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Summary
Poly(bisbenzimidazobenzophenanthroline-dione) (BBB) is a heterocyclic rigid-rod
polymer exhibiting excellent thermal and mechanical performances. It is made by the
condensation

of

1,4,5,8-naphthalene

tetracarboxylic

acid

(NTCA)

and

3,3’-diaminobenzidine (DAB) at a high temperature. The bottleneck in the use of
BBB polymer is its insolubility in organic solvents and an extremely high softening
point (higher than its decomposition temperature), that makes processing to films,
fibres, sponges or, in fact, to any other form impossible. The aim of this work is to
provide methods of processing BBB to fibres, sponges and membranes and study their
thermal and mechanical properties.
A new bottom-up approach was established for making BBB fibres by electrospinning
to overcome the obstacle of insolubility and infusibility of BBB for processing fibre.
The

approach

involved

templet-assisted

solid-state

polymerization

of

the

self-assembled starting monomers (NTCA and DAB) in fibre form. The
self-assembled monomers were electrospun together with a templet polymer (any
polymer that can be pyrolysed at a low temperature). Heating of the fibres at a
temperature above 460 oC led to the polycondensation of self-assembled monomers to
BBB polymer with simultaneous degradation and removal of the templet sacrificial
polymer. A structural characterization, morphology study, thermal stability and
mechanical testing were carried out for both a single and an aligned fibre belt.
Electrospun BBB nanofibre showed an excellent thermal resistant property with the
degradation onset temperature above 600 °C and a 5 % weight loss temperature of
640 °C in a N2 atmosphere. A single BBB and an aligned fibre belt showed a very
high strength of 1.43 ± 0.26 GPa (226 nm diameter) and 364.75 ± 4.76 MPa,
respectively.
Furthermore, the BBB fibres were used for making three-dimensional open cell,
low-density (≤ 13.9 mg cm-3), compressible (more than 90 % recovery after 50 %
9
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compression), intrinsic flame retardant and thermal insulating (thermal conductivity
of 0.028-0.038 W m-1K-1) sponges. The sponges are made by the self-assembly of
short BBB fibres (50–500 μm in length) in an aqueous dispersion during
freeze-drying. The use of a sacrificial glue (poly(vinyl alcohol)) was systematically
studied for improving the mechanical stability of the sponges.
The short electrospun fibres’ dispersion can also be used for making a porous
membrane using the wet-laid process. In this method, the vacuum-assisted filtration
and drying of the short fibre dispersion provides a porous membrane by percolation of
short fibres in the form of a randomly arranged fibre network. The BBB porous
membranes made by this method were mechanically weak (0.04 MPa). Therefore,
composite membranes of BBB with layered silicate (Na-hectorite) were studied. The
composite membranes neither sustained flame, burned with smoke nor exhibited melt
dripping. These porous, low-density and mechanical flexible Hec/BBB membranes
showed a high char yield of 80–94 %, low thermal conductivity of 0.028–0.051 W
m-1K-1 and a great flame-shielding effect. Such membranes are highly promising for
use as lightweight construction materials and protective clothing.
Electrospun membranes with hierarchical pore structure and variable pore size are
used extensively for air (high-efficiency particulate air [HEPA], ultra-low particulate
air [ULPA]) and bacterial filtration. In a model study, as a last part of the work, a
novel aspect of particulate filtration through electrospun thermoplastic porous
membranes (TPU) is studied for the first time for making flexible, lightweight and
strong polymer membranes with enhanced gas-barrier properties. The high-aspect
ratio (≈20000) delaminated melt synthesized layered silicate (Na-hectorite) is
self-assembled in a polymer matrix as a barrier-layer between two electrospun
membranes by filtration and, subsequently, hot-pressed, which leads to enhanced
gas-barrier properties. A highly filled (> 25 wt.%) efficient gas-barrier polymer
membrane with perfectly aligned synthetic high aspect ratio hectorite of a variable
and considerable thickness (up to 5 μm) can be made. The tensile modulus increased
10

Summary/Zusammenfassung
by up to a factor of > 60 and remarkable reduction of the oxygen permeability of 98.8 %
for the composite membrane compared to the neat TPU was observed. The
electrospun membrane polymer might be varied in the future, including the use of
BBB polymer for combining material properties with layered silicates to generate
high-performance membranes.
The results are published in peer-reviewed journals: Nanoscale, 2017, 9(46),
18169-18174; Macromol. Mater. Eng., 2018, 303(4), 1700615; ACS Appl. Mater.
Interfaces, 2019, 11 (12), 11876-11883; Macromol. Mater. Eng., 2019, 1800779.
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Zusammenfassung
Poly(bisbenzimidazobenzophenanthrolindione)

(BBB)

ist

ein

heterozyklisches

rigid-rod Polymer mit hervorragenden thermischen und mechanischen Eigenschaften.
Es wird durch Polykondensation von 1,4,5,8-Naphthalintetracarbonsäure (NTCA) und
3,3’-Diaminobenzidin (DAB) bei hohen Temperaturen erhalten. Das Problem bei der
Verwendung von BBB ist dessen Unlöslichkeit in organischen Lösungsmitteln und die
extrem hohe Erweichungstemperatur (oberhalb der Zersetzungstemperatur), was die
Verarbeitung zu Filmen, Fasern, Schwämmen oder andere Formen unmöglich macht.
Das Ziel dieser Arbeit ist es, Verarbeitungsmöglichkeiten von BBB zu Fasern,
Schwämmen und Membranen zu entwickeln und deren thermische und mechanische
Eigenschaften zu untersuchen.
Eine neue bottom-up-Methode zur Herstellung von BBB Fasern wurde durch
Elektrospinning etabliert, um das Hindernis der Unlöslich- und Unschmelzbarkeit von
BBB

zu

überwinden.

Die

Methode

beinhaltete

Temperatur-assistierte

Festkörperpolymerisation von selbstorganisierten Monomeren (NTCA und DAB) in
Faserform. Die selbstorganisierten Monomere wurden, zusammen mit einem
Templatpolymer (jedem Polymer, das bei niedrigen Temperaturen pyrolysiert werden
kann) elektrogesponnen. Das Erhitzen der Fasern auf Temperaturen über 460 °C führt
zur Polykondensation der selbstorganisierten Monomere zu BBB mit gleichzeitigem
Abbau und Entfernung des Templatpolymers. Eine strukturelle Charakterisierung,
Morphologiestudien, sowie Untersuchungen der thermischen Stabilität und der
mechanischen Eigenschaften wurden sowohl an Einzelfasern, als auch an
Faserbündeln

durchgeführt.

Elektrogesponnene

BBB

Nanofasern

zeigten

ausgezeichnete thermische Widerstandsfähigkeit mit einer onset-Abbauthemperatur
über 600 °C und 5 % Gewichtsverlust bei einer Temperatur von 640 °C unter
N2-Atmosphäre. BBB-Einzelfasern und BBB-Nanofaserverbunde wiesen einen
E-Modul von 1.43 ±0.26 GPa (226 nm Durchmesser) und 364.75 ±4.76 MPa auf.
Darüber hinaus wurden BBB-Fasern zur Herstellung von dreidimensionalen,
12
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offenporigen, niederdichten (≤ 13.9 mg cm-3), kompressiblen (mehr als 90 %
Erholung nach 50 %iger Kompression), intrinsisch flammenhemmenden und
thermisch isolierenden (thermische Leitfähigkrit von 0.028-0.038 W m-1K-1)
Schwämmen genutzt. Die Schwämme wurden durch Selbstorganisation von BBB
Kurzfasern (50 – 500 μm Länge) in wässrigen Dispersionen durch gefriertrocknen
erhalten. Die Nutzung eines wiederentfernbaren Klebstoffs (Poly(vinylalkohol))
wurde systematisch, zur Erhöhung der mechanischen Stabilität des Schwamms,
untersucht.
Die elektrogesponnene Kurzfaserdispersion kann mit dem wet-laid Prozess zur
Herstellung von porösen Membranen nutzen. In dieser Methode lieferten
Vakuum-assistierte Filtration und Trocknung von Kurzfaserdispersionen poröse
Membranen durch Perkolation von Kurzfasern in Form eines zufällig angeordneten
Fasernetzwerks. Die so hergestellten porösen BBB Membranen wiesen allerdings
schlechte

mechanische

Eigenschaften

auf

(0.04

MPa).

Daher

wurden

Kompositmembranen aus BBB und Schichtsilikaten (Na-Hectorit) untersucht. Die
Compositmembranen zeigten weder Brandverhalten unter Rauchentwicklung, noch
Schmelztropfen. Diese Hec/BBB Membranen mit geringer Dichte zeigten große
Ascherückstände von 80 – 94 %, niedrige Temperaturleitfähigkeiten von 28 – 51 mW
m-1K-1

und

eine

vielversprechende

große

Flammschutzeffektivität.

Materialien

für

Solche

Membranen

Leichtbaukonstruktionsmaterialien

sind
und

Schutzkleidung.
Elektrogesponnene Membranen mit hierarchischer Porenstruktur und variabler
Porengröße werden ausgiebig für Luft- (Schwebstofffilter [high-efficiency particulate
air, HEPA], Hochleistungs-Schwebstofffilter [ultra-low particulate air, ULPA]) und
Bakterienfilter verwendet. Als letzter Teil dieser Arbeit, wurde in einer Modellstudie
ein neuer Aspekt von Partikelfiltration durch elektrogesponnene, thermoplastische,
poröse Membranen (TPU) zum ersten Mal untersucht, um flexible, ultra-leichte und
stabile Polymer-Membranen mit erhöhten Gasbarriereeigenschaften herzustellen. Das
13
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hohe Aspektverhältnis ( 20000) von delaminierten, in Schmelze synthetisierten
Schichtsilikaten (Na-Hectorit) wurde durch Filtration in einer Polymermatrix als
Barriereschicht zwischen zwei elektrogesponnenen Membranen selbstorganisiert und
anschließend schmelzgepresst, was zu erhöhten Gasbarriereeigenschaften führte. Eine
hochgefüllte (> 25 wt.%) Hocheffizienz-Gasbarriere-Polymermembran mit perfekt
ausgerichteten, synthetischen Hectoritplättchen mit hohem Aspektverhältnis und
variabler Dicke (bis zu 5 µm) konnte hergestellt werden. Der E-Modul konnte um bis
zu einem Faktor von > 60 erhöht und die Sauerstoffpermeabilität um 98.8 % reduziert
werden, im Vergleich zum reinen TPU. Das elektrogesponnene Membranpolymer
wird zukünftig variiert, einschließlich der Verwendung von BBB, um die
Materialeigenschaften mit denen von Schichtsilikaten zur Herstellung von
Hochleistungsmembranen zu kombinieren.
Die Ergebnisse wurden in, durch peer-review geprüften, Journalen publiziert:
Nanoscale, 2017, 9(46), 18169-18174; Macromol. Mater. Eng., 2018, 303(4),
1700615; ACS Appl. Mater. Interfaces, 2019, 11(12), 11876-11883; Macromol. Mater.
Eng., 2019, 1800779.
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1 Introduction
1.1 Motivation and Aim
Poly(bisbenzimidazobenzophenanthroline-dione) (BBB) (Scheme 1 for the structure)
is a typical example of a ladder-type rigid-rod polymer with a lot of aromatic and
heterocyclic rings in the backbone that makes it a robust thermal and
chemical-resistant material. The outstanding thermal resistance property of BBB is
evident from no weight loss up to 600 °C in an inert atmosphere or vacuum, no
softening temperatures up to 425 °C and less than 10 % weight loss at 315 °C after
1500 h in air. These special properties make BBB promising for application in the
field of heat- or flame-resistant materials, such as high-performance textiles
(firefighters’ clothing or gloves). As early as in the middle of the last century, BBB
was synthesized in the Air Force Materials Laboratory (US) by the polycondensation
of 1,4,5,8-naphthalene tetracarboxylic acid (NTCA) and 3,3’-diaminobenzidine (DAB)
in polyphosphoric acid at a high temperature (∼200 °C). Their intrinsic insolubility in
common organic solvents and infusibility has hindered the establishment of an
effective way of processing BBB to fibres and films and, therefore, has been a
bottleneck for its use. There has not been a major breakthrough in the processing of
BBB fibres since the 1960s. Therefore, special procedures are required for the
processing of BBB regarding its utility for high-performance applications.
COOH

HOOC

+
HOOC

COOH

H2N

NH2

H2N

NH2
DAB

NTCA

-H2O
O

N
N

N

n

O

N

Polybisbenzimidazobenzophenanthroline-dione (BBB)

Scheme 1. Synthetic scheme and chemical structure of BBB.

