cutting the fibers with an
electric spark or by minutely controlling
the spinning parameters.['9 Yet none of
them was as straightforward and simple
as mechanically cutting the continuous
but closely packed fibers in electrospun
membranes using a blender or dispersion
tool.l'l By separating fiber formation and
fiber processing, 3D nanofibrous scaffolds
can be produced in a controlled manner
without relying on the layer-by-layer dom-
inated deposition character of electrospin-
ning. Ultralight aerogels from short nano-
fibers as building blocks distinguish them-
selves by their open and porous architec-
ture with entangled fibers rendering them
robust and flexible (Fig. 1). Understanding
the underlying solid templating mecha-
nism allowed us to tailor pore shape and
pore size of nanofiber-based aerogels.!!2!
Combining a controllable shaping method
with the versatility of fiber production by
electrospinning proves outstanding poten-
tial for nanofiber-based scaffold produc-
tion. In the following, we will highlight
the fundamental processing steps and ap-
plications of 3D nanofiber-based aerogels
according to recent advances in this young
field of research.[2ab.12,13]

Synthesis of Nanofiber-based
Aerogels

Ultralight highly porous aerogels are
obtained following four processing steps
(Fig. 2). First, continuous nanofibers are
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Fig. 1. Ultralight nanofiber-based aerogels supported by hoarfrost crystals (a). The fibrous pore walls enable high compressibility of the aerogel (b).
The hierarchical pore architecture with major secondary (c) and minor primary pores (d) is clearly visible.

produced by electrospinning from a poly-
mer solution (i). Using standard electros-
pinning, thin non-woven membranes are
readily obtained. These membranes are
subsequently cut in a non-dissolving lig-
uid giving a homogenous dispersion of
short nanofibers (ii). During freezing, the
dispersed nanofiber fragments are rejected
by and concentrated between the growing
solvent crystals (iii). This natural entrap-
ping or self-assembly process is crucial
for the formation of the 3D architecture
and determines its characteristics such
as porosity and mechanic stability. By
anisotropic cooling, directional solidifi-
cation takes place and thus alignment of
the pores is feasible. Finally, drying the
frozen fiber dispersion by sublimation
yields the desired raw body (iv). To ensure
mechanical stability, the nanofiber-based
aerogel is eventually crosslinked or it can
be post-processed by using appropriate
techniques.

Electrospinning

Preparing nanofibers by electrospin-
ning is straightforward. The basic electro-
spinning setup consists of a high voltage
power supply, a syringe pump to promote
the polymer solution and a grounded col-
lector.”1 When high electric fields are ap-
plied to the surface of the polymer solution,
surface charge is generated until the repul-
sive forces overcome the surface tension
of the solution. This results in a thin jet of
polymer solution, ejected from a so-called
Taylor cone temporally formed at the tip
of the syringe needle. As the jet dries dur-
ing the flight, elongation by bending and
whipping takes place until the dry fiber is
deposited on the grounded collector with
typical diameters between 50 and 500 nm.
Electrospun fibers are characterized by an
ultra-high aspect and high surface-to-vol-
ume ratio. The majority of nanofibers used
as aerogel framework was spun from syn-
thetic polymers such as polyacrylic nitrile

(PAN),[2ab.13ae=gl polylactic acid (PLA)H3%]
or polycaprolactone (PCL),[!30 but there
are also composites reported from biopoly-
mers or even from inorganic sources, such
as gelatin, 343! pullulan,['?! or Si0,.[13b<]

Fiber Cutting

To obtain a homogenous dispersion of
short nanofibers, it is necessary to break
the long electrospun nanofibers apart. By
applying high shear forces it is indeed
possible to untangle and cut the closely
packed nonwovens. As exemplified, the
water-soluble pullulan/polyvinyl alcohol
(PVA) nanofibers are cut in 1,4-dioxane to
obtain a stable fiber dispersion (Fig. 3a).
The fiber fragment length is controlled by
homogenization time. For a fiber length of
approx. 40 um corresponding to an aspect
ratio of 140, a homogenization time of
20 min is sufficient. This exemplary aspect
ratio for short pullulan/PVA nanofibers is
fully in-line with literature findings for
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Fig. 2. The four main processing steps for nanofiber-based aerogels are: (i) fabrication of non-woven nanofibers by electrospinning, (i) cutting of
nanofibers to obtain dispersed short nanofibers, (iii) solid templating by freezing and (iv) drying by sublimation to obtain the 3D network of short

nanofibers.
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Table 1. Current state of electrospun nanofiber based aerogels regarding materials, processing conditions, and applications.

