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(57) Abstract: Branched aramid nanofibers (ANFs) can
be made by controlled chemical splitting of micro and
macroscale aramid fiber by adjusting the reaction media
containing aprotic component, protic component and a
base. Branched ANFs have uniform size distribution of
diameters in the nanoscale regime (below 200 nm) and
high yield exceeding 95% of the nanofibers with this dia-
meter. The method affords preparation of branched ANFs
with 3-20 branches per one nanofiber and high aspect ra-
tio. Branched ANFs form hydrogel or aerogels with
highly porous 3D percolating networks (3DPNs) frame-
works that are made into different shapes. Polymers and
nanomaterials are impregnated into the 3DPNs through
several methods. Gelation of branched ANFs facilitates
layer-by-layer deposition in a process described as gela-
tion assisted layer-by-layer deposition (gaLBL). A method
of manufacturing battery components including ion con-
ducting membranes, separators, anodes, and cathodes is
described. The method of manufacturing of materials with
high mechanical performance based on branched ANFs
and 3DPNs from them is disclosed.



WO 2017/117376 A1 AT 00T 0T TR OO

Published:
—  with international search report (Art. 21(3))



n

10

15

20

WO 2017/117376 PCT/US2016/069167

GELS AND NANOCOMPOSITES CONTAINING ANFS

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001] This application claims the benefit of U.S. Provisional Application No.
62/272.877, tfiled on December 30, 2015. The entire disclosure of the above application is

incorporated herein by reference.
GOVERNMENT SUPPORT

[0002] This  invention was made with  government support under
grants CBET1036672 and CBET0932823 awarded by the U.S. National Science Foundation.

The government has certain rights in the invention.
INTRODUCTION

[0003] One-dimensional (1D) nanoscale components can form light-weight highly
interconnected three dimensional percolated networks (3DPNs) with considerably improved
physical properties, such as high mechanical and electrical performance in comparison to their
non-percolating analogs. The designation of “percolating” means that there is a connected path
through the network that extends in all three directions. Formation of 3DPNs can greatly
increase the mechanical, electrical, optical, and biological properties of the material.
However, 3DPNs are difficult to produce due to their collapse under capillary pressure and
poor connectivity of the nanomaterials. 3DPNs are essential for load bearing structures and

portable electronic devices.

[0004] Typical 1D nanomaterials, such as carbon nanotube, metal nanowires, or
organic nanofibers, have a rod-like morphology. Their percolations are generally achieved
through the direct contact with each other on the confined cross-area by limited molecule
forces, which could be easily disrupted by mechanical disturbance, such as shearing or

stretching.

[0005] High performance composite materials can be formed from 3DPNs in the form
of hydrogel or aerogel by infiltration with polymers.(/, 2) However, the long times assoctating
with diffusion of the polymers, incomplete penetration of polymers into nanopores.
Furthermore, incorporation of the matrix components into produced 3DNs that complement the
base high strength nanomaterials, is complicated by the immiscibility of solvents,

incompatibility of properties, 3DPN collapse, phase separation, and other problems.
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{0006] Layer-by-layer (LBL) assembly can avoid some of these problems and was
shown to produces percolated nanocomposites from fibrous nanomaterials, distinctively high
volume fractions of nanomaterials, and high uniformity of their distribution. However, LBL
deposition often requires depositing one nanometer scale layer at a time. This deposition mode
is also associated with the slow multilayer build-up. Methods of making high performance
nanocomposites with LBL affording accelerated deposition will represent a substantial

advantage in preparation of high performance composites.

[0007] Vacoum assisted filtration (VAF) is capable of faster assembly of
nanocomposites than LBL. when the composite film is in micron scale.(3, 4} However, this
method brings about limitations exemplified by need for the two components to be dispersed in
the same solvent, otherwise, bulk agglomeration and phase separation occur and preparation of
VAF films become impossible. If the compeonents are strongly attracted to each other (which is
desirable for mechanical performance of the resulting composite film) microporous filter
membrane used in filtration of the composites becomes plugged and the separation of the

composite phase from the fluid phase becomes impossible.

SUMMARY

[0008] This invention teaches about the branched ANFs synthesized from Kevlar®
microfibers. These branched ANFs serve as components for different 3DPNs forming them
with and without other components and under a wide range of conditions. Branched ANFs
readily form hydrogel or aerogels with highly porous frameworks with mechanical properties
exceeding those from non-branched nanomaterials with higher elastic crystalline moduli.
3DPNs from ANFs can also be made into different shapes through controlling the assembly

conditions.

[0009] Suspensions of branched aramid nanofibers (ANF or ANFs) can facilitate
preparation of 3DPNs resolving the challenges mentioned above. The use of ANFs as one of
the components in the LBL deposition can accelerate this process and lead to thicker films of
high performance composites after smaller number of deposition cycles than the LBL
deposition without ANFs. In an embodiment, polymers such as epoxy (EPX), are impregnated
into the 3DPNs using LBL deposition process facilitated by ANF’s ability to form gels. At the
same time LBL affords nanocomposite fabrication with the control of the film structure and

thickness. The prepared ANF/EPX composites are transparent, and can achieve an optimum
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ultimate strength of 505247 MPa, toughness of 50.1% 9.8 MI/m’, and close-to-zero thermal

expansion.

[0010] Branched ANFs can be obtained by controlled reaction of microfibers at low
temperatures for extended times in aprotic solvent in the presence of a base at lower
concentration, lower temperature or lower time than the formation of unbranched ANFs that
represent the product of nearly full separation of microscale aramid fibers into fibrils. The
intermediate state of chemical splitting of the microfibers into nanoscale fibrils is represented

by branched ANFs; it s also a highly unusual morphology of nanofibers;

[o011] Branched ANFs are prepared at high yield, for example 98%, under disclosed
conditions and have 2-20 branches. Atomic force microscopy (AFM) images of branched
ANFs indicate that they have an average diameter of 4.5 nm and a total length of several
micrometers (Figure 1), which were further corroborated by transmission electron microscopy
(TEM) in Figure 2 and SEM images of branched ANFs in Figure 3. The ability of ANFs to
bifurcate, or branch, several times along its length is a reflection of hierarchical structural

organization in Kevlar microfibers made of nanofilaments (Figures 4, 5).

[0012] The diameter of branched ANFs is in the range of 3-100 nm, with a narrow

distribution not exceeding of 30% of the mean in the range specified above.

[0013] The chemical signature that differentiates the ANF from the aramid microfibers
is an upshift of N-H and C=0 stretching vibrations which is related to the hydrogen bonding
environment (Figures 6, 7). The C=0 vibration modes in the nanofiber is split into two peaks,

which is induced by the intra- and inter- nanofiber hydrogen bonds in the ANFs (Figures 8).

[0014] Branched ANFs can assemble into a robust 3DPNs better than other fibrous or
particulate nanomaterials. Temperature and chemical stability of ANFs affords preparation of
3DPNs without network, collapse, phase separation, recrystallization, size segregation and
other common problems associated with other 3DPNs. Farthermore, they can make robust gels
that expand the range of solvents possible to use for matrix incorporation. ANFs gels can be
used in LBL assembly thereby accelerating the process depositing a thicker film of finely

structured nanocomposite.

[0015] By changing the conditions of the assembly, the 3DPNs from ANFs can be
shaped differently and produced continuously. The adaptability of network making process

enables a consistent way to fabricate nanocomposites with nanoscale level control.

93]
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E[AI]BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1. AFM image of branched ANFs deposited on a silicon substrate.
[0017] Figure 2. TEM image showing the branched ANF.

[0018] Figure 3. SEM image of branched ANF.

[0019] Figure 4. Schematic drawing of the hierarchical structure of Keviar™
microfibers (KMF).

[0020] Figure 5. SEM image of fractured KMF showing the fibrils and constitutive
nanofibers.

[0021] Figures 6 — 8. FTIR spectra for KMF and ANF. The stretching and bending
modes of different functional groups are indicated by y and 8 respectively.

[0022] Figure 9. Statistical analysis of ANF diameters obtained from multiple AFM
images.

[0023] Figure 10. Photograph branched ANF dispersion in DMSO-based reaction
media.

[0024] Figure 11. Photograph of branched ANF hydrogel immersed in deionized
water.

[0025] Figure 12. Photograph of branched ANF aerogel.

[0026] Figure 13. Photograph of branched ANF pieces cut wedged in an opening of a
beaker.

[0027] Figure 14 SEM images of branched ANF aerogel

[0028] Figure 15 Magnified SEM images of branched ANF aerogel

[0029] Figure 16. Photograph of the fibrous hydrogel jetting form a capillary glass
tube.

[0030] Figure 17. Schematic showing the fibrous hydrogel production from branched
ANFs process.

[0031] Figure 18. Photograph of fibrous hydrogel collected in a beaker.

[0032] Figure 19. SEM image of the fibrous aerogel converted from hydrogel by

supercritical CO2 drying

[0033] Figure 20. : Magnified SEM image showing the internal nanofiber networks.
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[0034] Figure 21. Schematic of gelation-assisted layer-by-layer (gal.BL) deposition
process
[0035] Figure 22. Photograph of the coated anode after step 6 described in the working

example for ion conducting membranes. The top layer is the ANF composite (or ANF ICM),
the dark layer underneath is the carbon electrode, the copper foil is the copper current

collector. The carbon and copper collector are typical of a lithium ion battery anode.

{0036] Figure 23. Photograph of a thin layer of hydrogel peeled off from the glass slide
and suspended in water.
[0037] Figure 24. Cross-section SEM image of a thin layer of aerogel obtained by CO;

supercritical drying.

[0038] Figure 25. Magnified region in Figure 24 showing the porous nanofiber
network.

[0039] Figure 26. Schematic of the LBL process.

[0040] Figure 27. Linear growth of the film examined by UV-vis spectroscopy. The

inset shows the plot of absorbance at 330 nm vs. layer numbers.

[0041] Figure 28. Linear increase of the film thickness at the ANF and EPX

concentrations of 0.1% , 0.2% determined by ellipsometry.

[0042] Figure 29. Linear increase of the film thickness at the ANF and EPX

concentrations of 1% determined by ellipsometry.

[0043] Figure 30. Photograph of 19%ANF/1 %EPX], on glass slide.

[0044] Figure 31. UV-vis spectrum of [1%ANF/1%EPX]; film.

[0045] Figure 32. A photograph of freestanding [1%ANF/1%EPXJ;.

[0046] Figure 33 - 36. SEM image of the cross-section of ANF/EPX composite with

100%, 90%, 64%, and 38% ANF, respectively.
[0047] Figure 37. AFM image of [1%ANF},

[0048] Figure 38 and 39. SEM image of the surface morphology of [1%ANF/1%EPX}
and [19¢ANF/2%EPX], respectively.

[0049] Figure 40. Uniaxial tensile stress-strain curves for the ANF composites.
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{0050] Figure 41. Specific strength comparison of [1%ANF/1%EPX]s with various
metal alloys.