Therefore, the overall aim of the present work is to study the processing methods for
BBB and the mechanical, thermal and flame-retardant properties of corresponding
BBB fibres, sponges and composite membranes with layered silicate.
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Due to the otherwise non-processability of BBB, a bottom-up approach was
considered for study in this work in which solid-state high-temperature
polymerization of self-assembled monomers for BBB is carried out on a sacrificial
template fibre. Electrospinning was used as the method to process the fibre.
Furthermore, short BBB fibres were used for making sponges and composite
membranes with layered silicate by the self-assembly of fibres from a dispersion
during freeze-drying (FD) and wet-laid methods, respectively. The literature overview
is provided in the subsequent sections about relevant topics.

1.2 Electrospinning
Electrostatic fibre formation, also known as “electrospinning,” has risen in the last
two decades as a popular choice for producing continuous fibres, fibre arrays and
nonwoven fabrics with fibre diameters below 1 μm from a wide range of materials for
different applications.[1-3] Electrospinning provides easy access to polymer, inorganic,
metal and ceramic nanofibres with specific topologies. Electrospinning also allows
the functionalization of the nanofibres during the preparation or post-treatment by
incorporating features such as viruses, bacteria, enzymes, drugs and catalysts.[3] The
development of the electrospinning technique has experienced a long history. At first,
the shape change phenomenon of liquid (water droplet) in the presence of an electric
field was observed.[2] About one century later, the electrospraying experiment of water
droplet to aerosol and the theory were studied systematically.[2] When the liquids
change to viscous and viscoelastic polymer solutions, the charged jet can be kept in a
continuous form to produce fibres instead of breaking into small size droplets, such as
in electrospraying. This is the start of the electrospinning. Some important patents
regarding the designing of the setup and equipment for electrospinning were filed in
the early 20th century.[4-6] Subsequently, the mechanistic understanding of
electrospinning was gradually developed. Geoffrey Taylor has to be mentioned
regarding the mechanics: He described the model where the spherical droplet would
16
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gradually evolve into a cone (now commonly referred to as the Taylor cone) and
produce a liquid jet on increase in the electric field beyond a critical level.[7-9] After
twenty years of stagnancy, the development of a nanoscale size (electron microscopes)
measurement technique moves toward the making the electrospinning technique
prosperous. Many organic polymers electrospun into nanofibres were reported in the
1990s and this re-invented technique eventually developed into the first choice for
producing long and continuous fibres with diameters down to the nanometre
scale.[10-13] At the beginning of the 21th century, electrospinning started to attract
increasing attention because of its capability of expanding, leading to the fabrication
of new composite materials and ceramic nanofibres with controllable structures, such
as core-sheath and hollow nanofibres.[14-16] At the same time as the emergence of new
structures, new applications of electrospun nanofibres were rapidly expanded to
catalysis,[17] energy harvesting, conversion and storage (e.g. lithium battery,
supercapacitor, dye-sensitized solar cells),[18] as well as biomedical applications,
including wound dressing,[19] drug release[20] and tissue-engineering,[21] not only
limited to initial water or air filtration.[22,23] Nowadays, electrospinning products in
large volumes from industrial lines have been designed and implemented by a number
of companies, enabling downstream commercial products widely used in water and
air filtration and the biomedical area.
1.2.1 Device and Principle of Electrospinning
The important components parts of an electrospinning machine are a high-voltage
power supply, a syringe pump to feed the solution, a spinneret (could be a hypodermic
needle with a blunt tip), and a collector connection with a negative electrode or
ground, as illustrated in Figure 1-1a. A pendant droplet forms when the liquid
(polymer solution or melt) is extruded from the spinneret as the result of surface
tension. When the droplet is in the electric field, the electrostatic repulsion among the
surface charges deforms the droplet into a Taylor cone,[24,25] and a charged jet is then
ejected from the cone. The fibre formation from the liquid droplet takes place in four
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steps. The first step is the formation of the Taylor cone, a cone-shaped jet. This is
followed by the extension of the jet along a straight line. Subsequently, thinning of the
jet occurs in the presence of an electric field leading to electrical bending instability
(whipping instability). At the end, the fibres are solidified and collected on a collector
which can be stationary or rotating.[2,22,26,27]

Figure 1-1. (a) Basic device for electrospinning. (b) Diagram showing the path of an electrospun
jet. (b) Reprinted with permission from ref 2. Copyright (2019) American Chemical Society.

Figure 1-1b illustrates the process of the formation of an electrospun fibre. The
mechanism has become by now a common knowledge and described in several
literatures.[2,11,28] In the first step, with the gradual increase of voltage, more charges
are accumulated on the surface of the droplet, increasing of the density of the charges.
While the electric field force on the droplet surface is higher than a critical value
(surface tension plus the viscoelastic force), electrostatic repulsion deforms the
droplet’s shape resulting into increased surface area.[28] The critical voltage needed to
generate a conical shape for the droplet depends on the intrinsic properties of the
liquid, such as viscosity and conductivity. In the second step, the tapered jet initially
follows a nearly straight line for a certain distance away from the tip of the spinneret
. Viscoelastic properties of the polymer solution play an important role in getting
fibres by suppressing the Rayleigh instability, which otherwise will break the jet into
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droplets.[28-30] The velocity of the jet at the end of the straight segment is about 1–15
m s-1. The diameter of the jet in the straight part decreases monotonically with the
distance away from the cone, as the jet is continuously stretched.[31] When the jet
enters the far-field region in the third step, instability occurs easily as the consequence
of the electrostatic repulsion on the surface charges accumulated on the jet. There
might be three different types of instability (Figure 1-1b) which occur to the
electrically charged jet, including two kinds of axisymmetric (Rayleigh instability and
another occurs at a stronger electric field) and one non-axisymmetric instability
(known as whipping or bending instability).[11,12,28,32] The physicochemical properties
of the liquid and the parameters during electrospinning control the interaction
between the charged jet and the external electric field and further coordinate these
three different types of instability. With the driving of whipping and bending, the jet
moves towards the collector where the trajectory evolves into a series of loops,
generating a tapered coil with many turns. The coil consists of one continuous,
looping, spiralling and gradually thinning jet moving at high velocity. Later, as shown
in Figure 1-1b, the jet further elongates to a thinner diameter and generates a much
smaller coil, triggering the formation of another stage of bending instability, the
second bending instability. During the elongation process, the solidification takes
place simultaneously caused by either the evaporation of solvent or the cooling of
melt, which finally accomplishes the formation of the fibre. The solidified fibres are
deposited on the ground-connected conductive collector and most of the static charges
dissipate. With the increase of the fibre deposition, more residual charges will remain
on the surface of the fibres collected, which tends to repress the similarly charged
fibres, and result in limiting the achievable thickness of the nonwoven mat.[33-35]
Most of the early reports relate to traditional electrospinning which uses a single
needle and the nanofibres are produced at a relatively low output as the flow rate is
genearlly 0.5–5.0 mL/h. In order to increase the productivity, several efforts are
documented in the literature including the use of multiple-needles for electrospinning
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as shown in Figure 1-2a. There could be different arrangements of the multiple
needles, i.e. a linear (straight line) or a two-dimensional array.[36,37] The production
capacity of electrospun fibres is increased to ∼2000 m2 per day as shown for
(polyimide (PI)) for lithium-ion battery separators and high-temperature filters
(Figure 1-2b).[38] Meanwhile, in order to pursue new structures and functions of the
resultant nanofibres, coaxial electrospinning was developed by using a cone-shell or
triaxial nozzles (Figure 1-2c).[39,40] On the other hand, needleless spinnerets were
designed to increase the number of jets and create multiple jets to replace the needle
array.[2,41-44] Some typical examples of needless spinnerets evolving a bowl with a
curved edge,[41] a jagged metallic plate (Figure1-2d),[42] a stepped pyramid (Figure
1-2e),[43] and a variety of different rotary metal cylinders, discs and balls[44] have all
been explored (Figure 1-2f).

Figure 1-2. (a) Examples of nozzles for multiple-needle electrospinning. (b) Industrial production
line of multiple-needle electrospinning of PI nanofibrous mats/nonwovens (from Jiangxi
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Advanced Nanofibre Technology Co.). (c) Examples of coaxial nozzles. (d) Photographs of
electrospinning processes that use a jagged metallic plate and (e) a stepped pyramid as a spinneret.
(f) Photographs of electrospinning processes using a rotary metal cylinder, disc and ball as a
spinneret. (a) Adapted with permission from ref 37. Copyright 2018 Wiley-VCH. (d) Reprinted
with permission from ref 42. Copyright 2008 AIP Publishing. (e) Reprinted with permission from
ref 43. Copyright 2015 Elsevier. (f) Reprinted with permission from ref 44. Copyright 2012 Taylor
& Francis.

1.2.2 Materials for Electrospinning
High molecular weight polymers are the most common materials for electrospinning.
Small molecular weight compounds can also be directly electrospun into nanofibres in
some cases if they self-assemble to liquid crystal or generate sufficient chain
entanglement.[45,46] Inorganic nanoparticles, nanorods, nanowires, nanotubes and
nanosheets also can assemble to nanofibres by electrospinning with the assistance of
organic polymers. In the past thirty years, several different kinds of organic polymers,
both natural and synthetic polymers, have been electrospun. Depending upon their
solubility and fusibility, different modified electrospinning procedures are developed,
such as solution, emulsion and melt electrospinning.
Solution electrospinning is the one highly used and studied method as several organic
polymers are soluble in one or the other solvents. In fact, nearly all known synthetic
and natural polymers (DNA, silk fibroin, fibrinogens, dextran, chitin, chitosan,
alginate, collagen, gelatin and gum), either soluble or fusible have been electrospun
and related parameters affecting electrospinning and applications, such as air and
liquid filtration, battery separator, electrodes, textiles, biomedical etc. are studied.
Meanwhile, a large number of biocompatible and biodegradable synthetic polymers,
for example, polycaprolactone, poly(lactic acid) (PLA), and poly(lactic-co-glycolic
acid), have been directly electrospun into nanofibres and further explored the
applications in biomedical directions.[47-49] Conductive and functional polymers, such
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as polyaniline[50], polypyrrole,[51] poly(vinylidene fluoride)[52] have been directly
electrospun into nanofibres. Most common organic solvents used for electrospinning
are

tetrahydrofuran,

dichloromethane,

chloroform,

dimethylformamide,

dimethylacetamide, acetic acid, acetone, dimethyl sulfoxide, hexafluoroisopropanol,
and trifluoroethanol. The volatility or vapour pressure determines the evaporation rate
of the solvent and, thus, the solidification rate of the fibres. Neither very high nor very
low volatility is suitable for electrospinning. Very often, a mixture of different
solvents is used. High dielectric constant solvents, like water is not always the first
choice due to the attenuation of electrostatic repulsion making spinning process
unstable.
Both the intrinsic properties of the polymer solution and the processing parameters
control the formation of fibres and their morphology and properties. Viscosity and
conductivity are important parameters affecting spinning process. These parameters
depend upon the polymer and solvent used for spinning. The polymer molecular
weight and the solid content (concentration) are the main factors effecting the
viscosity, which plays a critical role in stretching the jet.[53] Low polymer solution
viscosity leads to only particle formation (also called electrospraying) and if viscosity
is very high, the ejection of the solution from spinning nozzle is hindered. Also,
electrical conductivity should be optimum for electrospinning.[54] A polymer solution
which is perfectly insulating is difficult to electrospinning as it is unable to conduct
charges from the interior to the surface, for example, PLA dissolved in chloroform.
Therefore, ionic compounds, such as salts or mineral acids are added to the spinning
formulations for increasing the conductivity and hence improves the spinning
process.[55] Applied voltage, polymer solution flow rate, the distance between the
electrodes (spinning nozzle) and the collector, humidity and temperature are other
important factors influencing the process of spinning, morphology and size of the
fibres.
Blend electrospinning, by mixing another electrospinnable polymer which serves as a
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carrier phase or template, is an efficient way to obtain the functional fibres for some
polymers with a small molecular weight or natural polymers with special functions
which are of great potential application in the form of nanofibres but might not be
suitable for electrospinning.[56,57]
Melt electrospinning is useful for commercial thermoplastic polymers which are
otherwise difficult to dissolve in organic solvents at room temperature making their
solution spinning either impossible or difficult. An extra heating device keeps the
polymer in a molten state during melt spinning.[58-60] The fast heat transfer between
the jets and the surrounding air solidifies the spinning jets to fibres. The stretching
degree and the obtained fibre diameter are very much different in solution and melt
electrospinning. The melt electrospun fibres are much thicker (more than 1
micrometre, whereas solution electrospun fibres are in the range 100-300 nm or even
smaller possible). This is due to the low electric conductivity and high viscosity of the
polymer melt making a low-density of the surface charges on the jets but high surface
tension. Thereby, whipping instability is not effective. Adding viscosity-reducing
additives or inorganic salt (such as NaCl) could effectively decrease the diameter of
the melt electrospinning fibre.[61] Until now, many common industrial polymers
matching the condition of melt electrospinning (have a glass transition and melt at a
temperature without involving thermal degradation) have been explored, including
polyethylene,