) . Fiber aspect  Dispersing Templating L . L
Fiber material . liquid temp. [°C] Crosslinking Post processing  Application Ref.
in situ thermal insulation, sound
PAN and SiO, 80 water/ _196 bifunctional rolvsis absorption, emulsion [2a]
mixture tBuOH benzoxazine, (in pyroly separation and electric
fiber) conduction
PAN and SiO in situ . .
. ot bifunctional separation of oil/water
mixture + SiO, 210 camphene approx. 0 . : none - [13a]
. 2 benzoxazine, (in emulsions
nanoparticles ; ;
dispersion)
deacetvlation of electrical conductor,
SiO, + KGM?additive ~ 200° water -196/-78 KGM Y pyrolysis pressure sensor [13b]
(wearable electronics)
polymer
PVA/SiO, blend 100-500 toluene -196 cErEEilenio none organic dye removal [13c]
2 form core-shell
structure
. not . _—
120-150 dioxane none PVA coatin liquid uptake, cell growth 2b
poly(MA-MMA- reported < & o s (2]
MABP)/PAN bl i icati
)¢/ blend 150 dioxane not none PPX_CVD sepal_'atlon gppllcatlons, (13d]
reported coating heat insulation
poly(2VP-co-MABP)/
poly(MA-MMA- 210 dioxane -20 none none Au based catalysis [13e]
MABP)/PAN blend
electrical conductor,
PAN + GO¢ sheets 80-120 water -196 pyrolysis none super capacitor [13f]
electrode
in situ arow of organic solvent
PAN + PI" sheets 80-120 water -196 pyrolysis MnO 9 adsorbents, asymmetric [139g]
2 super capacitor
PCL 9 EtOH -196 thermally induced seif- bone tissue scaffold [13h]
agglomeration with gelatin
. . immersed in .
. 180 water/ _196 in EtOH with L-glutamic acid scaffold for tissue [(13i]
gelatin/PLA tBuOH glutaraldehyde - engineering
blend water/ thermal and treatment with
G tBuOH =0 carbodiimide hyaluronic acid CEGlEEE WED SREl Bl (13l
pullulan/PVA blend 140 dioxane 8007 thermal none aeiss] il i, e oy

pore structure

akonjac glucomannan as additive; "based on a fiber length of 50 ym; °poly(methylacrylate-co-methyl methacrylate-co-4-methacryloyloxy-
benzophenone); Ypoly(2-vinyl pyridine-co-methacryloyloxybenzo-phenone); °graphene oxide sheets as additive; ‘polyimide in situ grown sheets;
dcontaining pieces and tiny fragments of the electrospun membrane, not isolated short fibers. Prepared by grinding in liquid nitrogen.

other polymers (Table 1).[22b.12.13] Fiber
loading and the choice of dispersion liquid
directly influence the solid templating pro-
cess. To a certain extent, the choice of the
polymeric framework restricts the option
of usable dispersing liquids. Obviously,
the dispersing liquid must not dissolve the
suspended nanofibers. Yet, the liquid has
to wet the fibers to enable the cutting pro-
cess. Currently, water (partially augmented
with alcohols as wetting agents), ethanol,
tert-butyl alcohol, camphene, toluene, and
1,4-dioxane have been used as dispersing
liquids. Moreover, the crystallographic
properties of the selected dispersing liquid
determine the architecture of the templated
aerogel, i.e. lamellar with water, monoclin-
ic with 1,4-dioxane or prismatic with tert-
butyl alcohol.[12.13.14b]