[0051] Figure 42. Ultimate strength of [1%ANF/19%EPX]s in comparison with various
carbon and aramid (Keviar®) microfiber reinforced composites. ISO here stands for quasi-
isotropic.

[0052] Figure 43. Toughness of [19%ANF/1%EPX] in comparison with various carbon

and aramid (Kevlar®) microfiber reinforced composites. ISO here stands for quasi-isotropic.

[0053] Figure 44. Ultimate strength comparison for the ANF/EPX composites.

[0054] Figure 45. Toughness comparison for the ANF/EPX composites.

[0055] Figure 46. Storage modulus comparison for the ANF/EPX composites.

[0056] Figure 47. Dynamic mechanical properties testing of ANF/EPX composites.
[0057] Figure 48. Normalized length change dL/Lq vs. temperature for several

ANF/EPX composites, ANF film, EPX and aramid microfiber

[0058] Figure 49. Schematic drawing of the solvent exchange process tor the formation
of ANF hydrogel.

[0059] Figure 50. Oscillatory shear strain-stress carve of ANF hydrogel.

[0060] Figure 51. Dependence of elastic moduli (G ") and loss moduli (G”) on the strain
amplitude.

[0061] Figure 52. Dependence of G’ and G” on the frequency of the oscillatory shear.
[0062] Figure 53. Comparison between the ANF hydrogel and other hydrogels made of

typical reinforcing nanomaterials with high crystalline elastic moduh.

[0063] Figure 54. Compressive stress-strain curves for ANF hydrogel and aerogel.
[0064] Figure 55. Tensile stress-strain curves for ANF hydrogel and aerogel.
[0065] Figure 56. Tensile stress-strain curves for ANF aerogel after being compressed

into 1/6™ and 1/18"™ of the initial height.

[0066] Figure 57. Photograph of ANF aerogel before compression.
[0067] Figure 58. Side view photograph of the compressed aerogel.
[0068] Figure 59 — 61. SEM images of the edge of fractured compressed ANF aerogel

at

6
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[0069] Figure 62. Thickness of the film with different ANF fractions.
[0070] Figure 63. Photograph of a piece of hydrogel sheet obtained in water.
[0071] Figure 64. Photograph of a PVA/ANF composite film.
[0072] Figure 65. Cross-section SEM image of a PVA/ANF composite film.
[0073] Figure 66. SEM image of the surface morphology of a PVA/ANF composite
film.
[0074] Figure 67. Transparency of PVA/ANF composite film with and without epoxy
coating.
DESCRIPTION
Aramid Material
[0075] The aramid material described herein is made of aramid polymers, generally in

the form of fibers, threads, or varns available commercially. Typically a commercially
available aramid fiber is characterized by a diameter in the micro range, for instance by a
diameter of one micron or greater. In one aspect, the current disclosure provides methods for

transforming the commercially available microsized aramid fibers into branched ANFs.

[0076] Aramid polymers are defined as those that contain aromatic groups and amide
linkages in the backbone. Normally, the amide groups provide linkages between adjacent
aromatic groups. In one aspect, an aramid polymer is characterized as one in which at least
85% of the amide groups in the backbone are directly attached to two aromatic groups,

especially where the aromatic groups are phenyl groups.

[0077] Two popular aramids are para-aramid fiber and meta-aramid fiber. The former
1s well known under the trademark of Kevlar® and others. Its backbone consists of phenyl
groups separated by amide linkages, wherein the amides link the phenyl groups in a para-
configuration. A para-aramid represented by Kevlar is also called a poly (para-phenylene
terephthalamide) (PPTA). Although the synthesis is not limited to reacting the particular
monomers, in a simple form, a PPTA can be understood as the reaction product of para-
phenylene diamine and terephthaloyl dichloride. In similar fashion, a meta-aramid such as
illustrated by Nomex material can be understood as the product as mera-phenylene diamine

and isophthaloy! dichloride.
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[0078] Besides meta-aramids like Nomex and para-aramids like Kevlar, other aramid
fibers are available of the co-polyamide type. Co-polyamides have structures that result from
polymerizing other aromatic diamines with terephthaloyl or isophthaloyl chlorides,
alternatively in the presence of para-phenylene diamine. In whichever way the aramid fibers
are produced, it is believed that the useful physical properties of the fibers derive from the stiff
nature of the polymers, orientation along the fiber direction of the aromatic chains, and

extensive hydrogen bonding along the chains.
Nanofibers

[0079] Branched ANFs are defined by their composition and by their dimensions.
Branched ANFs are made of aramid material such as discussed above. By nanofibers is meant
that the diameter is in the nanometer range, and especially in the range of 3 to 100 nanometers,
3 to 50 nanometers, 4 to 40 nanometers, 3 to 30 nanometers, and 3 to 20 nanometers. In
addition to diameters in the nanometer range, the ANFs are characterized by a high aspect
ratio, meaning that the length of the fibers is at least 5 times, at least 10 times, or at least 20
times the diameter. In various embodiments, the length of the ANFs is greater than 0.1
microns or greater than | micron. Non-limiting examples of the length of the ANFs includes
0.1 to 1 microns and 1 micron to 10 microns with 3-20 branches stemming from one
nanofiber. Branching in the nanofibers can be observed using AFM, TEM | and SEM (Figuores

1-3).
Making suspensions of branched ANFs

[0080] A process for making non-branched aramid fibers is given in US publication
number US 2013-0288050, the disclosure of which is useful for background information and
incorporated by reference. The process involves preparing a suspension of ANFs in a solvent,
generally involving treatment of micron sized aramid fiber with a base. An aprotic solvent
such as dimethylsulphoxide (DMSO) has been found to be suitable for the synthetic method.
Branched nanofibers of the current teachings can be prepared by controlling the
decomposition of the original micron-sized aramid fibers into nanofiber at the stage of a
branched morphology. Shorter time of treatment with base (e.g. potassium hydroxide, KOH),
its lower concentration, as well as addition of controlled amount of water into the treatment
leads to the formation of branched ANFs. The change of the base from concentrated KOH to a

weaker base will also result in the formation of the branched morphology.
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[0081] In a non-limiting example a 1% branched ANF dispersion was prepared by
stirring Kevlar 69 in DMSO-based reaction media at room temperature with addition of KOH
in the amount of less or equal to 1g/100 mL. Substitution of KOH with potassium ethoxide
(EtOK) in the procedure also leads to branched ANF dispersion but the concentration is higher
than that of KOH.

[0082] In various embodiments described herein, the process begins with commercially
available aramid fibers having macro dimensions. Suitable aramid materials include those
represented by the Kevlar® and Nomex® trade names and by aromatic co-polyamide

materials.

{0083] In an optional first step, an aramid fiber is treated with ultrasound in a solvent to
swell the fiber as a preliminary step in the manufacture of a nanofiber. It has been found
suitable to sonicate the starting material aramid fiber in a solvent such as NMP to swell the
fiber before further reaction. If the ultrasound treatment is carried out, the swollen fiber can be
removed from the ultrasound solvent after the treatment and combined in another solvent in the
presence of a base. Alternatively, the optional ultrasound step is carried out in the same solvent
used for making the nanofibers. Whether or not it was subjected to ultrasound, the fiber is then
reacted with the base and the solvent — preferably an aprotic solvent or a mixture of solvents
including an aprotic solvent — at low to ambient temperatures for a time until nanofibers are
formed. Advantageously, the temperature of reaction is at 50° or less, at 40° or less, or at 30°
or less. In various embodiments, the temperature of reaction is 20 to 50°C, 20 to 40°C, or 20
to 30°C. Reaction can be carried out at or about 20°C or at or about 25°C. Reaction at 25°C is

considered to be at room temperature.

[0084] The aramid material is reacted in the base solution at a temperature below 50°C
for times sufficient to produce branched ANFs having a diameter of 3 to 100 nanometers
(Figure 9), 3 to 50 nanometers, or the like. Reaction times are generally on the order of days or
weeks, and are illustrated further in working examples described herein, while the reaction is
conveniently carried under ambient conditions such as at room temperature. Generally, the
reaction temperature is above 0°C or above 10°C or above 15°C. In various embodiments the
temperature is below 45°C, below 40°C, below 35°C, or below 30°C. In an illustrative
embodiment, the reaction is carried out at about 20 — 30 °C. In this way the nanofibers are
produced in situ and are suspended in the reaction solvent. It is found that under these
conditions, the aramid material does not proceed to molecular dimensions where it could be

considered as having been dissolved in the solvent. Rather, discrete nanofibers can be
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visualized in the suspension and in films produced from the suspension, which show the
nanofibers having diameters less than 100 nm and high aspect ratios as described. The reaction
in solution to prepare the suspension is carried out at low temperatures and can be carried out

at room temperature or about 20 to 30°, for example, 25°C.

[0085] In a preferred embodiment, the solvent used to prepare the branched ANFs is
made from DMSO as an aprotic component, water as a protic component, and KOH or EtOK
as a base here denoted as reaction media. The reaction media can contain an amount of protic
component, up to about 30 volume percent. Other protic components may include as non-
limiting examples ethanol or isopropanol. Preferably, the base is provided in stoichiometric
excess to the aramid material, and is conveniently applied in a one-to-one weight ratio.
Relative to the amount of solvent, the combined weight of the base and the aramid material is
from about 0.05 to 5%. In an exemplary embodiment, 500 mL of DMSO-based solvent is
used, in which 1.5 grams of KOH is dissolved and in which 1.5 grams of aramid fiber material

is suspended resulting in a ruby-red dispersion (Figure 10)

[0086] The reaction conditions are sufficient to transform the starting aramid micro-
and macrofibers into ANFs having dimensions as discussed above and further exemplified
below. The reaction conditions do not lead completely to dissolution of the aramid material.
As a result, the reaction product is a suspension of branched ANFs in a reaction media that

preferably contains DMSO as the aprotic component.

[0087] In addition to DMSO or other aprotic component, the reaction media can
contain small amounts of water, for example wherein the volume ratio of water to the solvent
(i.e., an aprotic solvent such as DMSO) is from 1/20 to about 1/1,000. In various
embodiments, it has been observed that the presence of controlled amounts of water leads to
production of branched ANFs. In this way, the diameter of the nanofibers and the number of

branches per nanofiber produced by the method can be controlled to a desirable extent.

[0088] As a first step, a conventional aramid fiber of micro or macro dimensions is
subjected to an optional first step involving exposing the aramid material to vltrasound energy
while the aramid material of macro dimensions is in contact with a solvent. N-
methylpyrrolidone (NMP) has been found to be a suitable solvent instead of DMSO. The
aramid material undergoing exposure to the ultrasound energy is made of fibers having a

diameter of greater than | micrometers, in non-limiting example.

10
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[0089] After the optional pre-treatment of the aramid fiber of micro or macro
dimensions with ultrasound, the aramid material is combined with a solution containing a base
and an aprotic solvent. The aprotic solvent can be the same as or different from the solvent in

which the ultrasound treatment was carried out.