thermoplastic

polyurethane

(TPU),

polycaprolactone,

PLA,

polypropylene nylon-6, poly(methyl methacrylate) and poly(ethylene terephthalate)
(PET).[58]
Emulsion dispersion consisting of liquid particles and a continuous medium phase
(normally water) is always hard to electrospun directly but can be made spinnable by
adding a water-soluble polymer, such as polyethylene oxide (PEO), poly(vinyl alcohol)
(PVA) or poly(vinyl pyrrolidone) (PVP). A typical example is the fabrication of
poly(terafluoro ethylene) fibres by emulsion electrospinning.[62] Electrospinning of
colloidal particle dispersion is also possible when there is a sufficient particle
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entanglement which is required to maintain the jet as a continuous structure. One of
the examples is the formation of silica nanofibres by electrospinning aged sol
prepared from tetraethyl orthosilicate, distilled water, ethanol and HCl.[63] Other
examples based on sol electrospinning include the fabrication of ceramic fibres made
of metal oxides, such as Co3O4, LiGoO2 and NiO, and a mixture of Al2O3 and ZnO
has been reported, by using their precursor solutions as electrospinning liquid.
However, the sol-gel method of electrospinning is always limited because of the
difficulty in accurately controlling the rheological properties of the sol. Sometimes
additive carrier polymer is needed to improve the viscosity or conductivity of the
dispersion and is, subsequently, removed by calcination.[64] A carrier polymer plus
precursor solution electrospinning system is a convenient way to fabricate inorganic
ceramic nanofibres, metallic nanofibres, carbon nanofibres and their hybrid
nanofibres. Nanoparticles, including nanospheres, nanotubes, nanorods and
two-dimensional graphene, clay and MXene, are usual fillers for enhancing or
endowing additional properties to electrospun nanofibres. Two main strategies, direct
incorporation during spinning and post-treatment of the precursor fibres, have been
adopted to incorporate nanoparticles into electrospun nanofibres.

1.2.3 Morphology and Structure of Electrospun Fibres
Electrospinning technique in combination with post-treatment enable the preparation
of nanofibres with diverse morphologies, which were summarized by Hou and
co-workers.[65] A simple cylindrical fibre with a smooth surface, as show in Figure
1-3a, is the most representative and common structure produced by electrospinning.[10]
In addition to the cylinder-shaped nanofibres, there are two other structures that are
frequently obtained by electrospinning: Ribbon-like oblate fibre (Figure 1-3b) and
periodic bead-on-string structure fibre (Figure 1-3c).[66,67] These three basic structures
are the results of the balance of intrinsic viscoelasticity of the polymer solution and
Rayleigh instability aroused from the external electrical field. Periodic bead-on-string
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fibres are obtained, in most cases, when spun from diluted solution with a low
viscosity. Increasing the concentration of the solution will change the beads from
spherical to spindle-like morphology, decrease the density of beads and, eventually,
the beads will disappear when the concentration rises to a critical value. [10] On the
other hand, the introduction of a small amount of salt which increases the conductivity
would avoid the formation of beads in some cases. If the electrospinning is carried out
by using a high volatility solvent, the surface of the resulting fibres tend to be porous
(Figure 1-3d).[68] A typical example of porous fibres is the fabrication of PLA fibre
with dichloromethane or chloroform as the solvent and polystyrene fibres from
tetrahydrofuran. The surface porosity is attributed mainly to the phase separation
induced from the rapid evaporation of the solvent and a subsequent rapid
solidification. The humidity of the surrounding air, the evaporation rate of the solvent
is an important parameter effect, is also one of the main factors for the formation of
pores with nanoscales.[69] When the solvent has high volatility, the temperature at the
surface of the jet is rapidly decreased with the evaporation of solvent, resulting in the
condensation of the surrounding water vapour into tiny water droplets at the surface
or penetrating into the jet.[2,70] The pores form after the water droplets and solvent are
removed completely. When pores are introduced into the nanofibres, the specific
surface area of the resultant nanofibre-based mat will be drastically increased.[2,71]
The electrospinning technique could also be used flexibly to fabricate heterogeneous
nanofibres by a direct or indirect route, such as side-by-side fibre from a juxtaposed
spinneret (Figure 1-3e) and pine branch-like fibre structures (Figure 1-3f) from the
post-treatment of deposited heterogeneous materials on the surface of electrospun
nanofibre substrate.[72-73]
Electrospinning is also a technique that can generate nanofibres with complex inner
structures, including core/sheath, hollow and more complex structures, as show in
Figure 1-3g-i.[16,74-76] Adoption of a coaxial nozzle, as present on Figure 1-2c, is one
one-step direct route to access core/sheath fibre structure combining two or more
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different components. It should be mentioned here that sometimes one of the
components cannot be electrospun into fibres directly but obtains the composite fibres
smoothly by coaxial electrospinning with the assistance of another spinnable polymer.
Expand the materials of choice is a benefit of coaxial electrospinning, especially for
some small molecular weight compounds with special functions which cannot
electrospun into fibres by themselves. Based on the routine coaxial electrospinning
method, many further developments of electrospinning have emerged recently, such
as

multi-fluidic

compound-jet

electrospinning

and

multi-fluidic

coaxial

electrospinning. Core, hollow or heterogeneous wire-in-tube structured fibres have
been prepared. On the other hand, post-treatment with the chemical deposition
method is also adapted to fabricate hollow nanotubes with the electrospun fibres as
the substrate (Figure 1-3j).[77] Ultra-porous nanofibres and pea-like hollow fibres
were fabricated by electrospinning heterogeneous liquid, followed by the removal of
the sacrificial phase by calcination and pyrolysis (Figure 1-3k-l).[78,79]

Figure 1-3. Micro/nanofibres with multi-structures obtained by the electrospinning technique: (a)
Cylinder, (b) flatted ribbon, (c) bead-on-string, (d) surface porous, (e) side-by-side, (f) branched,
26

1 Introduction
(g) tube structure, (h) multichannel, (i) wire-in-tube, (j) multiwall, (k) vesicle, (l) pea-like, (m)
aligned nanofibre belt, (n) nanofibre yarn and (o) nanoarchitecture networks. (a)-(l) Reprinted
with permission from ref 65. Copyright 2018 Wiley-VCH. (m) Reprinted with permission from ref
80. Copyright 2008 IOP Publishing. (n) Reprinted with permission from ref 81. Copyright 2012
Taylor & Francis. (o) Reprinted with permission from ref 82. Copyright 2019 Springer Nature.

The macroscopical arrangement of fibres is determined by the type of the collector.
With the exception of the traditional random fibre arranged in a nonwoven manner
obtained from a flat, stationary collector, other architectures, such as fibre-aligned
belts (Figure 1-3m) and twisted nanofibre yarn (Figure 1-3n), could be fabricated by
using a high-speed rotated disc and rotary funnel as a collector, respectively.[80,81] In
addition, nanoarchitecture networks (Figure 1-3o) were prepared by electrospinning
extremely diluted solutions with a polyacrylonitrile fibre membrane as a collector.[82]
1.2.4 Application of Electrospun Nanofibres
An electrospun nanofibre mat, self-standing or coated on the substrate possesses a
large surface-to-volume ratio and high porosity, making it useful as a filter for various
purposes. The high porosity allows the gas steam and solution transport through the
membrane in high flux without experiencing much resistance. Moreover, the pore size
of the nanofibre-based mat could be adjusted conveniently by changing the diameter
and the surface functionalization is achieved by post-spinning modifications. These
mats have been extensively explored as advance filters for the removal or absorption
of pollutants, such as particulate matters, toxic ions and organic molecules from both
air[83-87] and wastewater.[88-91] On the other hand, electrospinning combined with
post-treatment is a versatile approach to achieve superhydrophobic fabrics with
self-cleaning properties from a variety of materials for water/oil separation.[92-94]
Regarding the energy field, continuous carbon nanofibres from electrospinning,
characterised by a high surface-to-volume ratio, large specific surface area and short
diffusion distance, have notably shown great promise as electrode materials for
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advanced batteries and supercapacitors.[95-101] Porous electrospun fibre mats made of
thermal stable polymer, such as PI and PET, have attracted increased attention as safe
battery separators, particularly in high-temperature conditions.[38,73,102] The use of
lectrospun porous semiconductors (e.g. TiO2) nanofibres, coated with a photo-active
substance, such as the photoanode, is an effective way to improve the power
conversion efficiency of solar cells.[103-105] Electrospinning has recently been adopted
for the design of solar desalination devices.[106,107]
Electrospun polymer or ceramic nanofibres containing catalytic nanoparticles (such as
Pt, Au nanoparticles and enzymes) also have great advantages in heterogeneous
catalysts system.[108-110] Large surface area-to-volume ratio, high porosity, uniformity
in fibre size, diversity in composition, flexibility in assembled structure and ease of
functionalization with bioactive molecules make electrospun nanofibre-based
scaffolds promising candidates as carriers for drug delivery[111-113] and scaffolds for
regenerative medicine.[114-117]

1.3 Electrospun Conjugated Rigid-Rod Polymers
1.3.1 Development of Rigid-Rod Polymers
High-performance synthetic polymer materials, called special engineering plastics,
with outstanding mechanical, thermal and electric properties, combined with a
lightweight and chemical resistant, have attracted a lot of interest and achieved huge
progress since the middle of the last century. High-strength, high modulus and
high-temperature-resistant polymeric fabric material is one of the most important and
developed

special

engineering

plastics

both

in

theoretic

research

and

commercialization. Good examples of commercialized high-performance fabric
materials include flexible polymer-based ultra-high molecular weight polyethylene,
PET, and aromatic polyamides (Kevlar® and Nomex®) and PIs containing rod-like
macromolecular chains. In order to pursue higher temperature resistance satisfying the
requirement in military and aerospace engineering, more rigid-rod polymers
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containing a conjugated aromatic heterocyclic ring in the backbone were developed
and

commercialized,

benzobisthiazole),

such

as

polybenzimidazole

poly(p-phenylene

(PBI),

benzobisoxazole)

poly(p-phenylene
(PBO)

and

poly(pyridobisimidazole).[118,119] The tensile strength of commercialized PBO (Zylon
HM) and poly(pyridobisimidazole) (M5) fibres reach 5.8 and 3.5 GPa, respectively,
and the tensile modulus reaches 270 and 330 GPa, respectively.[120] Both the strength
and the modulus are much higher than steel but have smaller densities. This kind of
conjugated polymer also shows good flame-resistance properties, for example, PBO
shows the highest limiting oxygen index of 68 vol%.[121] These polymers containing
aromatic or heterocyclic rings combine with many chemical factors, such as strong
primary and van der Waals bonding forces, hydrogen bonding, resonance stabilization,
molecular symmetry or cross-linking promoted from modified groups, making them
robust materials with a combination of thermal stability and physical properties. The
polymers with high-temperature resistance provide wide potential applications for
uses in electronics, aircraft and aerospace vehicles, engine components, engineering
structures, heat-resistant coatings, molecular composites and other high-performance
technological applications.[120]
Another type of high-performance polymer is the ladder and semi-ladder type
polymers first reported by the Air Force Materials Laboratory.[122] Two of the
noteworthy examples are the BBB and poly(benzobisimidazobenzophenanthroline)
(BBL),

which

were

prepared

by

the

polycondensation

of

either

3,3',4,4'-tetraaminobenzidine (DAB) or 1,2,4,5-tetraaminobenzene (TAB) with
1,4,5,8-naphtalene tetracarboxylic acid (NTCA) in polyphosphoric acid at a high
temperature (180-190 oC) (Figure 1-4a -b). Polymerization of NTCA and DAB in
solid phase lead to low molecular weight which is soluble in sulfuric acid.[123] They
were first synthesized in an effort to develop polymers with a very high strength and
high-temperature resistance for use as structural materials in aerospace applications.
Both of these polymers are thermally stable (i.e. exhibit no weight loss) to 550 °C in
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air and 700 °C in nitrogen.[122,123] Thermal-mechanical and creep studies in the range
of 30–500 °C indicated that this rigid molecule structure is relatively insensitive to
temperature and no glass or other transition was evident in this temperature
range.[124,125] Different to other rod-like structure polymers, such as poly(p-phenylene
benzobisthiazole) revealing as liquid-crystalline in solution, BBB molecules
containing a rotatable single bond link in the backbone between each repeat unit give
it a flexible-coil behaviour. The same helical structure arrangement (Figure 1-4c) is
also observed on BBB film.[126]

Figure 1-4. (a, b) Synthetic and chemical structures of (a) BBB and (b) BBL polymers. (c) Helical
arrangement of BBB molecules. (d) Structures of the soluble Lewis acid (MXn) complexes of
BBB polymer. (c) Reprinted with permission from ref 126. Copyright (1995) American Chemical
Society. (d) Adapted with permission from ref 129. Copyright (1990) American Chemical Society.