Solid Templating
Once the dispersion or slurry of short
nanofibers has been prepared, it is degassed

and filled into a freezing mold. As the fiber
dispersion is solidifying upon freezing, a
natural segregation process takes place.
When the solvent crystals grow slowly
(i.e. heat sink temperature close to freez-
ing point), the fibers inside the dispersion
will be rejected and pushed away by the
growing solvent crystals.[14ab.151 If the
velocity of the growing solvent crystals,
the so-called freezing-front velocity, v,
becomes faster, then the fibers inside the
dispersion cannot escape and they will be
embedded in the growing crystals. Hence,
an ultrafast v, (i.e. shock freezing) will pre-
serve the isotropic distribution of the short
nanofibers from the starting dispersion, so
that crystal templating is minimized.[!2]
Depending on v,, on the fiber loading of
the dispersion, and on the choice of sol-
vent, pore size and structure can be gov-
erned, to tailor the macroscopic proper-
ties of the aerogel.[2:13b.14abl For instance
using a directional freezing approach, it

is possible to align the pores inside the
aerogel.[l] These secondary pores can
be tailored from 10-300 pm by minutely
controlling the freezing conditions such as
freezing rate, dispersion liquid, and addi-
tives. Furthermore, by changing the fiber
loading of the dispersion, the total porosity
of solid templated aerogels can be modi-
fied. Typically, fiber loadings are between
0.1 and 40 mg ml, providing aerogels
with respective densities between 0.12 and
140 mg mlin the following freeze-drying
step. Consequently, by carefully control-
ling both the fiber concentration and the
freezing conditions, solid templating pro-
vides great flexibility in tailoring both
the microstructure and the macrostruc-
ture of the aerogels’ architecture.2ab.12.13]
Although there is a lower limit for fiber
loadings in the dispersion to prevent col-
lapse of the nanofiber based structure upon
freeze-drying, it is possible to prepare ma-
terials with porosities up to 99.992 %.[2a
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Fig. 3. Homogenization of electrospun nanofibers. (a) Photograph showing the cutting of nanofi-
ber membrane fractions using a high-speed homogenizer and SEM image of short nanofibers (20
min homogenization time) after isolation. (b) Dependency of fiber length on homogenization time.
(c) Histogram showing the fiber length distribution of the homogenized nanofibers after 20 min.

Freeze-drying and Post-processing

The frozen solvent crystals are re-
moved by sublimation and only the nano-
fibrous framework is retained. The for-
mer nanofiber rich areas now become the
cell walls, and the large, secondary pores
(10-300 pum) are a replica of the solvent
crystals. Although the cell walls are thin,
they show minor, primary pores (2-5
wm) between tangled nanofibers. These
primary pores are in the same size range
as those of electrospun membranes.!7]
This hierarchical and open-porous fi-
brous architecture has a tremendous rel-
evance for potential applications such as
tissue scaffolds, catalyst supports, sound
absorption, or separation material (Table
1).

However, post processing of such ul-
tralight structures is crucial. Most nano-
fiber-based aerogels are either chemically
crosslinked or pyrolyzed to enhance their
mechanical stability. Furthermore, there
is progress in covering the fibers with an
outer shell to form core-shell composites,
thereby enhancing the framework’s stabil-
ity while sacrificing some porosity. This
outer shell can be either polymeric (e.g.
poly(p-xylylene), PPX) or inorganic (e.g.
MnO,).[13del Post surface modifications
add a further dimension of versatility to
nanofiber-based aerogels and many reci-
pes can be transferred from proven pro-
cedures applied to electrospun nanofiber
membranes. Without losing the intrinsic
fibrous characteristics prior to solid tem-
plating, it is possible to adapt knowledge
from the past two decades of electrospin-
ning and literally turn it into the third di-
mension.

Current State of Applications

Already electrospun membranes have
become interesting scaffolds for tissue
engineering, since nanofibers can mimic
the structural and biological functions of
the extracellular matrix.!!8! Therefore, 3D
solid-templated structures with an open-
porous and hierarchical architecture offer
even further possibilities and prove to be
very similar to natural structured materi-
als, such as bone or sponges.[2b13h-il Chen
et al. showed that L-929 cells grow, pro-
liferate, and infiltrate into gelatin/poly(L-
lactide)-based aerogels.'31 In optimizing
the crosslinking conditions, Chen et al.
were able to cultivate chondrocytes on
an improved gelatin/PLA aerogel. These
new scaffolds were also subject to an in
vitro study on rabbits and showed prom-
ising properties for cartilage tissue engi-
neering application.l'3! By exploiting the
morphological similarity to bone, Xu et al.
reported that electrospun PCL 3D aerogels
promote growth of mouse bone marrow
mesenchymal stem cells (mBMSC) acting
as a promising scaffold for functional bone
regeneration through the physiological en-
dochondral ossification process.!'3h Using
a simple PVA coating, Duan et al. were
able to colonize Jurkat cells on the former-
ly hydrophobic poly(MA-MMA-MABP)/
PAN aerogel.[?b! Further developments in
using such hierarchically structured aero-
gels can be expected in the near future.