[0090] In various embodiments, the KOH/EtOK/DMSO-based reaction media can
contain water in a volume ratio of water to DMSO of 1 to 20 to 1 to {,000. In a non-limiting
embodiment, the reacting solution contains equal parts by weight aramid material and KOH.
Further, the aramid material and the base are present in relatively minor amounts in the
solution, making up for example about 0.05% to about 5% by weight of the solution. In one
embodiment, the weight of the KOH and the aramid material is about 7.6% by weight of the

suspension.

[0091] The suspensions of branched ANF optionally contain other nanomaterials, Non-
limiting examples of other nanomaterials include nanoparticles of metals to provide
conductivity, ceramics to provide porosity and improved mechanical properties, magnetic
nanoparticles to provide magnetic properties, carbon nanofibers to provide conductance, and
cellulose nanofibers (or cellulose nanowhiskers) to provide improved mechanical properties
and biocompatibility. These can be added to the ANF dispersion, or they can be incorporated at
other stages in the process. For example, cellulose nanofibers can be pre-dispersed into a
solvent, for example by sonication. The nanoscale dispersion is then mixed into the ANF
dispersions described herein. In a non-limiting example, a cellulose nanofiber mixture

(dispersion) in DMSO is mixed into a 2% ANF dispersion to create a 1.5% ANF solution.
Transformation of the suspension of branched nanofibers into 3DPN

[0092] To make a hydrogel from the suspension in reaction media, the suspension is
phase transformed into 3DPN by replacing the aprotic solvent with water or with a mixture of
water and another solvent. A yellow precipitate forms as the water replaces the aprotic-based
reaction media of the suspension. One way of phase transforming is to place the suspension in
a cylindrical tube and to layer it with water by slowly dropping water on top of the suspension,
while minimizing disturbance. The phase transformation begins at the water-solvent interface,

and spreads as convection mixes the two solvents.

[0093] Another process called phase transforming involves adding water as a layer on
top of a layer of branched ANF suspension that is coated on a substrate. The water in the added

layer diffuses relatively quickly into the nanofiber suspension to cause what is being called a

11
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phase transformation. The product of phase transforming is a hydrogel containing water and
branched ANFs. The hydrogel is made from highly interpenetrated network of aramid
nanofibers interweaved with each other. The branched morphology of ANFs and their
mechanical strength and stiffness allows them to withstand the surface pressure and solvent

exchange producing 3DPN.
Removing water from the hydrogel to make an aerogel

[0094] Once the hydrogel is formed by any of the methods recited herein, an aerogel is
prepared by removing the solvent in such a way as to maintain the 3DPN from the nanofibers.
Examples include freeze drying and also extraction with a supercritical fluid such as
supercritical carbon dioxide. Other methods to make aerogels include bubbling gas through the
dispersion of ANFs, adding liquid that becomes gas at elevated temperature, and adding solid

chemicals such as metal carbonates that produce gas upon chemical reactions.

[0095] The result of solvent removal from the aerogel results in a porous light weight
material with distinct physical integrity and rigidity indicative of the robustness of its structure
(Figure 11-13). Scanning electron microscopy examination of the aerogel revealed distinct
3DPN structure (Figure 14). The ANF hydrogels and aerogels can be combined with polymer
materials to make composites suitable for a number of applications. Alternatively, the aerogel
can be ground into meso-, micro, and macroscale particles, plates, cylinders, erc, or other
particulate matter that retains 3DPN structure and provide filler material for other polymer

composites.
Making composites from 3DPNs from branched ANF and polvmers

[0096] Nanofibers described herein are compounded with polymeric materials to form
various composties. In one aspect, the porous ANF aerogel, with a polymeric material s filled
with other material disposed in the pores of the aerogel to form a solid composite.
Alternatively, the composites are described as having a polymer matrix in which branched
ANFs and optionally other materials are dispersed. They are dispersed in the polymer in the
sense that the branched ANF and optional other materials are homogeneously blended in the
polymeric matrix, which forms a continuous main phase. In various embodiments, enhanced
physical properties result from the nature of the interaction of the nanofibers with the
polymeric matrix. The ability of 3DPNs from ANFs to withstand the treatment with other

solvents and compatibility with both protic and aprotic solvents, hydrophilic and hydrophobic
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solvents, acidic and basic solvents makes possible successful incorporation of other materials

into 3DPNs made on the basis of branched ANFs.

[0097] The polymers are chosen from thermosets and thermoplastics. Thermosets
include epoxies, polyurethanes, polyester resins, natural and synthetic rubbers, elastomers,
fluorocarbon elastomers, phenol-formaldehyde resins, urea-formaldehyde resins, melamine-
formaldehyde resins, diallylphthalate resins, polyimides, polycyanurates, and polyureas.
Thermoplastics include acrylics such as poly (methyl methacrylate), acrylonitrile butadiene
styrene (commonly known as ABS), polyamides such as Nylon 6 and Nylon 66, biodegradable
polymers such as poly (lactic acid) (PLA), polybenzimidazole, polycarbonate, polyvinyl
alcohol, polyvinyl acetate of various degrees of saponification, polyether sulfone, polyether

ketone, polyetherimide, and aromatic polyamides such as the Kevlar® and similar polymers.

[0098] In various embodiments, the composites are made by simply stirring, mixing, or
otherwise agitating a combination of branched ANFs and polymer until a dispersion is
achieved. Since the method necessarily involves heating the mixture of nanofiber and polymer

to the latter’s melting point, it is less preferred in some systems.

[0099] In one embodiment, a hydrogel, in the form of a bulk solid, a fiber, or a thin
sheet is made of water and ANFs, wherein the nanofibers made by ejection from a nozzle of
specified diameter as demonstrated in the Figure 16. A syringe set up is used to extrude ANF
suspension and join it with a water line to form the hydrogel at the same time the combined
stream exits from the syringe as shown in Figure 17. The extruded fibrous hydrogels are
collected in a beaker as shown in Figure 18. The extrusion from a coaxial needle results in a
hollow fiber. The internal structure of the fiber reveals distinct 3DPN under scanning electron

microscopy examination as demonstrated in Figure 19 and 20.

[00100] Another method of making 3DPNs involves the step of removing the water
from the hydrogel to make an aerogel made of ANFs. One way to remove the water involves

extracting with supercritical carbon dioxide.

[00101] The method of fiber extrusion can be carried continuously or in batch.
Extrusion of the original dispersions of ANFs into water or other protic solvents results in the
continuous production of hydrogel fibers. In a continuous method, a suspension of branched
ANFs is extruded through a syringe or extrusion die into a flowing water line so that the
suspension is continuously contacted with the water. The suspension is phase transformed in

real time as the suspension contacts the water. The extruded hydrogel can take the form of a
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fiber when extruded through a syringe, of a hollow tube when extraded through a coaxial die
or needle, or can take the shape of an extrusion die, for example as a flat sheet of varying

dimensions

[00102] In another embodiment, a method comprises the steps of providing a suspension
of branched ANFs in an aprotic solvent and then phase transforming the suspension by
diffusing water into the suspension following by the fiber drawing from the water-solvent
mixture. In non-limiting fashion the aprotic solvent comprises DMSO and the extruded

dispersion of branched ANFs is comprises DMSO, water and 0.1 - 5 weight % of ANFs.

[00103] In another embodiment the tfiber extrusion and drawing can be performed from
the dispersion of a nanoscale or polymeric material compatible with the dispersion of branched

ANFs.

[00104] Alternatively, the branched ANF suspension is extruded from a extrusion die
into a phase transformation bath (one containing enough protic solvent to accomplish phase
transformation of the suspension) to form films. The extruded films are then dragged by a
conveyor belt through the bath and into a subsequent drying stage, such as one that applies

heated plates on top and bottom of the film.

[00105] In another embodiment, a composite material comprises a polymer matrix and
ANFs dispersed in the polymer matrix. For example, the composite material is made of an
aerogel and a polymer in the pores of the aerogel, wherein the aerogel comprises ANFs. The

polymer comprises a cured EPX, in a non-limiting embodiment.

[00106] Other nanomaterials can be added to the ANF dispersions and reaction media
for their synthesis. Examples include nanoparticles of metals to provide conductivity, ceramics
to provide porosity and mechanical properties, magnetic to provide magnetic properties,
carbon nanofibers to provide conductance, and cellulose nanofibers to provide mechanical

properties and biocompatibility.
Layer by layer deposition assisted by gelation of ANFs (galLBL)

[00107] In a particular embodiment, the composite materials are made using a gelation
assisted layer-by-layer deposition process (galLBL). Instead of stirring or agitating to form a
homogenous blend at or above the melting temperature of a polymer, an LBL-made composite
is built up by alternately depositing a layer of branched ANF suspension capable of gelation
and a layer of a solution of polymer precursors or a layer of a solution of polymer capable of

penetration into 3DPN made by branched ANFs. The layer of branched ANF deposited is
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between 100 and 5000 nanometers, the polymer diffusion process occurs quicker than in the

previous embodiments of infiltration of 3DPNs.(/, 2)

[00108] Optionally, the layer of suspension from branched ANFs is subjected to a phase
transformation before the polymer or polymer components are applied. After the first two
layers of nanofiber and polymer are laid down, the bilayer forms a new substrate upon which
subsequent bilayers of fiber and polymer can be laid, until a desired thickness of

nanocomposite is achieved.

[00109] In one embodiment, the dispersion of branched ANFs is phase transformed to a
hydrogel before the polymeric components are added. After phase transformation with water
or other protic solvent, the water-containing hydrogel is infiltrated with a solution of polymer
components or a solution of polymer. The solvent containing the polymer or polymer
components is any that readily dissolves the contents, and is preferably miscible with or readily
soluble in the water or other solvent that is found in the hydrogel, with acetone being a non-

limiting example.
[00110] In various embodiments, the method involves the steps of:

a. providing a coating of a dispersion on a substrate, wherein the dispersion

comprises ANFs in a reaction media specified above;
b. phase transforming the coating of a. with a protic solvent to form a 3DPN;
c. infiltration of 3DPN with a pre-made polymer;

d. penetrating precursors of a polymer dissolved in solvent or a solution of a

formed polymer into the 3DPN of step c.

e. polymerizing the polymer precursors in sitit in the case where precursors of

the polymer are used in step d.; and

f. removing the solvent from the product of step e., for example by extraction
with a supercritical tluid such as carbon dioxide, whereupon the 3DPN of ANF

collapses and blends uniformly with the polymer.

If desired, steps a-c can be repeated one or more times to build up a desired thickness of
composite before delaminating the composite, with the understanding that the uniform blend of
polymer and ANF after step c¢. becomes the substrate for the subsequent step a. of providing a

coating of a dispersion on a substrate.
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Also if desired, the sequence of steps a, b, d, e, and f can be repeated one or more times to
build up a desired thickness of composite with in-situ polymerization step before delaminating
the composite, with the understanding that the uniform blend of polymer and ANF after step f.
becomes the substrate for the subsequent step a. of providing a coating of a dispersion on a
substrate. In one embodiment, the polymer precursors include an epoxy resin and an epoxy

hardener.