Rigid-rod structures, which endow great thermal and mechanical properties,
unfortunately, simultaneously cause processing difficulties due to insolubility in
organic solvents and the glass transition temperature and melting point of these
materials is above their decomposition temperatures. Processing rigid-rod polymers
into fibres or films is always carried out by dissolving in strong protonic acids. [126]
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Take BBB as an example: BBB film is prepared by evaporation to dryness from
methane sulfonic acid (MSA) solution or slow coagulation of a solution of BBB in
MSA by the action of water absorbed from moist air.[124,125] BBB fibres were prepared
by the dry-jet wet-spin process. However, the processing based on ultra-strong
protonic acid solutions brings serious problems, such as a high demand for equipment
and environmental contamination. Two common strategies have been adapted to
enhance the solubility and processing of rigid-rod polymers. Firstly, modification of
the basic rigid-chain structures by the introduction of flexibilizing linkages (e.g. -O-,
-CO-, -CH2-, -SO2-) or molecular asymmetry (ortho, meta, versus para linkages) into
the backbone or the addition of bulky side groups (e.g. -SO3H) to improve
solubility.[127,128] The major disadvantage of this strategy is that processability is
achieved at the expense of thermal stability, chemical resistance or mechanical
properties. Secondly, a two-s synthetic route including processing a soluble
intermediate or precursor polymer and subsequent conversion to the rigid-chain
structure by using a thermally activated cyclization was designed. This approach is
typically exemplified in the commercial processing of PIs via soluble polyamic acid
precursor.[38] One important approach which has to be mentioned is the use of metal
halide Lewis acids as the cosolvent to promote the dissolution of rigid-rod polymer in
aprotic organic solvents and the subsequent conventional solution processing.[129]
During the dissolution process, a reversible electron donor-acceptor complex was
formed between heterocyclic polymers and Lewis acids in aprotic organic solvents.
This reversible electron donor-acceptor complex arises from a Lewis acid base
reaction at specific heteroatom nonbonded electron pair donor sites (N, S, O) on the
polymer chains rather than from a π-electron charge-transfer reaction (Figure
1-4d).[129] The resultant solutions of rigid-rod polymer can be processed into films,
fibres and coatings, as well as purification. In another attempt at processing BBL
polymer, hydrophilic functional groups of a short PEO chain were grafted into the
ends of BBL molecule chains enabling the formation of homogenous dispersion of
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BBL-PEO in water.[130,131] The formation of BBL films was successful from
BBL-PEO water dispersion via an air flow-assisted spraying process and the
electrochemical and photocurrent generation properties of the resultant films were
studied.[131] Both BBB and BBL exhibit a third-order nonlinear optical coefficient.[132]
It has been observed that both pristine BBB and BBL are insulators with the electron
conductivity of 10-14- 10-12 S cm-1 at room temperature.[133] However, the typical large
delocalized conjugated electron structures indicate that BBB and BBL are capable of
being conductivity polymers. One side, increasing the temperature, the conductivity
of them treads to increasing both reveals from the film and fibres.[134-136] On the other
hand, protonated doping is an efficient way to increase conductivity, for example,
protonic acid (H2SO4) doped BBL and BBB films were found to be highly conductive
(2 S cm-1).[137] However, this type of protonated doping is unstable. In one report, the
same conductivity of 2 S cm-1 was achieved by BBB and BBL doped with
poly(styrenesulfonic acid) and showed good ambient air stability even to a
temperature of 100 oC. The conducting BBL/ and BBB/poly(styrenesulfonic acid)
complexes may be useful for the fabrication of photovoltaic cells and light-emitting
diodes.[133]
A recent interest in BBB and BBL focused on their intrinsic semiconducting
properties and relative applications. Both BBL and BBB have an identical optical
band gap (Eg = 1.8 eV) and absorption spectra, electron affinity (EA = ca. 4.0-4.4 eV)
and redox properties, and dc conductivity when chemically doped.[138] The major
difference between the two polymers is that BBL films spin-coated or cast from MSA
solutions are semi-crystalline, whereas BBB films are completely amorphous, which
was revealed by X-ray and electron diffraction.[139,140] The field-effect mobility of
electrons is several orders of magnitude enhanced in BBL (0.03 cm2 V-1 s-1) with a
ladder architecture compared to semi-ladder conjugated polymer BBB (10-6 cm2 V-1
s-1) observed from field-effect transistors.[138] The BBL nanobelts, prepared via
precipitating BBL/MSA solution on environmentally benign solvents, such as
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methanol and water, were also used to construct field-effect transistors that exhibited
electron mobility up to ∼7 × 10-3 cm2 V-1 s-1.[141] One more example is given by the
thin film transistors fabricated from an n-channel BBL transistor and a p-channel
poly(3-hexylthiophene) transistor. The electrical parameters (electron mobility, on/off
current ratio and threshold voltage) of the n-channel BBL transistors in air were found
to be constant over the four years.[142] Solar cells made from spin-coated bilayer
thin-film heterojunctions of poly(p-phenylene vinylene) and BBL were found to have
a photovoltaic charge collection efficiency as high as 49 % and maximum power
conversion efficiency reached 2.0 % under sunlight illumination.[143]
1.3.2 Electrospinning of Rigid-Rod Polymers
Electrospinning is the most effective state-of-the-art method for the generation of
continuous polymer nanofibres with extensive materials, such as polymers, ceramics,
metals and metal oxide, carbon nanotubes, and even bacteria and viruses, as described
in 1.2.2. The mechanical properties of most electrospun polymer nanofibres are generally
not comparable with conventional microfibres manufactured by melt-spinning. However,
the fibres with a diameter less than 1 μm reveal some particular performances, such as a
huge surface area to volume ratio, large porosity, high aspect ratio of length to diameter
and easy-tailored nanofibre products, which usually arouse more feasible applications
(see 1.2.4). Examples of high-strength electrospun nanofibre have been reported,
including PI nanofibre belts of 1.1 GPa[80] and single polyacrylonitrile nanofibre of 1.75
GPa[144]. It is conceivable that nanoscale rigid-rod fibres produced with outstanding
mechanical and thermal properties are a good candidate for filtration in a harsh
environment or as a filler for the enhancement of mechanical and thermal properties in
composites. In one recent piece of research, an electrospun PBI nanofibre membrane
demonstrated a higher surface potential than other commercially available mask filters
because of its high dipole moment (6.12).[145] The filter developed with PBI nanofibres
provided a high particulate matter filtering efficiency of ∼98.5 % but only a small drop
in pressure. Furthermore, this PBI membrane demonstrated negligible damage and
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retained its original performance for reuse after several cycles of cleaning.

However, processing of other rigid-rod polymers by electrospinning are confronted
with more challenges because of their poor solubility in common solvents and
degradation temperature below their melting points. Traditionally, dry jet-wet
spinning of these rigid-rod polymers is commonly carried out based on the solutions
of extremely strong acid.[120] Kevlar, for example, is dissolved in concentrated sulfuric
acid (98–100 %), PBO and poly(pyridobisimidazole) in polyphosphoric acid. Direct
electrospinning of these strong acid-based systems placed higher requirements on the
electrospinning equipment and the parameter control due to the involatile and strong
causticity of the solvent. A water bath, for example, was adopted as the collector and
for extracting the solvent when electrospinning 2–3 wt% Kevlar solution in a solvent
of 95–98 % sulfuric acid.[146] Nanofibres with a diameter ranging from 40 nm to
hundreds of nanometres were produced successfully and molecular orientation was
investigated, but some important issues, such as the mechanical properties, were
missing. Another study of electrospinning highly concentrated Kevlar solution in 98
wt% sulfuric acid gave micrometre size fibres with a diameter in the range of 2.1–
15.8 μm.[147] The maximum Young’s modulus and tensile strength of 59 and 1.1 GPa,
respectively, were found at a diameter of 2.1 μm. Meta-aramid (Nomex) can dissolve
in common organic solvent, such as dimethylformamide, dimethylacetamide and
dimethyl sulfoxide, in the presence of salts, such as LiCl and CaCl2.[148] Unfortunately,
the resultant meta-aramid fibre mats had an extremely low strength of below 30 MPa.
As has been mentioned previously, a two-step processing method including
electrospinning soluble precursor solution into nanofibres and the subsequent suitable
post-treatment is an efficient strategy for the preparation of non-processable polymer
or inorganic nanofibre. Typical examples processed by this method are PI nanofibres.
The first step is the electrospinning of polyamic acids followed by imidization by
heating to a high temperature.[38,80] In another study, conjugated polydiacetylenes
nanofibres were prepared by electrospinning precursor solution containing diacetylene
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monomer, matrix polymer of PEO and stability enhancer of tetraethyl orthosilicate, and
subsequently irradiated with 254 nm light.[149] Regarding other conjugated or rigid-rod

polymers, PBO and its copolymers[150,151] have been electrospun into nanofibres using
this indirect method and the mechanical and thermal properties of the resultant fibre
mat have been explored. Thermal mechanical analysis revealed that electrospun PBO
nanofibre belts sustain excellent mechanical properties even at a high temperature of 350
o

C, with a tensile strength of 490 MPa and strength retention of over 90 %.

Nanofibre formation techniques of BBB and BBL are always a bottleneck to progress
which has not moved forward for a long period since the 1960s. In contrast to PI and PBO,
the precursor route is not suitable for BBB and BBL. The precursor solution BBB forms
an insoluble and non-processable gel owing to the reaction of the four amino groups in
the monomer DAB with 1,4,5,8-naphthalenetetracarboxylic dianhydride. Inspired by the
fabrication of inorganic nanofibres such as SiO2 and TiO2,[88,89,103] not only the
macromolecules but also the small molecules can be used as a precursor for
electrospinning in the presence of an electrospinnable polymer as a template. A new
strategy for making BBB fibres was designed in this thesis by using the corresponding
monomers’ solution, DAB and NTCA dissolved in dimethylacetamide, as a precursor for
electrospinning with a template polymer followed by solid-state polymerization at a high
temperature with simultaneous pyrolysis of the template polymer. The fibre formation
parameter, reaction process of monomers and properties of the BBB fibre mats, aligned
belts and individual fibres were investigated (reference Appendix 5.1).

1.4 Electrospun Nanofibre-Based Sponges
Three-dimensional (3D), porous, ultra-low density, mechanically stable sponge
materials have attracted a lot of attention for their wide range of applications in the
fields of thermal insulation, sensors, absorption, catalyst supports, tissue engineering,
battery electrodes and acoustic, vibration or shock energy shielding.[152] Depending on
the raw materials and intended applications, different methods can be used for the
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preparation of sponges of advanced materials, including foaming, sol-gel processing,
template growth, FD or casting, self-assembly and chemical vapour deposition.[152]
Carbon material-based aerogel, including carbon nanotubes (CNTs) and graphene, is
one of the highly studied materials, due to its low-density and chemical inertness. A
CNT sponge, for example, synthesized by chemical vapour deposition was reported in
which a precursor solution of ferrocene in dichlorobenzene was injected at 860 oC.[153]
This elastic and hydrophobic sponge can actively absorb and remove different type of
oils spreading on the surface of the water, as shown in Figure 1-5a-b. In another
interesting study, ultra-lightweight CNT-graphene aerogels (Figure 1-5c) were
prepared through the bottom-up FD process and applied as a conductivity sensor
(Figure 1-5d) and for absorption of organic solvent.[154] Carbon fibre is a fascinating
material for its outstanding physicochemical property and an extensive natural source
of raw material. Carbon fibre sponge prepared from carbonation of natural fibres,
such as raw cotton (Figure 1-5e-f),[155] wood[156] and bacterial cellulose,[157] are
exhibit hydrophobicity, elasticity and flame-resistance.