Solid-templated nanofiber-based ma-
terials reveal high flexibility and revers-
ible compressibility. Responsible for this
behavior may be the robust hierarchical
cellular structure and the fibers’ character-

istic entanglement.[2212.13b] This stands in
contrast to ceramic aerogels with similar
functions, which are usually very brittle
and break under strain.'9! In exploiting
the unique morphology, high porosity,
large surface area, ultralight weight and
interconnected network the broad scope
of nanofiber based aerogels was shown. Si
et al. enhanced the aerogels’ usability by
adding SiO, fibers or SiO, nanoparticles.
The generated aerogels proved to be very
efficient in separating oil from water.[22.13a]
Furthermore they showed beneficial sound
absorption properties and the materials
could also act as a thermal insulator.?
In their most recent study Si et al. dem-
onstrated that biopolymer-based aerogels
might act as wearable pressure sensors up-
on pyrolysis.!'3" Kim et al. used a blend of
PVA/SiO, fibers with a triethynylbenzene
based polymeric shell to selectively re-
move organic dye from water.!'3¢l Lai ez al.
pyrolyzed PAN and polyimide sheet (PI)
based aerogels, which were successively
modified by an in situ grown shell-layer of
MnO, to act as organic solvent absorber or
as an asymmetric super capacitor.[13¢l An
electrically conductive material was ob-
tained by Huang et al. when pyrolyzing a
PAN and graphene oxide sheet (GO) based
aerogel. This material showed promising
hydrogen evolution reaction activity.[13f]
Duan et al. immobilized Au nanoparticles
on the surface of nanofibers prior to solid
templating. The obtained Au-loaded aero-
gel featured high catalytic activity in re-
ducing nitrophenols, while the aerogels
themselves could be used several times.
The high porosity of the catalysts’ support
allows an efficient mass transport with re-
action rates equal to dispersed systems.[!3]
Our current research aims to understand
the pore formation mechanism to take ad-
vantage of the possibility to tune the pore
size and architecture of the aerogels. We
were able to tailor the size of secondary
pores between 9.5 and 123 um, thus di-
rectly increasing the mass flow through the
aerogel by a factor of 7. At the same time
it was possible to lower aerosol penetration
from 9.98 to 0.04% by altering the aero-
gels’ microstructure to enhance the filtra-
tion efficiency by more than two orders of
magnitude.!2!

Perspectives

After a promising start, solid templat-
ing of electrospun materials may become
established as a new process to generate
tailor-made 3D structures for three reasons:
first, the process is simple and straightfor-
ward. Liquid handling of fibrous disper-
sions is scalable and, most importantly,
independent from the fiber formation pro-
cess by electrospinning. Second, since the
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fibrous character is maintained within the
aerogel, all the expertise and inspiration
generated for electrospun fibers can be
transferred. A stunning number of electro-
spun nanofibers with different polymers
and properties are fabricated and pub-
lished each year. So far, only a tiny frac-
tion of them are processed into aerogels.
Third, the underlying freezing mechanism
is very similar to the proposed mechanism
in freeze-casting of ceramic nanoparticles
providing an excellent knowledge base
of developments and limitations.[14ab.16.20]
Although the toolbox for synthesizing
new fibrous aerogels is well equipped, it
is obvious that this young field of research
is still in its infancy. Many fundamental
questions and a number of aspects in pro-
cessing short nanofibers are still waiting
to be resolved and understood. Yet, further
work on, for example, pore alignment and
gradients within the aerogel, improvement
in mechanical properties, complex mate-
rial composites and development of large-
scale production is expected.
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