[00111] In a particular embodiment of gal. BL with assistance of spin coating, the

method involves the steps of

a. spin coating an ANF dispersion in a reaction media specitied above on a

substrate;

b. exchanging DMSO in the dispersion with water to make a spun ANF thin
film;

¢. removing excess water by spinning;

d. spin coating an epoxy solution on top of the spun ANF thin film; and

e. optionally repeating the above steps to build up a desired thickness.

In another embodiment, a galLBL process with spin coating involves one or more cycles of
3DPN formation from branched ANFs, wherein a cycle comprises the steps of phase
transforming a spin coated branched ANF dispersion with water, and then infusing polymer by
penetrating a solution comprising a solvent and either a polymier or polymer precursors into the
3DPN of the phase transformed branched ANF dispersion, then drying off the solvent to
densify the ANF network. Similarly, two or more layers of epoxy are spin coated after each

ANF dispersion is spin coated.

fo0112] When polymer components are added by way of solution, the components can
be subject to a subsequent polymerization step. In this way, composites of thermoset polymers
can be prepared. Examples of such thermoset polymers include without limitation epoxies,
polyurethanes, polyester resins, natural and synthetic rubbers, elastomers, fluorocarbon
elastomers, phenol-formaldehyde resins, urea-formaldehyde resins, melamine-formaldehyde
resins, diallylphthalate resins, polyimides, polycyanurates, polyisocyanurates, polyureas, and
so on. The polymeric components include not only the monomers that react with one another to
form the polymer, but also any necessary or desirable auxiliaries such as catalysts, curing

accelerators, fillers, colorants, and so on.
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[00113] Composites with thermoplastic polymers are made by infiltrating a solution of
the polymer into the branched ANF dispersion or into the phase transformed hydrogel made
from the dispersion. Such can be accomplish by coating the solution onto the coating of
branched ANF dispersion previously laid down, for example by spin coating. In some
embodiments, polar polymers are preferred because they contain active hydrogens that can
form hydrogen bonds to the aramid molecules, leading to better compatibility of the dispersed
fibers and the polymer. Examples of polar polymers include acrylics such as poly (methyl
methacrylate), acrylonitrile butadiene styrene (commonly known as ABS), polyamides such as
Nylon 6 and Nylon 66, biodegradable polymers such as poly (lactic acid) (PLA),
polybenzimidazole, polycarbonate, polyvinyl alcohol, polyvinyl acetate of various degrees of
saponification, polyether sulfone, polyether ketone, polyetherimide, and aromatic polyamides
such as the Kevlar® polymers from which the aromatic nanofibers are made. Non-polar
polymers include polyolefins such as polyethylene, polypropylene, polystyrene, polyvinyl
chloride, and various fluoropolymers such as polytetrafluoroethylene (PTFE). Infiltration
solutions of thermoplastic polymers to be used in gal. BL can include various auxiliaries such

as colorants, antioxidants, lubricants, and the like.
Epoxy nanocomposites

[00114] In various embodiments, EPX is selected to infiltrate into the ANF gels for its
generality of these thermosetting polymer materials displaying wide variety of mechanical
properties and functionalities strength. EPXs are often used with microscale fibers, but their
combination with nanoscale components has until now been relatively difficult to make and
relatively disappointing in performance, in part because of high viscosity of EPXs and
difficulties with efficient dispersion of nanomaterials in them.(5, 6) The current teachings
demonstrate that quasi-isotropic layered ANF/EPX composite can be made by gal.BL.
Moreover, it shows toughness exceeding 4 to 5 times that of conventional micro-composites.
The ANF and EPX combination also displays close-to-zero thermal expansion and high
transparency in the visible spectrum, which are the specific attributes imparted to the

composite by ANFs. A cartoon illustrating the process is given in Figure 21.

[00115] The substrate used in the methods described herein provides a platform on
which the composite materials can be built up. In some embodiments, the built-up composite is
removed from the substrate before use. In other embodiments, the substrate becomes part of
the device being made, such as is the case when ANF based insulation coatings are provided

for implantable electronics. In various embodiments, the substrate can be selected from glass,
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metal, plastic, and so on. For electronics use, the substrate can be silica, optionally silica

provided with a triple metal layer such as Ci/Auw/Cr (20 nm/400 nm/20 nm).
Ion conducting membranes, cathodes, anodes, and separators for batteries

The use of non-branched ANF to make ion conducting membranes is disclosed in US
provisional serial number 61/9417835 filed on February 19, 2014, and in international
application PCT/US2015/016675 filed February 19, 2015. The entire contents of the two

applications is hereby incorporated by reference.

[0116] In the incorporated applications, an ion conducting membrane (ICM) is built
from ANF and used in a wide variety of batteries as a separator between two electrodes, being
an anode and a cathode, or being a positive electrode and a negative electrode. An advance
over the art involves direct coating of a branched ANF dispersion onto one of the electrodes or
onto an existing separator. The coating basically provides an ANF based separator or ICM.
Fabrication of an electrode assembly is simplified because the coated electrode can be directly
assembled adjacent the other electrode so that only two parts are needed for assembly instead

of all three (i.e., two electrodes and the separator).

[0117] The direct coating method is to apply an ICM solution/mixture/slurry containing
ANF onto an existing electrode. In addition to ANF, the solution/mixture/slurry compositions
optionally include organic fibers (such as cellulose microfibers, cellulose nanofibers, and
poly(p-phenylene-2,6-benzobisorazole) (PBO) nanofibers), inorganic nanomaterials (such as
ceramic nanoparticles, nanowires, and the like), as well as other components disclosed in the
incorporated documents. These include components electrolytes, polyelectrolytes, polymer

nanoparticles, and and other functional material for batteries.

[0118] This method provides a thermally stable, electrically insulating, ion conducting
and mechanically stiff ICM to provide dendrite suppression, thermal runaway prevention, and
other benefits. The close contact between the electrode and ICM will also provide benefits in
lowered interfacial resistance, easier handling of thin separators (100 nm - 10pm) and
simplified assembly of batteries. This direct coating can act as a thermal stability enhancing
layer for electrodes, where the layer is to reduce the current generated during a hard shorting
situation (e.g., nail penetration), reducing the heat generated and thus preventing thermal

runaway.

[0119] A coated electrode made with these methods can be combined with another

electrode to form an electrode assembly either with or without a free-standing separator. In the
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case of an electrode assembly with a free-standing separator, the branched ANF coating on the
electrode will act solely as a thermal stability enhancing layer to prevent thermal runaway. In
the case of an electrode assembly without a free-standing separator, the branched ANF coating
on the electrode will act as an ICM and will assume the role both of a separator and of a

thermal stability enhancing layer.

[0120] The electrodes can be any commercially available electrodes. Some are made of
carbon with polymeric binders. Others include electrodes of lithium metal or any lithtum active
material like lithium titanate. Silicon containing anodes can also be used. The electrodes and

the assemblies made from them find use in fuel cells and in batteries such as lithium batteries.

[0121] Since the branched ANF coating is applied directly to the electrode, the
separator/electrode is a one piece design, giving close contact between the separator and
electrode. In a traditional battery assembly, where there is cathode, separator, and anode, there
are three components to assemble and align together. With a coated electrode, it is only
necessary to assemble two components since the separator is already coated on one of the

electrodes.

[0122] A non-limiting way of fabricating an branched ANF coated electrode involves

the following illustrative steps:

a. Mix branched ANF-based solution/mixture/slurry with desired components (Al,Os
nanoparticles, cellulose fibers, polyelectrolytes etc.) The branched ANF
composition may range from 100% to 10% of the solids in the solution, mixture, or
slarry.

b. Fix electrode onto a glass substrate.

c. Pour ANF ICM solution/mixture/slurry onto the electrode and coat evenly using a
doctor blade.

d. Wash the assembly in protic solvent such as water, ethanol, isopropyl alcohol etc.

e. After complete solvent exchange, dry the ANF ICM/Electrode assembly under

compression in a vacutum oven at 60°C.

The completed assembly should have an ANF ICM adhered evenly to the electrode.
The ICM from branched ANFs may detach from the electrode when electrolytes are added to
the battery cell during assembly, however, in the dry state, the ANF ICM should be adhered to

the electrodes as shown in Figure 22.
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[0123] The process of coating an electrode involves using the electrode material as a
substrate in the coating methods described herein and in the incorporated documents. A slurry
from branched ANF is deposited on the electrode substrate and then is phase transformed to
make a gel, which is a hydrogel when water is used for the phase transformation. After
optional solvent exchange the ANF coating is dried to form a dried gel as a coating on the
electrode. Compression vacuum is use during drying to prevent wrinkles and enable the

coating to come out flat and even.

[0124] This process can be scaled-up with several continuous coating methods, such as
dip coating, slot die coating, micro gravure coating, and spray coating. The choice of coating

methods will depend on the required output and coating thickness.
Working Example:

{. Prepare a 2 wt% branched ANF suspension in a suitable solvent or reaction media
described above.

2. Add alumina nanoparticles (Sigma Aldrich, 50nm) 1.4g into 31g of the 2% branched
ANF suspension by rigorous planetary mixing at ~1500rpm for 15 minutes.
Carbon anode is fixed onto a glass substrate and flattened.

4. The alumina/ANF mixture is poured over the anode and spread evenly using a doctor
blade. The coating thickness ranges from 300um to {Opm.

S. The coated anode is submerged into an ethanol bath for 30 minutes to allow gelation
and solvent exchange.

6. The coated anode is removed from the ethanol bath and sandwiched between two glass
stides and dried in a vacuum oven overnight at 60°C.

7. After the coated anodes are dried, circular electrodes are punched out and further dried
for 2 hours at 110°C under vacuum.

8. The coated electrodes are then assembled into coin cells with a nickel-manganese-

cobalt (NMC) cathode with no separator needed.

[00125] In a first embodiment, the current teachings provide a method of preparing
branched ANFs suspended in a suitable solvent with controlled addition of protic components,
base and protic solvent leading to partial splitting of the micro- and microscale fibers of
polymers into nanofibers with branched morphology; wherein the nanofibers are characterized
by high yield exceeding 95% of the nanofibers; a diameter of the nanofibers not exceeding 100
nm; a high monodispersity of the nanofiber with diameters distribution controlled by the

reaction media and 90% of the nanofibers distributed within 20 nm of the mean diameter; the
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branching of the nanofibers is controlled by the reaction media such as amount of aprotic
component and/or the chemical nature of the base; and the number of branches for each
nanofiber can be varied between 2 and 50. The method further involves transforming the
suspension of the branched ANFs by diffusing water, other protic solvent, or their mixture into
the suspension to make a hydrogel that represents a 3DPN from branched ANFs with certain

water content;

[00126] In another embodiment, dispersion of branched ANFs is extruded into water to
form hydrogel to form fibers, sheets, and other shape-controlled manifestation of moldable
3DPNs based on branched ANFs; transforming the hydrogel into aerogel from branched ANFs
forming 3DPN; molding the aerogel into desirable shape during or after its transformation
from hydrogel;

[00127] Methods also involve incorporating the polymeric and nanoscale components

into the hydrogel and aerogels from branched ANFs.