Figure1-5. (a) Photos show the elasticity of CNTs sponge from chemical vapour deposition. (b)
CNTs sponge for cleaning up large areas of oil. (c) Photo of CNT-graphene sponge. (d)
Elasticity-responsive conductivity of CNT-graphene sponge. (e) Photo of raw cotton-based carbon
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fibre sponge under the water. (f) Removal of the loaded organic solvent via combustion. (a) and (b)
Reprinted with permission from ref 152. Copyright 2010 Wiley-VCH. (c) and (d) Reprinted with
permission from ref 154. Copyright 2013 Wiley-VCH. (e) and (f) Reprinted with permission from
ref 155. Copyright 2013 Wiley-VCH.

Large specific surface area, controllable aspect ratio and morphology, tunable wetting
characteristics, versatility and easy modification endow electrospun fibre with unique
advantages to fabricate 3D sponge materials, which either broaden the applications of
electrospun nanofibres or provide novel properties to the sponges. In recent years,
ultralight 3D sponge made from electrospun polymer nanofibres has already become a
hot topic and achieved fruitful progress, especially applied in the medical and energy
field. Pristine electrospun long fibres tend to randomly entangle and harden to
structure stable large volume 3D architecture. Therefore, short electrospun fibres,
made by mechanical cutting of long fibres, were chosen for the bottom-up assembly
of 3D sponges by FD followed by some necessary post-treatment.[152,158,159] Simply
self-assembled short fibres together frequently unstable and fragile structures due to
lack of effective junctions between each other. The density, porosity, pore size
distribution and orientation of the final sponges can be easily altered during the FD
process by controlling the concentration of short fibre dispersion, freeze rate and
directions. Inspired by the biomimicry of extracellular matrix biodegradable polymer
sponges,

PLA,[160]

polycaprolactone[161]

and

PVA[162]

were

prepared

with

corresponding short fibres by using the approach of FD, which was applied as a
scaffold

in

tissue

engineering.

In

addition,

polyacrylonitrile-SiO2[158]

and

polyacrylate-based polymer[163] sponges were developed at the nearly the same time,
which were used in water-in-oil emulsion separation and organic solvent absorption,
drug release and catalyst supports.
Considering that most polymer-based sponges have the common drawback of poor
thermal properties which limits their application in high-temperature areas, thermally
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stable PI short electrospun fibres were adopted to assemble superior thermal
resistance sponges.[159,163,164] Low-density and porosity self-glued PI sponge shows
low thermal conductivity of 26 mW m-1K-1, making it a promising candidate for
potential application as a thermal insulator, as shown in Figure 1-6a.[159] Furthermore,
stress-responsive conductive PI sponges were designed by the corporation of silver
nanowires with PI short fibres forming a double-network structure.[163] The
conductivity of the double-network sponges alter in a wide range depending on the
compression strain, as show in Figure 1-6b, which make an interesting application as
a pressure sensor. Some other examples of thermal, stable, conjugated rigid-rod
polymer sponges, some not from electrospun fibres, have to be mentioned here. The
first one is PBO sponge prepared through a proton consumption-induced gelation of
PBO nanofibre sol and a controlled FD with a low cooling rate, followed by thermal
cross-linking.[165] The resulting PBO sponge not only presents the similar properties to
other sponges, such as porosity, low-density, low thermal conductivity (Figure 1-6c)
and elasticity, but more importantly also shows outstanding flame-resistance (Figure
1-6d). The second example is a conjugated microporous polymer (CMP) aerogel
achieved from a cross-coupling reaction based on 1,3,5-triethynylbenzene, as
illustrated in Figure 1-6e.[166] The CMP aerogels possess a low thermal conductivity
of 22 mW m-1 K-1, which is an ideal application for a high-temperature insulator
(Figure 1-6f). When treated with carbon black, CMP aerogel can effectively absorb
solar energy and transfer it to heat (Figure 1-6g), the corresponding solar steam
generation efficiencies of up to 81, 85 and 88 % are achieved at light intensities of 1,
2 and 3 kW m-2, respectively. The same as a conjugated polymer, there are reasons to
believe that the BBB nanofibre-based sponges have promising potential applications
in thermal insulation, high-temperature filtration and as a catalyst carrier for
high-temperature reactions and solar steam generation.
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Figure 1-6. (a) PI sponge as a thermal insulator. (b) Electrical conductivity of PI/AgNW sponge
changes with compression strain. (c) Thermal conductivity of PBO sponges with different density.
(d) Ignition test of PBO sponges. (e) Synthesis of CMP aerogels. (f) CMP aerogel as a thermal
insulator. (g) Infrared images of CMP aerogel-carbon black composite materials under different
illumination and time. (a) Reprinted with permission from ref 159. Copyright (2017) American
Chemical Society. (b) Reprinted with permission from ref 160. Copyright (2017) American
Chemical Society. (c) and (d) Reprinted with permission from ref 165. Copyright (2018) Royal
Society of Chemistry. (e)-(g) Reprinted with permission from ref 166. Copyright (2018) Royal
Society of Chemistry

1.5 Polymer/Clay Composite Materials
Smectic clays are one type of naturally abundant, multilayered platelet, inorganic
material with a well-characterized lamellar structured, high surface area and ionic
charges on the surface.[167] The phyllosilicate clays of the 2:1 type, including
montmorillonite (MMT), bentonite, saponite and hectorite, have conventionally been
employed as catalysts,[168] adsorbents,[169] metal chelating agents[170] and polymer
nanocomposites.[167,171] The generic multilayered structure is constituted of
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silicate/aluminium oxide in multilayer stacks and counter ions sandwiched inside.
These counter ions in the galleries can be exchanged with alkali metal ions, such as
Na+ or Li+, and further exchanged with organic ions.[167,168] Multi-layered silicates are
natively hydrophilic, water-swelling and exist in nature as large aggregates.[167]
Natural original clay, such as low price MMT available by open-cast mining, appear
typically with a lateral extension L < 250 nm owing to their genesis in
low-temperature environments.[172] Synthetic high-purity clay, such as sodium
hectorite and lithium hectorite with larger lateral extension and aspect ratios from
melt synthesis processing at a high temperature, has recently attracted increasing
attention. Sodium fluorohectorite, for example, obtained from a combination of melt
synthesis followed by long-term annealing, shows exceptional aspect ratios of around
20,000 upon delamination.[173] High-temperature melt synthesis of the clays not only
offers the significant advantages of a larger aspect ratio, higher purity and
homogeneity, but also allows the control of the nature of interlayer cation, layer
charge and composition by adjusting the crucial parameters.[174] The most common
application of platelets nanomaterial such as clay is as the stiff filler incorporated in
polymeric matrices for the enhancement of the mechanical, flame-retardant and
gas-diffusion barrier properties.
1.5.1 Polymer/Clay Nanocomposite for Flame Retardant Application
The increased use of polymer products in varied applications results not only in the
continuous demand for improved mechanical, thermal and electrical properties, but
also increasing concern regarding the security and ecological pollution issues. The
reduction of ignite or burn propensity of the plastic material is an efficiency measure
for the security guarantee and pollution controlling of its applications in houses,
commercial environments and transportation. As shown in the model illustrated in
Figure 1-7a, the condensed- and gas-phase mechanism are generally considered as
the primary effective mechanism of flame retardancy.[175] It is nicely described in the
review article by Wang et al.[175] According to the description, if a flame retardant acts
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in the gas phase (flame zone) by radical absorption to break off combustion processes,
it can be called a gas-phase mechanism. By contrast, the condensed-phase mechanism
means that the flame-retardant functions in the condensed phase through enhancing
the formation of char on the surface that serves as a barrier to inhibit flammable
volatiles from diffusing to the flame zone and to shield the polymer from heat and
oxygen. Many innovative solutions have been tried in previous publications to address
the challenges of improving the heat- and flame-resistance of polymers based on the
aforementioned mechanism.[175-178] Phosphorus-containing additives, for example,
lead to the formation of an expandable carbonaceous protective char layer, which
belongs to the condensed-phase mechanism. The degradation of the additives leads to
thermally stable pyro- or polyphosphoric species that catalyse polymers to form a
protective barrier. On the other hand, the additives containing halogen, usually
chlorine and bromine, are well-known for their inhibiting effects via the gas-phase
mechanism. The additives of compounds containing halogen preferentially release
specific radicals (e.g. Cl• and Br•) in the gas phase that can react with highly reactive
species (such as H• and OH•) to form less reactive halogen atoms, thereby,
suppressing the radical reactions of the combustion process.[175,176,179] Other additives
generate inert gases, thus, diluting the oxygen supply at the surface of the burning
polymer, which is also classified as a gas-phase mechanism.[179,180]

Figure 1-7. (a) Illustration of model of flame-retardant action. (b) Sketch of the fire-shielding
mechanism attributed to the CNF/clay coating on epoxy composites. (a) Reprinted with
permission from ref 175. Copyright (2017) Elsevier. (b) Reprinted with permission from ref 189.
Copyright (2013) Wiley-VCH.
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However, it is unfortunate that the commonly used flame-retardants, either
halogenated or phosphorous compounds, are unsuitable for large-scale applications
due to their potential impacts on the environment and human health, especially the
brominated flame-retardants which generate neurotoxic and potentially carcinogenic
brominated furans and dioxins.[181-183] Inorganic fillers, such as layered silicate (clay),
SiO2, metal oxide and carbonaceous (CNTs, graphene), have been extensively studied
as effective additives for polymer-based nanocomposite materials focusing on
improved fire retardancy with superior mechanical properties without the toxicity and
leaching issues.[175,177] Two types of strategies, including directly blending in the
matrix[184] and coating on the surface of the substance,[185,186] are usually adopted for
the employment of inorganic additives, also classified as a condensed-phase
mechanism.
New types of intrinsic flame-shielding papers/films were developed with the
incorporation