[00128] In another aspect, the suspension comprises 0.1 — 5 weight % branched ANFs in

a mixture of DMSO, water and a base.
[00129] In another aspect, the method involves removing water from the hydrogel to
make an aerogel comprising branched ANFs. In a particular aspect, it involves removing the

water by extracting with supercritical carbon dioxide.
[00130] In another aspect, the method is carried out continuously.

[00131] In a second embodiment, a composite material comprises a polymer matrix and
branched ANFs dispersed in the polymer matrix. In an aspect, there is an aerogel and a
polymer in the pores of the aerogel, and the aerogel comprises branched ANFs. In a further

aspect, the polymer comprises a cured epoxy resin.

[00132] in a third embodiment, a method of making a composite by layer-by-layer

deposition process assisted by gelation of branched ANFs forming 3DPN involves
a. a substrate coating step by a dispersion of branched ANFs on a substrate;

b. phase transforming the coating of a. with a protic solvent to produce a hydrogel form

of a 3DPN;

. penetrating precursors of a polymer dissolved in solvent or a solution of a formed

polymer into the 3DPN of the product of step b;
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d. polymerizing the polymer precursors in situ in the case where precursors of the

polymer are used in step c.; and
e. removing the solvent from the product of step d.

[00133] In an aspect, the third embodiment involves steps a — e one or more times to
build up a desired thickness of composite. The built-up step can be followed by delamination
of the composite. The solvent comprises DMSO, water, and a base in a non-limiting aspect. In
other aspects, the polymer precursors comprise an epoxy resin and an epoxy hardener. In
various aspects, removing the solvent comprises extracting with supercritical carbon dioxide.
[00134] In a particular aspect, the method comprises

a. spin coating a branched ANF dispersion in DMSQO-based reaction media on a

substrate

b. exchanging DMSO-based reaction media with water to make a spun ANF-based

film with the thickness exceeding 100 nm;
c. removing excess liquid phase by spinning;

d. spin coating an epoxy solution on top of the spun thin film with 3DPN morphology;

and
e. optionally repeating the above steps to build up a desired thickness.

[00135] In a fourth embodiment, a hydrogel comprises water and branched ANFs. In

various aspects, the hydrogel is in the form of a fiber or of a thin sheet.

[00136] The hydrogel of claim 15, wherein the nanofibers are characterized by a

branched morphology.

[00137] In a fifth embodiment, an aerogel comprises branched ANFs.

EXAMPLES
Example 1 - ANF epoxy composites — or ANF/EPX composites

[00138] Branched ANF dispersion can be prepared by dispersing aramid microfiber (or
commonly known as Kevlar fibers) in DMSO mixed with water and a base in specified
concentrations. A subsequent solvent exchange with water leads to the formation of ANF
hydrogel in a process step called phase transforming. In order to make a 3DPN in the form of

ANF hydrogel coating, a thin liquid fayer of branched ANF dispersion is spin-coated on a glass

%)
[SS]
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substrate and subjected to solvent exchange. The resulting thin ANF hydrogel can be carefully
peeled off from the substrate (Figure 23) and dried by supercritical CO; to examine the
structure (Figure 24). In a non-limiting example, the obtained 3DPN is 57um thick stab with a

wide range of pores defined by interconnected ANFs (Figure 25).

[00139] To make the ANF/EPX composites, the branched ANF hydrogel layer is left on
the substrate to allow the diffusion of EPX. The hydrogel is adhesive enough to the substrate to
allow EPX to diffuse into the three-dimensional percolated networks without causing wrinkles.
0.1—2% EPX in a water miscible solvent such as acetone is used. Extra EPX solution can be
removed by spinning off the substrate. After coating, the substrate is put in the 100 °C oven for
2 min to pre-anneal the film by removing the solvent. Then, another cycle can take place with
branched ANF hydrogel deposited on the solidified coating. The cycle can be repeated
continuously to obtain the needed thickness, which is similar to the conventional LBL
assembly.(7) The film made after nth cycle is denoted as [ANF/EPX},. A schematic of the

LBL process is shown in Figure 26.

[00140] The linear growth of the film is confirmed by absorbance and thickness change
(Figure 27-29). An absorbance band centered at 330nm is shown for ANF/EPX film, and its
intensity increases linearly with cycle number. A similar linear trend is observed for thickness,
which can be finely tuned by the concentration of ANF and EPX. When concentrations are
0.1%, 0.2% or 1% for each component at the same spin rate of 1000 rpm, the average thickness
per cycle is 7.5, 18, and 342 nm, respectively. This result demonstrates the gal.BL technigue

has thickness control from several to hundreds of nanometers per layer.

[00141] The 1% branched ANF solution is then focused on for the following
investigations for the thick layer formed each cycle. EPX concentration is changed from 0.1 to
2% to control the ANF volume fraction in the composites. As is determined by thermal
gravimetrical analysis, ANF weight fraction is 90%, 87%, 64% and 38% when EPX varies at
0.1%, 0.5%, 1% and 2%. TGA also demonstrates a high decomposition temperature of 250°C.

[00142] The ANF/EPX composite is typically transparent (Figure 30). The transparency
of [1%ANF/19%EPX]g is 88% at 700nm (Figure 31). High uniformity in the film is indicated by
Fabry-Perot patterns displayed in the absorbance spectrum. The ANF/EPX composite films can

also be easily delaminated from glass substrate using dilute HF.(8)
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[00143] The obtained transparent freestanding film is flexible enough to be wrapped
around a pen (Figure 32). Fourier transform infrared spectroscopy (FTIR) confirms the

chemical features of both ANF and EPX in the composite,

[00144] Under certain conditions, a stratification of ANFs (Figures 33-35) is observed in
the composite, which is likely owing to the compression induced alignment during the collapse
of the three-dimensional percolated network. With the increase of EPX in the composite, the
layered structure becomes less distinct (Figure 36). This observation indicates strong ANF-
ANF interactions in the composites as a result of a branching morphology and abundant
hydrogen bonds with amide functional groups. With such strong interactions, the strand of
ANF under stress can easily transfer to other strands so that the whole neighboring network
can be pulled out under load and then fractured. EPX here serves as crosslinks to ANF
contacts when filling into the nanopores formed during the drying (Figure 37). However, when
EPX content is above a threshold, individual ANF can be completely surrounded by EPX. The
ANF-ANF interaction is replaced by ANF-EPX-ANF interaction. The fracture then occurs at
each individual ANF rather than the layered collective mode (Figure 36). The overfilling of
EPX is also evident in the abrupt jump of the film thickness from approximately 2 pm to 2.7
um when 2% EPX is used for infiltration. The surface of overfilled EPX composites is also
less porous by appearance (Figure 38 vs. Figure 39). Those structural differences can influence

the mechanical and thermal expansion properties of the composites.

[00145] Rather than the brittle behavior of micro-composites, the ANF/EPX composites
are rather ductile, demonstrating a plastic deformation after the initial elastic region (Figure
40). This characteristic is stmilar to those high performance aerospace alloys, such as titanium,
steel or aluminum. In particular, [1%ANF/19%EPX]s shows an ultimate strength (g,) of
505447 MPa, an ultimate strain (g,) of 0.1640.03 with only a density (p) of 1.520.1 g/cm’. The
calculated toughness (K) by integrating the area under the stress/strain curve is 50.1+ 9.8
MJ/m’. Similar to the micro-composites, the specific strength (g, / p) of this ANF/EPX
composite is significantly larger than that of titanium, steel or aluminum alloys (Figure 41).
The absolute strength ¢, is much higher than those of SAE 1010 steel (365 MPa) and 6061-T6
aluminum alloy (310 MPa). Although g, of {1 %ANF/1%EPX]s is not comparable to the ¢, of
unidirectional micro-composites in the alignment (0°) direction, it 1s 10 times and 16 times
higher than the g, in the 90°direction in traditional micro-composites respectively (Figure 42).

In addition, both the quasi-isotropic laminas of carbon and aramid fiber micro-composites are
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inferior in o, (303 MPa and 141 MPa, respectively) to the ANF/EPX examined in this work,

which is more intrinsically isotropic with the nanofiber reinforcement.

[00146] Such a high g, for ANF/EPX composite, however, is not associated with the
brittleness or low toughness that many composite materials have encountered. The toughness
(K) of the ANF/EPX is 4 to 5 times higher than that of the unidirectional microcomposites
measured in the 0° direction (Figure 43). The K is also much higher than the layered
composites made by alumina nanoplatelets(9) or carbon nanotube(8) with greater or

comparable a,. It is believed that o, and K are mutually exclusive properties in many cases.(/0)

[00147] An optimum combination of both properties, however, is important for
structural materials to avoid catastrophic failure under load. The solution to this dilemma relies
on the design of hierarchical composite architecture similar to that in many natural materials.
Here, the layered configuration of ANF, their strong interactions, and crosslinks formed by
EPX lead to strong load-bearing ability. The collective layered failure mode plus the “stick-
slip” interactions afforded by the hydrogen bond also facilitate energy dissipation during the

stretching and thus high toughness.

[00148] More EPX or less in the composite leads to poorer mechanical performance
than the [1%ANF/19%EPX], (Figures 44 and 45). As is discussed above, this condition is a
transition point at which nanopores start to get overfilled. This structural evolvement directly
affects the g, and K, plus the storage modulus E’(Figure 46), which is an indication of elastic
stiffness of the material. All those properties show maxima for the film of {1%ANF/1%EPX];
(Figure 44 — 46).

[00149] Pure ANF film without EPX shows g, of 387425 MPa, ¢, of 0.1620.03, E’ of
11.5+0.5 GPa, which are higher than those from VAF made ANF film (o,~160MPa, £,~0.1,
E~T.1).(11) The mechanical performance enhancement can result from this gaLBL processing
technique. In VAF process, the long filtration step can lead to the deterioration of solution
qualities, and thus the generation of defects in the final film. Additionally, hand-peeling the
ANF film from the porous membrane can also break some film microstructures. In gal.BL, all
those defects-introduction steps are avoided. Besides, some mechanical factors in the spin
coating process, such as the centrifugal and air shear force can usually lead to some degree of
lateral chain orientation and stratification. These factors can lead to an improved mechanical
performance for the gaLBL made film with the same chemical composition, but with the

different microarchitecture.
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[00150] The damping ratio, or tan 9, which is the ratio between the loss modulus and
storage modulus. Tan & measures the degree to which a material dissipates the vibration energy
into heat. High damping capacity is useful in many automotive and sporting goods
applications. The carbon and aramid micro-composites typically have very low tan 6 of 0.0024
and 0.018 respectively. The ANF/EPX composites show higher tan o (Figure 47). Interestingly,
pure ANF film displays the largest tan o over the range of 0.1-1Hz. At 0.1 Hz, the tan 6 of
ANF film can be as high as 0.14, and is decreased to 0.06 at 1 Hz. With the addition of EPX,
the tan 6 gradually declines. The highest tan & of pure ANF film can be related with the more
freedom of ANFs in the periphery of abundant unfilled nanopores. The strong but unlocked
ANF-ANF interfaces cause the high mechanical damping. With the introduction of EPX into
the PNN, the touching interface is gradually locked by the poor-damping EPX to result in a
lower tan 6. [1% ANF/1%EPX]¢ has slightly lower tan 6 of 0.11 at 0.1 Hz and 0.5 at 1 Hz. An
significant drop of tan 6 occurs for [1%ANF/2%EPX]s, which has even smaller tan 6 than EPX
. This finding actually agrees with the previously discussed structure transition. In this film,
ANF is surrounded by EPX with the interface of ANF-EPX-ANF. The dissipating mechanism
relying on the ANF-ANF friction disappears here, while the ANF serves as reinforcing agent

for EPX to make its chain even less mobile.

[00151] Low coefficient of thermal expansion (CTE) is another key feature for
conventional carbon or aramid micro-composites. The low CTE can exhibit a better
dimensional stability over a wide temperatare range. Unidirectional carbon micro-composites
have CTE of -0.44~0.16 ppm K in 0° direction, and 0.36 to 4.02 ppm K in 90° direction,
while the quasi-isotropic ones have CTE of 0.36 to 4.02 ppm K'. On the other hand,
unidirectional aramid micro-composites have CTE of -2.57 to -1.74 ppm K in 0° direction,
and 21.4 to 27.5 ppm K in 90° direction, while the quasi-isotropic ones have CTE of 9.5 to
12.9 ppm K''. Here, [1%ANF/19%EPX]s can have the quasi-isotropic close-to-zero CTE of -0.9
ppm K until 220 °C (Figure 48). With finer tuning, a real zero expansion can be achieved. It
1s interesting to notice that the aramid micro-composites have high positive CTE at 90° to the
fiber direction, and this property contributes to the slightly lower but still positive CTE for
quasi-isotropic composites. However, material made with ANF with the same chemical

composition but much smaller diameter gives overall negative and even zero CTE.

[00152] This phenomenon is related with the existence of nanopores. Aramid microfiber
is proved to have CTE of -4.9 ppm, agreeing with the previous studies. Pure ANF film shows

two regimes of thermal expansion: one with CTE of -6 ppm K™ up to 75 °C, and the other one
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with CTE of -0.5 ppm K''. Similar to graphene, the negative CTE in ANF is contributed by the
transversal acoustic bending modes along the axis, or commonly known as the “membrane
effect”. The nanopores formed by the overlapping of ANFs give rise to more free space to
enhance this bending effect, thus more negative CTE. With the increase of temperature,
however, other phonon modes contributing to the positive CTE might take effect. The
nanopores can also accommodate the positive radial expansion of ANF. In addition, since the
mechanical load is carried mainly by the axial direction of the ANF, the overall CTE shows
more axial behavior of ANF. With EPX in the composite, the thermal behavior is a combined
effect of both components. When the nanopores are under-filled, the CTE increases a bit even
with 36% EPX in the composites. When the nanopores are overfilled, such as in the film of
[1%ANF/2%EPX]¢, the CTE has increased to 11 ppm. In this film, not enough space exists to
accommodate the positive radial expansion, and EPX as a matrix can uniformly distribute the
load to various directions in ANF. Accordingly, the radial expansion can contribute more to the

overall CTE.

[00153] To conclude, a gal.BL based on ANF gels, method makes, as one example,
transparent, strong and tough ANF/EPX composites with high damping and zero-expansion.
The ultimate fracture strength of the composites is higher than that of quasi-intrinsic carbon or
aramid microfiber reinforced composites (micro-composites). The toughness is even better
than that of the unidirectional micro-composites. ANF/EPX composites with such combined
functionalities can be used for bio-implants, packaging materials, electronic boards, bullet-

proof windows and many more.
Example 2 - 3DPN’s from ANF hydrogels

[00154] High aspect ratio plus the branched morphology makes ANF a unique nanoscale
material for forming the 3DPNs. The latter can be formed in the form of hydrogels using a
solvent exchange process described above (Figure 10, 12 and 49). In a typical procedure, a
layer of water is gently sited on top of the DMSO-based dispersion phase containing 1 wt %
ANF. With the slow diffusion of water, the deprotonated aramid chains are gradually reverted
to their initial chemical structares by abstracting protons from water, accompanied by a color
change from dark red to light yellow. The attained hydrogel is highly robust, and can sustain
structural integrity even after cutting and shearing with a razor blade (Figure 11). To further
reveal the internal structure of ANF in the hydrogel, it is converted into an aerogel through the
supercritical CO, extraction (Figure 13 — 15). As expected, the aerogel contains a network of

highly branched ANF nanofibers entangled with each other. The ANF aerogel is ultralight with
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a measured density of 11 mg/cm3 and adheres to electrified glass (Figure 13). Additionally, it
has a Brunaver—Emmet-Teller (BET) surface area as large as 275 m%/g, which could be

compared to aerogel from cellulose nanofibers with a BET area ranging from 20 to 66 m?/ Q.

[00155] Another important feature of 3DPNs from branched ANFs percolated nanofiber
network is its ability to be spun continuously through a simple setup (Figure 17). With the
constant flow of DI water, the continuously extruded 0.1 wt % ANF solution through an
ultrafine needle can be rapidly converted to a fiber made of ANF 3DPNs (Figure 18 — 20).
Inside the fiber, ANF morphology is similar to those obtained by the static diffusion process.
In addition, the dimension of the fiber approximates the size of hole in the needle, which
indicates the minimal shrinkage during the phase transformation and supercritical drying
process. This gel has an estimated density of 1.Img/em’, which is among the few materials.
Considering no other 1D nanomaterials could form robust networks at such a low
concentration, we conclude that the interconnection of ANF through the branched structure is

the key to the formation of 3DPN.

[00156] Further in-depth, the robustness of the ANF 3DPNs is substantiated by
quantitatively evaluating their mechanical properties in respect to shear, compression and
tension, which may further shed light on the role of the branched structure by comparing with

other gels/3DPNs from non-branching nanomaterials.

[00157] The shear stress-strain curve of a 1% ANF hydrogel shows a linear viscoelastic
region ending at strain amplitude of 10%, followed by a softening region where the hydrogel
starts to break and flow (Figure 50). The maximum stress at the tarning point — often known
as the critical shear strength (t.) — indicates the mechanical robustness of the gel. ANF
hydrogel shows t. of 2.95+0.05 kPa, which is much larger than that of graphene hydrogel
(te=0.4kPa) at a similar solid content. The dynamic shear test also separates the elastic and
viscous contributions in terms of storage modulus (G’) and loss modulus (G ). Agreeing with
the linear region in Figure 50, the G’ is initially independent on the strain, and then decreases
strains above 10% (Figure 51). G initially increases and then decreases, which reflects
structural rearrangement in the materials for strains above 10%. G’ varies little with the
angular frequency from 0.06 to 60 rad/s remaining around 29 kPa at a fixed oscillatory strain
of 1% (Figure 52). By contrast, G” exhibits a shallow region with larger value at higher and
lower frequency regions. The low frequency rise implies the existence of slow structural
rearrangement process, while the high frequency rise is attributed to the viscous relaxation of

water in the gel.
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[00158] The rheological properties of hydrogel are mainly dependent on the intrinsic
mechanical behavior of the constituents and their short or long range interactions. Figure 53
shows a comparison between the hydrogel from branched ANFs and other hydrogels made of
typical reinforcing nanomaterials with high crystalline elastic moduli. The hydrogels in
comparison have a solid content around 1 wt%. Hydrogels from branched ANFs are more
rigid than carbon nanotube or graphene hydrogels despite the latter has stiffer
nanocompenents, which indicates stronger molecular affinity among those polymer nanofibers
in the hydrogel. Moreover, hydrogel from branched ANFs has three times as high shear G’ as
the hydrogel from cellulose nanofibers despite their similar crystalline moduli, or hydrogen
bonding interactions at the molecule level. Considering their morphological resemblance
including fiber diameter or length, we can safely attribute the higher G’ of hydrogels from
branched ANFs to the interconnecting branched nanofiber percolating structure. Additional
comparison of hydrogel from branched ANFs with other chemically crosstinked polymeric
hydrogels, such as those made of polyacrylamide (PAM) or polyethylene glycol (PEG) with
larger solid content also indicates its higher rigidity. This observation indicates the moduli of
the ingredients in the network also contribute to the shear properties of the hydrogel in addition

to the connectivity. Hydrogel from branched ANFs has both of the qualities.

[00159] Uniaxial compression and tension tests of the 3DPN from branched ANFs also
indicate its high mechanical strength (Figure 54 — 56). An interesting property of ANF 3DPN
during compression is that both hydro- and aerogels can be compressed to strains over 90%
without any cracks at the macro-, micro-, or nanoscale (Figure 57 - 61) while typical graphene
or cellulose networks develop macroscopic cracks or even fracture at a much smaller
compressive strain. More importantly, the ANF tends to align in perpendicular to the direction
of compressing stress, while the large void space in the network can accommodate those
deformations and ensure a zero Poisson’s ratio (Figure 57 and 61). The compressed aerogel
also shows improved tensile properties due to the reduction of porosity (Figure 56). All those
properties would be advantageous for infiltration of matrix materials into the 3DPNs for

fabricating high performance materials.

[00160] The uniform cross-section of all the fractured composites from branched ANFs
over the thickness indicates the even distribution of ANF and EPX (Figures 29, 33 - 36),
which are also proved by the surface morphologies of the network from branched ANFs
embedded with EPX (Figures 38 and 39). Close examination of the cross-sectional images

show a transition from a stratified ANF network, which is similar to the compressed ANF
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3DPNs (Figure 61), to a surface scattered with random individual ANF. The fractured surface
of high content ANF composites (Figures 34 and 35) is analogous to that of the pure ANF film,
indicating the similar failure mechanisms by breaking the strong ANF-ANF interactions. In
other words, the intrinsic properties of highly branched ANF 3DPNs have a dominant
contribution to the overall mechanical properties of the composite film with high ANF content.
In addition, despite the addition of EPX, the thicknesses of those composites are almost
invariant until a significant jump for ANF content of 38% (Figure 62). EPX here plays a role of
binder to ANF and ANF contacts with continual filling of the nano-porous ANF network.
Above a certain threshold, EPX overfills the nanopores and becomes a dominant phase in the
composites with a complete surrounding around ANF. The fracture then occurs at each
individual ANF rather than the collective ANF pullout (Figure 33 — 36). The surface of
overfilled EPX composites is also less porous by appearance (Figure 39). Those structural
differences can influence on the mechanical and thermal expansion properties of the

composites, which will be discussed below.