of

one-dimensional

nanofibres

and

two-dimensional

nanoplatelets.[187,188] The multilayer intercalation of nanofibre between the clay
platelets produce a lot of nanogaps which makes it lower density and flexible, reduces
the heat transfer but does not influence the flame-resistance property. In one study,
nanopaper with the thickness of only 100 μm based on multilayers of aligned clay
nanoplatelets in a cellulose nanofibre matrix, as sketched in Figure 1-7b, exhibits an
extreme flame-shielding effect and a reduction of heat transportation.[189] In another
report, a ternary, bioinspired mechanically strong nanocomposite film, containing
renewable forestry waste, montmorillonite and reduced graphene oxide, were
fabricated by utilizing the synergistic effect of hydrogen and covalent bonds among
them.[190] The resultant films also demonstrate very good flame-shielding effects.
Development of low-density 3D polymer/clay aerogels or sponges with intrinsic
flame retardancy and thermal insulation properties is an interesting and practical
significant direction. The FD process utilized to produce these aerogels is unique in its
ability to produce polymer/clay composites containing 25–75 wt% clay, whereas the
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traditional melt compounded clay composites rarely exceed 5 % clay content due to
viscosity limitations.[186] A water-soluble polymer, such as PVA, and alginate are
commonly used as the binder/matrix to construct nanocomposite sponges but other
binder/ matrix are used.[191-193] Self-extinguishing sponges, for example, composed of
biopolymer poly(furfuryl alcohol) and clay were synthesized by in situ polymerization
of furfuryl alcohol in water, in the presence of MMT clay, followed by the an FD
process.[194] Non-flammable alginate-based nanocomposite aerogels with low thermal
conductivity and useful mechanical strengths were also fabricated using the similar
method.[195]
The additives normally used to facilitate the formation of a continuous char barrier or
generation of active radicals and inert gas just slow down the rate of polymer mass
loss but do not stop completely.[184 -186] The same is true that the total heat release does
not decrease but rather spreads out over a longer time with a concomitant reduction of
the peak of heat release rate. Another direction for making polymer intrinsically
flame-resistant is the introduction of aromatic units and heterocyclic rings in the
molecule chains.[196] High-performance rigid-rod polymers, talked about in 1.3.1, such
as polyamides, PIs, PBI and PBO, have high degradation temperatures and
self-extinguishing properties because of their highly rigid backbones and strong
chain-to-chain interactions. These polymers exhibit a negligible heat release rate on
burning and release little smoke prior to decomposition with the release of water,
carbon oxides, and traces of hydrogen cyanide.[196] The exploration of BBB regarding
fire resistance is rarely reported but the potential has been predicted by its molecule
structures.
1.5.2 Strong Polymer/Clay Nanocomposite for Gas Barrier Application
Highly transparent, flexible and affordable gases diffusion barrier technologies are
highly required ranging from low-tech films for flexible packaging to high-tech
products for encapsulation of thin-film transistors and organic light-emitting diode
displays.[197-199] Still, many polymer barriers are less effective than desired.[200]
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Incorporation of layered nanoplatelets with large aspect ratios, such as clay and
graphene oxide or graphene, is an efficient and economical way to enhance the gas
barrier property. In contrast to the high price, clays have more advantages regarding
larger-scale applications, particularly for relatively low-tech food packaging. The
performance of the gas diffusion barrier films is determined by three main factors:
Filler properties (aspect ratio, volume fraction), the intrinsic barrier property of the
polymer matrix and the quality of filler distribution (aggregation, orientation of filler
platelets, free volume generated by mediocre interface management).[201-203] As
illustrated in Figure 1-8a, according to Cussler’s suggestion, the diffusion path of
oxygen molecules through a highly aligned barrier membrane is not a staircase-like
pattern; rather, the molecule follows a more extended route between nanosheets layers
and travels perpendicular to the diffusion direction.[201] Nielsen proposed a very
similar model for the relative permeability for a regular arrangement of platelets and
give predictions for the relative permeability of the nanocomposite with different
platelets volume fraction and different particle aspect ratios (Figure 1-8b).[203] Based
on their theory, the synthetic hectorite, which is completely exfoliated with a larger
aspect ratio, is the best choice as the filler. Möller et al. compared the barrier and
optical properties of the natural MMT and a series of synthesis hectorite-coated
polypropylene films. The results show that the lithium-hectorite with an aspect
ratio >>1000 is superior in the barrier properties enhancement which represents as
little as 0.4 % of the neat PP substrate’s transmission rate.[202]
Traditional melt extrusion for blending thermoplastic polymer and clay is limited due
to the inefficient exfoliation of platelets filler and the concentration of filler, and
thereby decreasing the aspect ratio. Zhou et al. concluded the state-of-the-art method
for the preparation of clay containing films and their functionality.[171] Solvent casting,
spin-casting (Figure 1-8c) and doctor blading (Figure 1-8d) are frequently used
approaches for assembling polymer/clay nanocomposite films. The existence of clay
nanoplatelets homogenously distributed on the complete films frequently increases
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the mechanical and barrier properties. In some cases, the results show that a high
content of clay will lead to non-uniform and brittle films. The layer of many of these
mineral clays is negatively charged because of isomorphous substitution,[171] which
might cause aggregation or precipitation of clay in some organic solvent or meet with
some charged polymers. Modification of clay with organic compounds through cation
exchange has proven an efficient way to eliminate the aggregation in the dispersion
and enhance the interaction between clay platelets and polymer matrix after
solidification.[204,205] Many researchers have reported on the preparation of
platelet-reinforced polymer/clay nanocomposites with high strength and toughness by
mimicking the mechanically excellent structure of nacre. Das et al. prepared
transparent, highly ordered, large-scale nacre-mimetics films via incorporation of
different aspect ratios between nanoclay and PVA matrix and investigated the
relationships among structure formation, nanostructure, deformation mechanisms,
mechanical properties and the aspect ratio of the filler.[206] Investigation results
demonstrate a large aspect ratio benefit, and superior mechanical and barrier
properties. Walther et al. report a nacre mimetic paper with excellent mechanical
properties, lightweight character and fire- and heat-shielding performances prepared
through a paper-making process by using poly(diallyldimethyl-ammonium chloride)
modified montmorillonite as a raw material.[187] Many other studies have also
suggested that the functional films containing clay have potential applications in
many areas, such as catalysis, modified electrodes, optoelectronic devices, and
anti-corrosion and packaging materials.[197,207,208]
On the other hand, coating a compact layer of clay containing nanocomposite with
nanoscale thickness on the surface of the matrix films can enhance the barrier
properties extremely regarding the precondition of retaining the intrinsic excellent
mechanical and optical properties. The facile strategies for polymer and clay
nanocomposite coating include drop-casting, spray coating, layer-by-layer assembling
(Figure 1-8e) and vertical and horizontal deposition (Figure 1-8f).[171] All of these
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coating processes enable the versatile and benign assembly of the polymer and clay
nanocomposite layer on the substrate with different thicknesses and morphologies.

Figure 1-8. (a) Model of gas diffusion through the parallel arranged platelets nanocomposite. (b)
Predictions of Nielsen’s model for the relative permeability as a function of platelets volume
fraction for different particle aspect ratios. (c)-(f) The preparation methods of films or coating
containing clay; (c) solution casting; (d) doctor blading and spray coating; (e) layer by layer
assembling; (f) vertical and horizontal deposition (Langmuir-Blodgett technique). (a) and (b)
Reprinted with permission from ref 203. Copyright (2009) Elsevier. (c), (e) and (f) Reprinted with
permission from ref 171. Copyright (2011) Royal Society of Chemistry.

Inspired by mussel shell-like natural bio-nanocomposites, for example, a
nanocomposite layer containing cationic recombinant spider silk protein and synthetic
sodium hectorite was coated onto a PET substrate by an all aqueous-based
drop-casting process.[209] The testing results of the oxygen transmission rate (OTR)
demonstrated the bio-nanocomposite is 60-fold more efficient than high-performance
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packaging materials such as poly(vinylidene chloride) and 600-fold better than PET,
which makes it highly suitable for new, green, flexible packaging applications. In
another report, a modified hectorite and polyurethane nanocomposite layer was coated
on PET foil by simple doctor-blading.[210] The coated nanocomposite layer with a
thickness as low as 1.5 μm, but with an enhanced OTR and water vapour transmission
rates reached exceptionally low values of 1.0×10-2 cm3 m-2 day-1 bar-1 and < 0.05 g
m-2 day-1 at 50 % relative humidity (RH), respectively. One example of spray coating
is given by Habel et al.: A glycol chitosan-clay nanocomposite layer was coated on
PLA film via spraying with “all green” solution.[211] The resultant fully degradable
polymer-based film shows competitive oxygen barrier properties (OTR = 0.17 cm3
m-2 day-1 bar-1 at 75 % RH) which affords a valuable alternative to conventional less
eco-friendly food packaging materials.
Utilizing the opposite charged character, layer-by-layer assembly, multilayer
structured coating of alternate depositions of clay and polyelectrolyte on the polymer
substrate was designed.[212,213] The thickness of the bilayer of clay and polyelectrolyte
can be controlled by changing the concentration of the clay suspension and the
polyelectrolyte solution, as well as the number of layers. Polyelectrolytes such as
poly(diallyldimethylammonium chloride), poly(ethylenimine), poly (vinylbenzyl
quaternary ammonium chloride), and polyacrylamide have been used to form
layer-by-layer films with clay platelets.[171] In one study, a 231 nm assembly was
formed after 70 layers of poly(ethylenimine) and clay coating on 179 μm PET film,
and the OTR was below the detection limit of commercial instrumentation (< 0.005
cc/(m2 day atm)).[212] Vertical and horizontal deposition, also known as the
Langmuir-Blodgett technique, is adopted to coat the ionic surfactant-modified
nanoclay on the substrate material by controlling the hydrophilicity and
hydrophobicity.[171,214,215] The substrate materials for Langmuir-Blodgett

assembly

focus on inorganic materials, such as silicon and glass, so as to lack of the example
for the gas barrier application.
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H. Kalo, M. W. Möller, M. Ziadeh, D. Dolejš, J. Breu, Large scale melt synthesis in an

open crucible of Na-fluorohectorite with superb charge homogeneity and particle size, Applied
Clay Science, 48 (2010), 39.
[175]

X. Wang, E. N. Kalali, J.-T. Wan, D.-Y. Wang, Carbon-family materials for flame

retardant polymeric materials, Prog Polym Sci, 69 (2017), 22.

63

1 Introduction
[176]

A. Dasari, Z.-Z. Yu, G.-P. Cai, Y.-W. Mai, Recent developments in the fire retardancy of

polymeric materials, Prog Polym Sci, 38 (2013), 1357.
[177]

P. Kiliaris, C. Papaspyrides, Polymer/layered silicate (clay) nanocomposites: an

overview of flame retardancy, Prog Polym Sci, 35 (2010), 902.
[178]

B. Yuan, Y. Sun, X. Chen, Y. Shi, H. Dai, S. He, Poorly-/well-dispersed graphene:

Abnormal influence on flammability and fire behavior of intumescent flame retardant, Composites
Part A: Applied Science and Manufacturing, 109 (2018), 345.
[179]

F. Laoutid, L. Bonnaud, M. Alexandre, J.-M. Lopez-Cuesta, P. Dubois, New prospects in

flame retardant polymer materials: from fundamentals to nanocomposites, Materials science and
engineering: R: Reports, 63 (2009), 100.
[180]

H. Horacek, R. Grabner, Advantages of flame retardants based on nitrogen compounds,

Polym Degrad Stab, 54 (1996), 205.
[181]

G. Stieger, M. Scheringer, C. A. Ng, K. Hungerbühler, Assessing the persistence,

bioaccumulation potential and toxicity of brominated flame retardants: Data availability and
quality for 36 alternative brominated flame retardants, Chemosphere, 116 (2014), 118.
[182]

G.-L. Wei, D.-Q. Li, M.-N. Zhuo, Y.-S. Liao, Z.-Y. Xie, T.-L. Guo, J.-J. Li, S.-Y. Zhang,

Z.-Q. Liang, Organophosphorus flame retardants and plasticizers: sources, occurrence, toxicity
and human exposure, Environ Pollut, 196 (2015), 29.
[183]

I. Van der Veen, J. de Boer, Phosphorus flame retardants: properties, production,

environmental occurrence, toxicity and analysis, Chemosphere, 88 (2012), 1119.
[184]

J. W. Gilman, C. L. Jackson, A. B. Morgan, R. Harris, E. Manias, E. P. Giannelis, M.

Wuthenow, D. Hilton, S. H. Phillips, Flammability properties of polymer− layered-silicate
nanocomposites. Polypropylene and polystyrene nanocomposites, Chem Mater, 12 (2000), 1866.
[185]

P. Das, H. Thomas, M. Moeller, A. Walther, Large-scale, thick, self-assembled,

nacre-mimetic brick-walls as fire barrier coatings on textiles, Scientific reports, 7 (2017), 39910.
[186]

H.-B. Chen, P. Shen, M.-J. Chen, H.-B. Zhao, D. A. Schiraldi, Highly efficient flame

retardant polyurethane foam with alginate/clay aerogel coating, ACS applied materials &
interfaces, 8 (2016), 32557.

64

1 Introduction
[187]

A. Walther, I. Bjurhager, J. M. Malho, J. Ruokolainen, L. Berglund, O. Ikkala,

Supramolecular control of stiffness and strength in lightweight high‐performance nacre‐mimetic
paper with fire‐shielding properties, Angew Chem Int Ed, 49 (2010), 6448.
[188]

G. Wen, Z. Guo, Nonflammable superhydrophobic paper with biomimetic layered

structure exhibiting boiling-water resistance and repairable properties for emulsion separation,
Journal of Materials Chemistry A, 6 (2018), 7042.
[189]

F. Carosio, J. Kochumalayil, A. Fina, L. A. Berglund, Extreme thermal shielding effects

in nanopaper based on multilayers of aligned clay nanoplatelets in cellulose nanofiber matrix,
Advanced Materials Interfaces, 3 (2016), 1600551.
[190]

G.-G. Chen, Y.-J. Hu, F. Peng, J. Bian, M.-F. Li, C.-L. Yao, R.-C. Sun, Fabrication of

strong nanocomposite films with renewable forestry waste/montmorillonite/reduction of graphene
oxide for fire retardant, Chem Eng J, 337 (2018), 436.
[191]

H.-B. Chen, Y. Zhao, P. Shen, J.-S. Wang, W. Huang, D. A. Schiraldi, Effects of

molecular weight upon irradiation-cross-linked poly (vinyl alcohol)/clay aerogel properties, ACS
applied materials & interfaces, 7 (2015), 20208.
[192]

H.-B. Chen, B. Liu, W. Huang, J.-S. Wang, G. Zeng, W.-H. Wu, D. A. Schiraldi,

Fabrication and properties of irradiation-cross-linked poly (vinyl alcohol)/clay aerogel composites,
ACS applied materials & interfaces, 6 (2014), 16227.
[193]

H. Sun, D. A. Schiraldi, D. Chen, D. Wang, M. Sánchez-Soto, Tough polymer aerogels

incorporating a conformal inorganic coating for low flammability and durable hydrophobicity,
ACS applied materials & interfaces, 8 (2016), 13051.
[194]

T. Wang, H. Sun, J. Long, Y.-Z. Wang, D. Schiraldi, Biobased poly (furfuryl

alcohol)/clay aerogel composite prepared by a freeze-drying process, ACS Sustainable Chemistry
& Engineering, 4 (2016), 2601.
[195]

K. Shang, W. Liao, J. Wang, Y.-T. Wang, Y.-Z. Wang, D. A. Schiraldi, Nonflammable

alginate nanocomposite aerogels prepared by a simple freeze-drying and post-cross-linking
method, ACS applied materials & interfaces, 8 (2015), 643.
[196]

S. Bourbigot, S. Duquesne, Fire retardant polymers: recent developments and

65

1 Introduction
opportunities, J Mater Chem, 17 (2007), 2283.
[197]

A. Arora, G. Padua, Nanocomposites in food packaging, J Food Sci, 75 (2010), R43.

[198]

J. Lewis, Material challenge for flexible organic devices, Mater Today, 9 (2006), 38.

[199]

S. Logothetidis, Flexible organic electronic devices: Materials, process and applications,

Materials Science and Engineering: B, 152 (2008), 96.
[200]

J. Lange, Y. Wyser, Recent innovations in barrier technologies for plastic packaging—a

review, Packaging Technology and Science: An International Journal, 16 (2003), 149.
[201]

E. Cussler, S. E. Hughes, W. J. Ward III, R. Aris, Barrier membranes, Journal of

Membrane Science, 38 (1988), 161.
[202]

M. W. Möller, D. A. Kunz, T. Lunkenbein, S. Sommer, A. Nennemann, J. Breu, UV‐

cured, flexible, and transparent nanocomposite coating with remarkable oxygen barrier, Adv Mater,
24 (2012), 2142.
[203]

G. Choudalakis, A. Gotsis, Permeability of polymer/clay nanocomposites: a review, Eur

Polym J, 45 (2009), 967.
[204]

H.-L. Tyan, Y.-C. Liu, K.-H. Wei, Thermally and mechanically enhanced clay/polyimide

nanocomposite via reactive organoclay, Chem Mater, 11 (1999), 1942.
[205]

Y.-L. Liu, Y. Li, J.-T. Xu, Z.-Q. Fan, Cooperative effect of electrospinning and nanoclay

on formation of polar crystalline phases in poly (vinylidene fluoride), ACS applied materials &
interfaces, 2 (2010), 1759.
[206]

P. Das, J.-M. Malho, K. Rahimi, F. H. Schacher, B. Wang, D. E. Demco, A. Walther,

Nacre-mimetics with synthetic nanoclays up to ultrahigh aspect ratios, Nature communications, 6
(2015), 5967.
[207]

J. Feng, X. Hu, P. L. Yue, Discoloration and mineralization of Orange II by using a

bentonite clay-based Fe nanocomposite film as a heterogeneous photo-Fenton catalyst, Water Res,
39 (2005), 89.
[208]

N.-o. Saelim, R. Magaraphan, T. Sreethawong, TiO2/modified natural clay

semiconductor as a potential electrode for natural dye-sensitized solar cell, Ceram Int, 37 (2011),
659.

66

1 Introduction
[209]

E. Doblhofer, J. Schmid, M. Rieß, M. Daab, M. Suntinger, C. Habel, H. Bargel, C.

Hugenschmidt, S. Rosenfeldt, J. Breu, Structural Insights into Water-Based Spider Silk Protein–
Nanoclay Composites with Excellent Gas and Water Vapor Barrier Properties, ACS applied
materials & interfaces, 8 (2016), 25535.
[210]

D. A. Kunz, J. Schmid, P. Feicht, J. Erath, A. Fery, J. Breu, Clay-based nanocomposite

coating for flexible optoelectronics applying commercial polymers, ACS nano, 7 (2013), 4275.
[211]

C. Habel, M. Schöttle, M. Daab, N. J. Eichstaedt, D. Wagner, H. Bakhshi, S. Agarwal,

M. A. Horn, J. Breu, High‐Barrier, Biodegradable Food Packaging, Macromolecular Materials
and Engineering, 303 (2018), 1800333.
[212]

M. A. Priolo, D. Gamboa, J. C. Grunlan, Transparent clay− polymer nano brick wall

assemblies with tailorable oxygen barrier, ACS Applied Materials & Interfaces, 2 (2009), 312.
[213]

M. A. Priolo, K. M. Holder, D. Gamboa, J. C. Grunlan, Influence of clay concentration

on the gas barrier of clay–polymer nanobrick wall thin film assemblies, Langmuir, 27 (2011),
12106.
[214]

D. Y. Takamoto, E. Aydil, J. A. Zasadzinski, A. T. Ivanova, D. K. Schwartz, T. Yang, P. S.

Cremer, Stable ordering in Langmuir-Blodgett films, Science, 293 (2001), 1292.
[215]

R. H. Ras, Y. Umemura, C. T. Johnston, A. Yamagishi, R. A. Schoonheydt, Ultrathin

hybrid films of clay minerals, PCCP, 9 (2007), 918.

67

2. An Overview of The Thesis
2. An Overview of The Thesis
Rigid-rod polymers, such as BBB, with ladder or semi-ladder conjugated structures
have proven to be high strength, high modulus and high-temperature resistant, but the
insolubility in common solvent and infusibility limit their processing and applications.
The present studies have been carried out with the aim of processing BBB to
nanofibres by electrospinning, assembling BBB nanofibres into 3D sponges and
composite membranes incorporating layered silicate (Na-Hectorite). The results are
presented in the form of a cumulative thesis with four published articles in
peer-reviewed journals (section 2.1 to 2.4) as summarized in the following picture
(Figure 2-1).

Figure 2-1. Pictorial summary of the prepared work as described in section 2.1-2.4.

The BBB nanofibres were prepared successfully for the first time using a bottom-up
approach by electrospinning the corresponding monomers’ solution with a template
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polymer (PVP) followed by solid-state polymerization of monomers at a high
temperature and simultaneous pyrolysis of the template polymer. Details about the
preparation procedures and characterizations are described in section 2.1. This part of
work was started as my master’s thesis and elaborated further together with Prof.
Haoqing Hou, Jiangxi Normal University. In section 2.2, in order to expand the
application of BBB nanofibres, the BBB short fibres were assembled into low-density
3D sponges. The structure, mechanical stability, intrinsic flame-retardant property and
applications of BBB sponges in organic solvents uptake and thermal insulation were
explored.
Furthermore, the composite porous membranes of BBB and layered silicate were
studied for their preparation method and properties. Layered silicate, with great
thermal stability and intrinsic flame-resistance, is considered as a processing additive
for the preparation of low-density, flexible and non-flammable BBB membranes. In
this section (section 2.3), the composite membranes were prepared via an upscalable
vacuum-assisted filtration self-assembly process and their flame-resistant properties
are studied.
In the last section (section 2.4), the unique gas barrier advantageous features of
layered silicate and the specific hierarchical pore structure of electrospun membranes
are combined together to make a flexible, strong and high gas-barrier membrane. This
section aims to obtain a layered structured thin film with an independent compact
clay-based nanocomposite layer embedded inside a polymer matrix. The final part of
the work would provide a basis for making gas-barrier thin films using
high-temperature polymers in the future. Detailed coverage of the experimental parts,
results and discussions can be found in the appendix (Chapter 5).
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2.1 Nanofibre Preparation of Non-processable Polymers by Solid-State
Polymerization of Molecularly Self-Assembled Monomers

Jian Zhu, Yichun Ding, Seema Agarwal, Andreas Greiner, Hean Zhang and Haoqing
Hou.

Nanofibre

preparation

of

non-processable

polymers

by

solid-state

polymerization of molecularly self-assembled monomers. Nanoscale, 2017, 9(46),
18169-18174.

High-performance

BBB

is

generally

prepared

by

polycondensation

of

3,3',4,4'-tetraaminobenzidine (DAB) and 1,4,5,8-naphtalene tetracarboxylic acid
(NTCA) at a high temperature (Scheme 2-1).

Scheme 2-1. Synthetic scheme and chemical structure of the BBB polymer.

The BBB nanofibres were successfully prepared for the first time by a bottom-up
approach using an electrospinning technique. The complete new procedure of BBB
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nanofibre formation includes two steps, as shown in Figure 2-2: 1) Electrospinning of
monomers (DAB and NTCA) precursor fibres incorporating a high molecular weight
sacrificial polymer (PVP was used) to assist the fibre formation; and 2) transforming
the monomers to high molecular weight BBB in a solid state at a high temperature
and pyrolysis, simultaneously with the sacrificial polymer. Using this approach, a
random BBB nanofibre mat and aligned nanofibre belt were prepared by using a
stationary plate and high-speed rotating collector, respectively.

Figure 2-2. Procedure of the preparation of BBB nanofibres by electrospinning.

The formation of BBB on a template (PVP) fibre was followed by Fourier transform
infrared spectroscopy (Figure 2-3a). The PVP characteristic absorptions at 1669 cm -1
(C=O stretching vibrations) and 2948 cm-1 (C-H stretching vibrations) disappeared. New
peaks appeared at 1699, 1616, 1578 and 1547 cm-1 corresponding to the C=O, C=C, C=N
and C–N vibrations attributed to BBB on heating above 400 oC. The formation of BBB
took place through condensation of the intermediate structure, such as amide (structure A),
imide (structure B) and benzimidazole (structure C) (Figure 2-3b).
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Figure 2-3. (a) Fourier transform infrared spectra of PVP, as-spun precursor nanofibres and BBB
nanofibres. (b) Possible routes for the polymerization of NTCA and DAB to BBB.

The final BBB fibres are excellently thermal-resistant with the degradation onset
temperature above 600 °C, and 5 % (T5%) and 10 % (T10%) weight loss temperatures of
641 °C and 698 °C, respectively, at N2 atmosphere (Figure 2-4a). There is no clear glass
transition temperature, as observed from the dynamic mechanical analysis measurement
up to 500 °C. The morphology and diameter of BBB fibres were observed by scanning
electron microscopy (SEM).
The effect of the amount of the template polymer and heat-treatment temperature on the
mechanical properties of BBB nanofibre belts were studied systematically. The highest
tensile strength (365 ± 5 MPa) was achieved for a BBB belt made from precursor PNDS
and PVP (8:2) and a heat treatment at 500 °C. Furthermore, the strength could also be
increased by hot-stretching of the fibres due to the molecular orientation (Figure 2-4b).
The mechanical properties of individual BBB nanofibres were also investigated, and the
results are shown in Figure 2-4c and d. Both the stress and modulus of single nanofibres
increased with the decrease of the fibre diameter, similar to the observations in previous
reports on other fibres, whereas the strain changes less with the fibre diameter.
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Figure 2-4. (a) TGA curve of BBB fibres and TGA curve of BBB nanofibres. (b) Stress-strain
curves of the BBB nanofibre belt prepared without hot-stretching and with hot-stretching at 5 N.
(c) Strength and (d) modulus of individual BBB nanofibres with different diameters (results from
PNDS and PVP (8:2) and 500 °C treated sample).

In conclusion, high-strength, high moduli, high-temperature-resistant electrospun BBB
nanofibres were prepared for the first time using a new strategy including monomers
precursor electrospinning followed by solid polycondensation. The transformation
process was confirmed by Fourier transform infrared spectroscopy. In the nest sections
the BBB fibres were used for making 3D sponges and porous composite membranes with
layered silicate (Na-hectorite) with excellent thermal stability and non-flammability.
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2.2

Low-density,

Thermally

Stable

and

Intrinsic

Flame-Retardant

Poly(bis(benzimidazo)Benzophenanthrolinedione) Sponge

Jian Zhu, Shaohua Jiang, Haoqing Hou, Seema Agarwal, Andreas Greiner. Low
Density, Thermally Stable, and Intrinsic Flame Retardant Poly (bis (benzimidazo)
Benzophenanthroline-dione) Sponge. Macromolecular Materials and Engineering,
2018, 303(4), 1700615.