[00161] Thanks to the high intrinsic mechanical properties of ANF 3DPNs and the
uniform composite structure afforded by galLBL, the ANF/EXP composite shows interesting
mechanical properties (Figure 40). Overall, ANF/EPX composites are quite ductile with a
plastic deformation after the itial elastic region. This characteristic is similar to those high
performance aerospace alloys, such as titanium, steel or aluminum. Among those composites,
[19ANF/1%EPX]¢ demonstrates optimum performance with an ultimate strength (o,) of
505+47 MPa, an ultimate strain (g,) of 0.162£0.03 with only a density {(p) of 1.520.1 g/cm3. This
observation in addition to the dynamical mechanical analysis (DMA) of those composites
agrees well with the previous discussion of structural characterization of the composites. The
initial improvement of mechanical properties is due to the lock-in effect of the EPX
surrounding the ANF, and less defective sites as a result of filling the free space in the
composites. The lock-in effect of EPX can be estimated from the decreasing damping ratio
from the initial 0.14 for the pure ANF films. The excess EPX, however, leads to interface
changes from ANF-ANF to ANF-EPX, which can weaken the material. In comparison to other
common structural materials, the optimized ANF/EPX composites have higher specific
strength (o, / p) than that of titanium, steel or aluminum alloys (Figure 41). The absolute
strength o, of the ANF/EXP composite 1s much higher than those of SAE 1010 steel (365
MPa) and 6061-T6 aluminum alloy (310 MPa).

Example 3 - Preparation of ANF continuous gel fiber:

30
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[00162] 0.1% ANF dispersion was extruded from a 28G stainless steel needle at a rate of
3ml/h into a flow of DI water with a rate of 12ml/h. The continuous gel fiber was immediately
formed at the tip of the needle and was guided into a 0.58mm (ID) glass capillary tube, and
then collected in a DI water reservoir. The flow rate control was achieved by syringe pumps,

and soft silicone tubing was used to make the connection.

Example 4 - Preparation of thin sheets from branched ANF gel:

[00163] The 1% branched ANF dispersion was confined between two pieces of 2" by 3"
clean glass slides at a distance of ~0.2 mm, and then put into water. The thickness of a gel film
was controlled by a spacer between the glass slides or adapted to the weight placed on top of
the glass slide balanced by the viscosity of branched ANF dispersion. Within 12 hours, 3DPN
from branched ANF thin sheet gel can be peeled off from the glass slides under water. The gel

was then transferred into fresh water for storage.
Example 5- Preparation of PVA/ANF composite:

[00164] Polymers can be impregnated into the 3DPNs from branched ANFs to facilitate
stress transfer and improve the defect tolerance and toughness. Such impregnation can be
easily implemented for 3DPNs from branched ANFs by immersing the aero/hydrogel into
various solutions of required components. Polyvinyl alcohol (PVA) was selected as a soft
matrix component due to its abundant ~OH groups capable of hydrogen-bonding with ANFs.
When the ANF gel was treated with 1 wt % PVA solution, the polymer chains adsorbed
strongly onto the exposed surface of ANFs and long-term rinsing had little influence on the

PV A content.

[00165] The ANF thin sheet hydrogel was immersed in 1wt % PVA (Aldrich, Mowiol®
56-98, Mw about 195000) for 12 hours, and then rinsed with fresh water for 5mins. The thin

sheet was then carefully transferred onto a Teflon sheet and dried in 70°C oven for 30 minutes.

[00166] The PVA-saturated gel was dried at 70 °C into a transparent solid film (Figure
63 and 64). The morphelogy of the resulting film can be described as interpenetrating PVA
and ANF networks collapsed from the capillary force during the water removal (Figure 65 and
66). The irregular micro/nano pores (Figure 66) in the structure left by this drying process,
however, can act as scattering interfaces to reduce the light transmission. The light scattering
can be minimized by filling these pores with transparent epoxy; the 1.25 ym thick film show to

86% transparency at 600 nm (Figure 67)

31



10

i5

20

WO 2017/117376 PCT/US2016/069167

[00167] ANFs content in the composite is 35wt% of the as determined by TGA and
DSC analysis. Their uniform distribution in the material can be easily observed in the cross-
section image of the fractured composite (Figure 65). FTIR spectra confirm the interactions
between branched ANF and PVA (Figures 6-8). The presence of hydrogen bonds are revealed
in the change in the y(C=0) position. The band at 1646 cm™ for intra-ANF hydrogen-bond-
influenced C=0 does not change appreciably, but the other C=0 band for inter-fiber hydrogen
bonds is upshifted by 0.8 em™ (FIG. 10H). This observation suggests that -OH groups from
PVA compete with C=0 as hydrogen acceptors, thus increasing the electron density in the
C=0 unit. The bending (8(CHa»)) and rocking modes (0r(CHa»)) of ~CH,- groups disappear in
the composite spectra. It is likely that the strong van der Waals interactions from phenylene

groups in ANF limit the movement of -CH;- units in PVA.

[00168] From the stress-strain curve, the PVA/ANF composite has 6, = 25749 MPa and
sy = 2745%. The toughness of the PVA/ANF composite is 4633 MJ/m’® which is almost twice
as high as that of Kevlar microfibers. In the previous studies, reasonably high o, and s,
parameters were attained through the more time- and labor-intensive bottom-up method, such
as the laminated chitosan/alumina platelet composites with g, of 31595 MPa and s, 0f 21£5%,
and LBL assembled PVA and CNT composites with ¢, of 225+25 MPa and s, of 19+7%. The
mechanical properties of PVA/ANF films described herein, made through a simple
impregnation process, are comparable or surpass the properties of the existing composites just

described.

[00169] The inclusion of ANF, which has an unusual negative coefficient of CTE in the
axial direction, can greatly reduce the overall CTE of the composite. Below glass transition
temperature (7,), the PVA/ANF composite has a CTE of 1.9 ppm K, which is smaller than
most of the ceramics, such as glass, silicon and boron carbide. Above T, the composite has a

CTE of 32 ppm K/, close to that of neat PVA in the glassy state.

Example 6- Spin-coating gal.BL process:

[00170] 2”7 by 2”7 glass slides were cleaned by immersion in Piranha solution (3:1
H>S04/H,0,) for 12 h, then thoroughly rinsed with DI water prior to use. Iml 1% ANF
dispersion was poured onto the substrate, and then spread uniformly all over the surface by
spinning with a rate of 1000 rpm and an acl of 45 for 30 s. Then DI water was quickly dropped
onto the surface, the color of the coating was immediately changed from orange to white,
indicating the formation of thin layer hydrogel. The substrate then went through another spin at

the same settings for 30 s to remove extra water. 1ml 0.1~1% EPX in acetone was
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subsequently put on the hydrogel layer to allow infiltration, and a 30 s spin removed the extra
EPX solution. After that, the glass slide was taken from the spin coater and put in the 100°C
oven for 2 min to allow pre-annealing. This complete cycle vsually took 4 min. The above
procedures could be repeated to put another ANF/EPX layer on top. Typically, films made
after 6 cycles of deposition were used for property measurements. The samples finally went
through an overnight annealing at 70°C to completely cure the EPX and remove the solvent.
The freestanding films were delaminated from glass substrate with the aid of 1% HF. For
thickness measurement by ellipsometry, silicon rather than glass was used, and other

procedures were kept the same.

Example 7 - Estimation of porosity in the aerogel:

[00171] The porosity was estimated by the following equation:
Porosity =1 — Laget.
Psotia

in which, p.; and py.;e are the density of the aerogel and its constituent respectively. The
following density is used for the comparison purpose in the main text: Kevlar (1.44g/cm3),
Cellulose (1.5g/cm3), Carbon nanotube (1.3 g/fcm3), graphene (2.26 g/cm3), Polyethylene
Glycol (1 g/cm3), Agarose (1.2 g/em3).

Example 9 - Characterization:

[00172] The transparency of film was determined by an 8453 UV-vis ChemStation
spectrophotometer from Agilent Technologies. Cross-section and morphology of the film were
examined by FEI NOVA Nanolab Scanning electron microscopy (SEM) or JEOL 2100F
S/TEM. Tapping mode atomic force microscopy (AFM) images were obtained using a

NanoScope Illa Atomic force microscope (AFM) from Veeco Instruments.

[00173] Differential scanning calorimetry (DSC) was carried out on a TA instrument
Discovery DSC under nitrogen atmosphere at a temperature ramp rate of 20°C/min. To
eliminate thermal history, the samples went through steps of heating-cooling-heating according
to the protocol in ASTM D3418-08. The second heating step was used for analysis. PVA
content can then be estimated by comparing the PVA melt enthalpy in the composite with that
in pure PVA. Thermal gravimetrical analysis (TGA) was run on a TA instrument Discovery
TGA with a heating rate of 10°C/min in nitrogen. Coefficient of thermal expansion (CTE) of
films was measured using extension mode in Perkin Elmer TMA7, following ASTM Test

Method for Linear Thermal Expansion of Solid Materials by Thermomechanical Analysis (E
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831) and slightly modified to measure the thin film. The extension probe and grips were
customized by RT instruments, Inc. to minimize the expansion of grips during the
measurement. A ramp rate of 5°C/min was used and the second heating step was uvsed for

analysis.

[00174] The rheological (shear) measurement was conducted on a TA Instruments’
AERS rheometer with a 25mm cone-plate geometry at 25 °C. Dynamic frequency sweep
experiments were set from 0.06 to 60 rad/s at a fixed oscillatory strain of 1%. The strain sweep
experiments were set from 0.1% to 100% at a fixed frequency of 6 rad/s. The samples were
covered with a thin layer of silicon oil to prevent evaporation of water. Uniaxial tensile testing
was done on RSAHI Rheometrics Systems Analyzer from TA instruments. The tensile tests
confirm to the ASTM standard ASTM D&82. In a typical measurement, a Imm wide and 6mm
long sample strip was fixed onto the steel grips. The Kevlar microfiber was fixed by super-
gluing the ends onto two pieces of stainless steel metal sheets separated by a distance of 6mm.
The metal sheets were then put between the grips for measurement. The test speed was

0.01mm/s.
Example 9 - Mechanical Properties of 3DPNs from branched ANFs:

[0175] Branched ANF hydrogels and aerogels also exhibit satistying performance in
the compression test. The compressive strain-stress curves show three stages typical for
porous materials (FIG. 8M). The linear elastic stage was observed initially, then the material
reached its elastic limit, at which point the 3DPNs started to yield at a nearly constant stress.
This plateau stage is followed by a densification region where the porous network starts to
collapse. Both gels can be compressed to strains over 90% without any cracks at the macro-,
micro-, or nanoscale (Figure 59 — 61). Other 3DPNs exhibit substantially higher brittleness.
For example, graphene hydrogels show micro-cracks and stress discontinuity at a strain of

42%, and cellulose aerogels become completely fractured at 68% strain.