In this part of the work, BBB fibres prepared in the previous section were used for the
preparation of mechanically stable, low-density and compressible sponges with thermal
stability, flame-retardant and thermal insulating properties. In order to prepare the
sponges, the BBB fibres were mechanically cut to short fibres with a diameter of 700–800
nm and a length in the range of 50–500 μm (Figure 2-5a, b). The short fibre dispersion in
water was freeze-dried to get a sponge with the hierarchically ordered dual pore structure
(large pores more than 100 μm and small pores < 5–10 μm) (Figure 2-5c, d).
The use of a glue (PVA) was found to be critical for the stability of the sponges prepared.
A systematic study showed the increase in the compressibility of the sponges upon use of
PVA glue (Figure 2-5e). The sponges inherit the great thermal resistance of BBB polymer
(Figure 2-5f). More than 95 % size recovery was achieved after a very high compression
of 80 % which achieved about 90 % recovery after 50 cycles.
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Figure 2-5. (a) Microphotograph of BBB short fibres. (b) Length distribution of BBB short fibres.
(c) SEM images and photos of BBB sponge from pure water dispersion and (d) BBB sponge from
PVA glue after annealing treatment. (e) Compression test of BBB sponge from PVA glue with
different density. (f) TGA curves of BBB sponge in air and N2 condition.

The sponges showed very low thermal conductivity (0.028–0.038 W mK-1) depending
upon the sponge density, which was measured by a Hot Disk Thermal Constants Analyzer
(Figure 2-6a, b). The sponges showed very high sorption capacity (43–159 times their
own weight) for organic solvents. The outstanding thermal isolation property of porosity
polymer materials is also found identically in BBB sponges (Figure 2-6c, d). More
importantly, the intrinsic flame-resistant property of BBB sponge was proven when
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neither a real ignition nor flaming combustion was observed when the sponge was placed
on a naked flame (Figure 2-7).

Figure 2-6. (a) Thermal conductivity and (b) thermal diffusivity of BBB sponge changes with
density. (c) Digital photos and IR camera photos of BBB sponge and (d) 50 % compressed BBB
sponge on a high-temperature plate.

Figure 2-7. Photos of (a) polystyrene sponge, (b) PI sponge and (c) BBB sponge put on a naked
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flame.

In conclusion, BBB low-density (≤ 13.9 mg cm-3), compressible, elastic, intrinsic
flame-retardant, thermally insulated sponges with high-temperature resistance were
prepared to extend the application of BBB nanofibres. The sponge preparation required
the use of a sacrificial glue, such as PVA, to help disperse the BBB fibres in water,
self-assemble the pore structure hierarchically during FD, and finally enhance the
mechanical stability. This sponge is quite suitable as insulation material in a harsh
environment, such as a high temperature. Furthermore, short BBB fibres were used to
make porous membranes by the wet-laid method. In this method, filtration of the short
fibre dispersion through a filter leads to the random laying of fibres on top of each other
due to percolation and provides a membrane. The BBB membrane prepared by this
method was weak. Therefore, the work was continued with BBB/Na-hectorite composite
membranes, as described in the next section.
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2.3 Gradient-Structured Non-flammable Flexible Polymer Membranes

Jian Zhu, Josef Breu, Haoqing Hou, Andreas Greiner, Seema Agarwal. Gradient
structured non-flammable flexible polymer membranes. ACS applied materials &
interfaces, 2019, 11 (12), 11876-11883.

In this part of work, flexible composite membranes comprised of BBB short nanofibres
and inorganic Na-hectorite (Hec) were fabricated by using a bottom-up vacuum-assisted
self-assembly method with an aqueous dispersion of short BBB fibres and Hec (Figure
2-8a). Electrospun TPU was used as a filter. These membranes in addition to showing
good mechanical properties, neither sustained flame, burnt with smoke nor showed melt
dripping. Inhomogeneous distribution of Hec on the top and bottom of the membranes
was observed from the SEM images. The Hec was primarily concentrated on the bottom
side as a compact layer with all the fibres interconnected and covered by Hec nanosheets
due to the larger density of Hec (Figure 2-8b, c). Cross-sectional SEM images and Si
atom mapping, obtained by energy-dispersive X-ray spectrometry analysis (Figures 2-8d,
e), confirmed the gradient distribution of Hec. There was an enhancement in the
mechanical properties of the composite membranes due to the connection of BBB fibres
through the flexible Hec nanosheets. The size of the Hec platelets (≈20 μm) is larger than
the diameter of BBB fibre (700−800 nm) to cover many BBB fibres simultaneously. A
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detailed study was carried out by changing the ratio of Hec:BBB short fibres on
membranes. Interestingly, membranes with a very high Hec content (82 wt.%) showed
high modulus (237 ± 22 MPa) and flexibility (did not show cracks even after bending
10,000 times). The composite membranes exhibited a very high decomposition
temperature (5 wt.% mass temperature 590–724 oC) and large residual mass at 800 oC
(80–94 %), which confirmed the good stability. The thermal conductivities of the
composite membranes studied were 15–51 mW m-1K-1, depending on the content of Hec.

Figure 2-8. (a) Preparation process for the Hec/BBB membranes. SEM images of bottom (b) and
top (c) side of the membrane of H-61/B-36 (61 and 36 is the percentage of Hec and BBB fibres).
(d) SEM image of cross-section and (d) Si atom mapping obtained from energy-dispersive X-ray
spectrometry of the H-61/B-36 membrane.

More importantly, the compact Hec layer at the bottom side avoids the hole formation of
the composite membrane upon being subjected to the high-temperature flame (800 oC)
(Figure 2-9a), thus, shielding the flame and protecting the cotton from burning (Figure
2-9b) even after a long period of heating (a minimum of 30 min). The flame was
strengthened by using a high-temperature Campingaz burner (around 1400 oC) and still
could not break the composite membrane to form a hole (Figure 2-9c). In addition, no
sustained combustion of the Hec/BBB membranes was observed even when the
membranes were ignited in a 100 % O2 atmosphere (Figure 2-9d). No combustion or
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change in the samples before or after the cone calorimeter test was observed, reflecting
the excellent flame-retardant properties (Figure 2-9e). No melt dripping was observed
during any of the tests in this study.

Figure 2-9. (a) Pure BBB fibre membrane fixed on a steel frame to shield the flame. (b) Cotton
ball protected with the Hec/BBB composite membranes. Inset shows photos of the Hec/BBB
membrane after the test. (c) Photos of the Hec/BBB membrane (H-73/B-23, 73 and 23 is the
percentage of Hec and BBB fibres) placed on the flame of a Campingaz burner (1400 °C). (d)
Ignition process for the Hec/BBB (H-73/B-23) membranes in a 100 % O2 atmosphere. (e) Photos
of the Hec/BBB membranes before and after the cone calorimeter test.

In conclusion, non-flammable gradient-structured composite membranes combining the
advantages of BBB nanofibres and large aspect ratio Hec with a synergistic effect were
prepared via an upscalable vacuum-assisted filtration process. Such low-density, flexible,
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mechanically strong, flame-retardant membranes are highly promising for use as
lightweight construction materials and protective clothing. In the last part of the work,
another method was established for making polymer-Hectorite composite membranes in a
layer-by-layer structure. The studies related to it are detailed in the next section. The
studies were carried out using TPU and layered silicates as model materials and can be
extended easily to other high-performance polymers in the future.
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2.4 Filter-Through Method of Making Highly Efficient Polymer-Clay
Nanocomposite Membranes

Jian Zhu, Christoph Habel, Theresa Schilling, Andreas Greiner, Josef Breu, Seema
Agarwal.
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This part of the work deals with polymer-clay composite membranes of layer-by-layer
type made by sandwiching layered silicates between two polymer membranes.
Electrospun membranes with a hierarchical pore structure and variable pore diameter are
used as filters for vacuum-assisted filtration of large aspect ratio layered silicate. In this
work, layered structure, flexible, strong polymer films with enhanced gas-barrier
properties were fabricated through coating clay-based nanocomposite (PVP-Hec)
ultrathin layer on an electrospun thermoplastic porous support (a TPU mat) with the
filtration method, followed by a hot press process (Figure 2-10). After filtration of
PVP-Hec dispersion with a TPU mat as a filter, the PVP-Hec was coated on the surface of
the TPU mat homogeneously (Figure 2-11a, b). The thickness of the coating layer can be
controlled easily via changing the concentration of the dispersion. A sandwich-like
transparent film was prepared by covering another TPU mat upon the coated mat and
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followed by a hot press to avoid the damage of the high content Hec nanocomposite layer
and make it fit for the packaging application (Figure 2-10c, d).

Figure 2-10. Fabrication procedure of TPU/PVP-Hec/TPU films.

Figure 2-11. SEM images of the surface (a) and cross-section (b) of a PVP-Hec coated TPU mat.
Photos of the PVP-Hec coated with TPU mat (c) and three-layered film (d) after hot press.

The transmittance of the final films with a different thickness of the PVP-Hec layer inside
is in the range of 60–80 % (Figure 2-12a). The Hec nanosheets with a highly aligned
arrangement were confirmed by the X-ray diffraction (Figure 2-12b) patterns and

transmission electron microscopy image (Figure 2-12c). An independent PVP-Hec
nanocomposite layer embedded inside thin TPU films increases the elasticity modulus
dramatically but does not lessen the strength much (Figure 2-12d). The thickness of the
PVP-Hec layer is a prominent influence on the modulus (Figure 2-12e). Finally and most
importantly, the O2 barrier properties are greatly improved with the PVP-Hec
nanocomposite layer inside compared to the pure TPU film due to the elongation of the
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tortuous path in the interlayer (Figure 2-12f).

Figure 2-12. (a) The transmittances of the final laminate. (b) X-ray diffraction patterns of the neat
pressed TPU support, Hec and PVP-Hec coated with TPU support, and the final hot-pressed
laminate. (c) Transmission electron microscopy image of the alignment of the clay nanoplatelets
in the interlayer PVP-Hec nanocomposite. (d) Stress-strain curves of final hot-pressed laminate. (e)
Comparison of the elasticity modulus of the laminates of this work and the TPU nanocomposites
of other publications. (f) Oxygen permeability of final laminate membranes changes with amounts
of Hec at 50 % RH. The “tortuous pathway” created by incorporation of delaminated Hec
nanosheets into a PVP matrix is also illustrated.

In conclusion, we propose a scalable, fast and simple processing method here of
coating a nanosheets layer on an electrospun support by filtration which enables the
fabrication of lightweight barrier membranes. Depending on the variation of
electrospun porous supports and diversity of the functional modification of coated
nanosheets layer, this method offers flexibility regarding the overall performance of
the resulting barrier membranes. The resulting flexible composite membranes are
strong, transparent and show enhanced gas-barrier properties.
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3. Outlook
High-strength, high modulus, high-temperature stable, and flame-resistance polymer
films, fibres and composite materials are always greatly required in the fields of the
aerospace industry, electronic engineering, protective clothing and the automobile
industry. Many polymers possessing this unique performance are limited in real
application because of their processing problems. In this thesis, we show for the first
time a new procedure of preparation of an insoluble and infusible conjugated polymer,
such as BBB nanofibres, using electrospinning. Subsequently, these fibres were used
for the preparation of sponges and composite membranes. In the future, the
preparation and application of high-performance nanofibres and composite materials
by electrospinning require more investigations in different aspects.
Firstly, regarding the method of preparation, conjugated fibres through monomers
polycondensation in solid-state are highly limited by the solubility of the monomers.
Secondly, some more complicated structures such as porosity or doped BBB
nanofibres with additively functions are also an interesting direction. Composite
nanofibers, for example, can be obtained without further treatment by using the higher
residual polymers instead of PVP as the sacrifice polymer or using additives.
Thirdly, the formation of films based upon the same solution system is still a
challenge. Why is the fibre formation smooth but the film problematic? Theoretical
and experimental research is required.
Furthermore, the applications of BBB nanofibres are not confined to fire prevention.
The applications of BBB nanofibres in the fields of photoelectric, energy filed,
high-temperature catalysis and absorption are highly interesting for future research.
Large-scale electrospinning is still not trivial and upscaling needs to be tried in the
future.
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