[0176] The compressive modulus E and yield stress g, for the ANF hydrogel are 5743
kPa and 81 kPa. ANF aerogel has twice higher values, E=90+5 kPa and ¢,=1821 kPa. Note,
however, the plasticization effect of water on ANF hydrogel is less pronounced as for other
3DPNs. For example, highly porous (>99%) hydrogels from cellulose nanofibers and carbon
nanotubes are so compliant that they are reminiscent of a viscous fluid. Their 3D structure is
disturbed by swelling in water and/or agitation. Instead, the ANF gels are stable in water for

over a year without any visible fluidization. Even intensive sonication cannot destroy their
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structural integrity, while other un-crosslinked cellulose nanofibers and carbon nanotubes

cannot survive the same treatment.

[0177] A comparison of the compressive properties of 3DPNs from branched ANFs to
other commonly used reinforcing networks in the form of aerogels is revealing about the
advantages and utility of this technology. The £ of aerogel from branched ANFs is similar to
cellulose nanofibers or carbon nanotube aerogels, but two orders of magnitude higher than
graphene aerogel at similar density. The similarity is likely due to the insufficient load transfer
between the ligaments during the compression, unlike the network deformation during the
shearing. The nanofibers or nanotubes are likely to buckle or dislocate under the stress due to
their small diameters, as the bending modulus is of the order of E_,c,-;,e,(f , in which Eg,, and d are
elastic modulus and diameter of the fiber. The graphene aerogel is especially prone to be bent

due to its extreme thinness (~1 nm).

[0178] Toughness is one of the key properties determining most applications of load-
bearing and other materials. Importantly, 3DPNs from branched ANFs show high toughness in
compression with 25 kJ/m® and 78 kJ/m’ for hydrogel and aerogel, respectively. This property
is higher than carbon nanotube and cellulose nanofibers aerogels, and some polymeric gels

with much higher selid content (Table 1).
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Table 1 Comparison of mechanical properties of various hydrogels.

Compression Tension

Graphene

Hydrogel 0.9 3 28 ) i i i )

Agarose

2.25 - 2 0.2 - - -
Hydrogel 8

PEG Hydrogel - - - 23.1 53 12 3

[0179] The Young’s modulus E,, ultimate stress o,, and ultimate strain s, of hydrogel
from branched ANFs in tension are 230x18 kPa, 2444 kPa, and 1342%. The same parameters
for ANF aerogel are E, =750210 kPa, 6,=90+7 kPa, and 5,=12+3%. The Young's modulus (E,)
of the 3DPNs from branched ANFs in extension is much higher than that obtained in
compression. Due to the fluidity of cellulose nanofibers, carbon nanotubes, and graphene
hydrogels at similar solid content, their tensile properties are not available to compare. Still,
the E, of hydrogel from branched ANF is 10 times higher than that PEG hydrogels with much

higher solid content (Table 1).

[0180] From the practical perspective, it might be useful to increase tensile properties
sacrificing the porosity. After aerogel from branched ANFs is compacted into 1/6th of its
initial volume, it displays E,, s5,. and o, of 1622 MPa, 11+2%, and 1.3£0.7 MPa, respectively.
These properties can be further improved to 136£11MPa, 7£2%, and 6.2+0.5 MPa when the
aerogel is further compressed. Such enhancement is likely to originate from the increased
density of hydrogen-bonding crosslinks and the nanofiber alignment in the film. The densified
3DPNs from branched ANFs have ultimate stress comparable to ¢, of buckypaper from carbon

nanotubes but with seven times higher ultimate strain.

Example 10 - Dynamic Mechanical Analysis of ANF/EPX composites with 3DPN from
branched ANFs:

Another interesting property in dynamic mechanical properties measurement (Figure 46 and
47) is the damping ratio or tan o, which is the ratio between the loss modulus and storage

modulus. Tan é measures the degree to which a material dissipates the vibration energy into

heat. High damping capacity is useful in many automotive and sporting goods applications.
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The carbon and aramid micro-composites typically have very low tan & of 0.0024 and 0.018
respectively. The ANF/EPX composites show higher tan & (Figure 47). Interestingly, pure
ANF film displays the largest tan 6 over the range of 0.1-1Hz. At 0.1 Hz, the tan 6 of ANF
film can be as high as 0.14, and is decreased to 0.06 at 1 Hz. With the addition of EPX, the tan
& gradually declines. The highest tan & of pure ANF film can be related with the more freedom
of ANFs in the periphery of abundant unfilled nanopores. The strong but untocked ANEF-ANF
interfaces cause the high mechanical damping. With the introduction of EPX into the 3DPN,
the touching interface is gradually locked by the poor-damping EPX to result in a lower tan 0.
[1%ANF/19%EPX]¢ has slightly lower tan 6 of 0.11 at 0.1 Hz and 0.05 at 1 Hz. An significant
drop of tan 6 occurs for [1%ANF/2%EPX]s, which has even smaller tan 6 than EPX (Figure
47). This finding actually agrees with the previously discussed structure transition. In this film,
ANF is surrounded by EPX with the interface of ANF-EPX-ANF. The dissipating mechanism
relying on the ANF-ANF friction disappears here, while the ANF serves as reinforcing agent

for EPX to make its chain even less mobile.
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CLAIMS
1. A method comprising

a. preparation of branched ANFs suspended in an aprotic solvent with controlied
addition of protic components and controlled amount of base (aka reaction media), that leads to
splitting of the micro- and microscale fibers of polymers into nanofibers with branched

morphology;

b. characterized by high yield exceeding 95% of the branched nanofibers; the diameter

of the nanofibers does not exceed 100 nm;

c. high monodispersity of the nanofiber with diameters distribution controlled by the
reaction media and 90% of the nanofibers distributed within 20 nm of the mean diameter of the

nanofiber;

d. the branching of the nanofibers controlled by the reaction media such as amount of
aprotic component and/or the chemical nature of the base; the number of branches for each

nanofiber can be varied between 3 and 20;

e. transforming the suspension of the branched ANF nanofibers by diffusing water,
other protic solvent, or their mixture into the suspension to make a hydrogel comprising

branched ANFs forming 3DPN5;

f. extrusion of the hydrogel and dispersion of the branched ANFs to form fibers, sheets,

and other shape-controlled manitfestation of moldable 3DPNs based on branched ANFs;

g. transforming of the hydrogel into aerogel from branched ANFs forming 3DPN;

i. molding of aerogels into desirable shape during or after is transformation from
hydrogel;

h. incorporation of the polymeric and nanoscale components into hydrogel and aerogels

from branched ANFs.

2. The method according to claim 1, wherein the aprotic component is represented by
dimethyl sulfoxide (DMSO), protic component is represented by water, and base is represented

by KOH or EtOK;

-

3. The method according to claim 1, wherein the suspension comprises 0.1 - 5 weight %

branched ANFs.
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4. The method according to claim [, further comprising removing the water from the

hydrogel to make an aerogel comprising branched ANFs.

5. The method according to claim 4, wherein removing the water comprises extracting

with supercritical carbon dioxide.
6. The method according to claim 1, wherein the method is carried out continuously.

7. A composite material comprising a polymer matrix and branched ANFs dispersed in

the polymer matrix.

8. The composite material according to claim 7, comprising an aerogel and a polymer in

the pores of the aerogel, wherein the aerogel comprises branched ANFs.

9. The composite material according to claim 7, wherein the polymer comprises a cured

epoxy resin.

10. A method of making a composite by layer-by-layer deposition process assisted by

gelation of branched ANFs forming 3DPN consisting from the following steps
a. a substrate coating step by a dispersion of branched ANFs on a substrate;

b. phase transforming the coating of a. with a protic solvent to produce a hydrogel

form with 3DPN;
c. infiltration of hydrogel with a functional polymer or a nanoscale component;
d. removing the solvent from the product of step c.

11, The method according to claim 10, comprising repeating steps a. — d. one or more times

to build up a desired thickness of composite and delaminating the composite.

12. A method of making a composite by layer-by-layer deposition process assisted by

gelation of branched ANFs forming 3DPN consisting from the following steps
a. a substrate coating step by a dispersion of branched ANFs on a substrate;

b. phase transforming the coating of a. with a protic solvent to produce a hydrogel

form with 3DPN;

c. penetrating precursors of a polymer dissolved in solvent for in-sifu polymerization in

the 3DPN of step b.
d. in situ polymerizing the polymer precursors in the material from step c.

e. removing the solvent from the product of step d.
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13. The method according to claim 11, comprising repeating steps a. — €. one or more times to

build up a desired thickness of composite and delaminating the composite.

14. The method according to claims 10-14, wherein the aprotic solvent comprises dimethyl

sulfoxide; protic solvent comprises water, and base comprise KOH or EtOK;

15. The method according to claim 12, wherein the polymer precursors comprise and

epoxy resin and an epoxy hardener.

16. The method according to claims 10-14, wherein removing the solvent comprises

extracting with supercritical carbon dioxide.
17. The method according to claim 12 comprising

a. spin coating a branched ANF dispersion in DMSO-based reaction media on a

substrate

b. exchanging DMSO-based reaction media with water to make a spun ANF-based

film with the thickness exceeding 100 nm;
c. removing excess liquid phase by spinning;

d. spin coating an epoxy solution on top of the spun 3DPN coating from branched

ANFs ;and
e. optionally repeating the above steps to build up a desired thickness.
18. A hydrogel comprising water and branched ANFs.
19. The hydrogel of claim 135, in the form of a fiber.
20.  The hydrogel of claim 15, in the form of a thin sheet.
21. An aerogel comprising branched ANFs.

22. A method for manufacturing of ion conducting membranes (ICMs), separators, anodes

and cathodes for batteries using 3DPNs and composites from branched ANFs.

23. The method according to claim 22, wherein the batteries comprises coin, button, pouch,

thin film, rolled, cylindrical, prismatic, and other batteries.

24. The method for manufacturing of the battery components from claim 22 by direct coating
of a fluid mixture based on branched ANFs onto an insulating or conductive substrates

(electrodes); the method can be carried out continuously.
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25. The method for manufacturing of the multifunctional battery components from claim 22
with the ANF-based membranes performing both as ICM and separators being a non-limiting

example.

26. The method for manufacturing of the battery components from claim 22 with addition of

other functional and polymeric components.

27. The method according to claim 24, wherein the additional components comprises ceramic
nanoparticles, nanowires, electrolytes, cellulose nanofibers, polymers, polyelectrolytes,

polymer nanoparticles, carbon nanotubes, and other forms of nanocarbouns.

28. The method according to claim 24, wherein the conductive substrates are silicon,
germanium, zinc, aluminum, manganese, semiconductor/metal nanocarbon film, nanoparticle

film, nanowire film.

29. The method according to claim 24, wherein the insulating substrates are sulfur, plastic,

ceramic, high band-gap semiconductors, and nanocomposites.

30. The method for manufacturing of the battery components from claims 22-27 for air- and

water-sensitive battery components using supercritical drying.

31. Preparation of materials with high mechanical performance using 3DPNs and composites

from branched ANFs.
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