WO 2014/182250 : . PCT/SG2014/600207

10

. A5

20

25

30

CONDUCTIVE FIBROUS MATERIALS

_ Technical Field )

The present iﬁvéntion generally relates to conductive
fibrous matériais that may be used in -electrode materials
us‘éful in energy -storage devices. The present invention
also relaﬁes *.:c.. processes for‘ making said conductive .

fibrous materials.

Background

With rapid development of the global economy, the

deplétion  of fossil @ fuels and increasing environmental

pollution, advanced technologies for energy conversiomn and

storage are being extensively studied around the world.

‘ Rechargeable lithium-ion batteries have been regarded as

-one of the most efficient and env:.ronmentally benign types-

of energy storage devices and are ‘widely ‘utilized in

various portable electronic devices, hybrid electric

-Ve'hi.cles and - emerging smart grids. Carbon materials as

electrode materials of lithium-ion batteries have been

- predominantlﬁf' used and are cowmercially viable for

industrialization because of their low cost, easy

a’ccessibility and proceséability., An  example ©of such

" carbon materials 'is graphlte

However, one problem with utlllzz.ng graph:l.te is tha.t

‘ 1t suffers from low energy density (theo_retlcal capacn.ty

‘372va h g‘l) when used as an anode material for lithium-

ion batteries. To bettéer satisfy the ever-growing demand

for high-performance power sources, the development of

nanostructured carbon materials (such as graphene, carbon

nanotubes, fullerenes, etc.) with high c_onduc-tivity and -

accessible specific surface area has attracted great

research interest in the last decade.
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Naneccarbons - have been - considered. as ' promising

: electrode materials for the next generation of 11th1um icn

batteries. However, one’ problem with present commercial
carbon nanomaterials ig  that they are mostly fabricated
from non-renewable resources (such as coals and petroleum)

or relatively = expensive  polymers {such- as

.pdlyacrylonitrile " {PAN) and phenolic - resins). However,

energy shortages and growing market demands still

necegsitate a need to find cost effective, environmentally

ben:.gn and _renewable = sources for produc:mg high

performarice nanocarbon materi als

Anothe:: problem with present commercial carbon

panomaterials is that they mway require complicated and

éxpensive fabrication processes. which may'notbe suitable

for large-scale applications. .- -7

Another problem with present commercial carbon
nanomaterials when used . in an electrode material for

energy storage devices is that they may be unstable when

-/ used in different electrolytes and may not perform well in
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a wide fange of temperatures.

| A further probl'e'm wit_:h present commercial carbon
nanomaterials is that they may not be free~stahdiﬁg'
without using a bihding agent . Most commercially available
carbon electrode materials are in powder form and are
fcypieally mixed with a. binding agent (fer example,
poly—vinylid'ene fluoride) during the fabrlcatlon process-
The use of a4 binding agent may dlsadvantageously result in
a ted:.ous fabrication process and poorer electrochemical.

performance. Furthermore, the use of a binding agent may

~ contribute substantially to the - overall cost of

fabrication.

‘There is therefore a need to provide conductive

- materials that overcome, or at least amellorate, one or

more of the disadvantages descrlbed a.bove
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There ig a need to provide conductive materials that
may be fabricated from low-cost, abundant, environmentally
benign and renewable materials.

There is a need to provide conductive materials
useful in electrode materials Ffor lithium-ion batteries
that exhibit high specific capacity.

There is a need to provide conductive materials that
are easlily processable, have large accessible surface
area, high carbon purity, high electrical conductivity and
high structural integrity.

There is a need to provide conductive materials that
may be fabricated through conventicnal and straightforward
processes which may be conducted on a large commercial
scale.

There is a need to provide conductive materials are
gtable when used 1in different electrolytes and perform
well in a wide range of temperatures when used in an
electrode material for energy storage devices,

There is a need to provide conductive materials that
are free-standing without using any binding agent, thereby
gimplifying the fabrication process and reducing its

overall cost.

Summary:

Acc¢ording to the disclosure, there is provided a
conductive fibrous material comprising a plurality of
carbonaceous fibers, wherein each carbonaceous fiber is
fused to at least one cothexr fiber.

According to a first aspect, there is provided a
conductive fibrous material comprising a plurality of
carbonaceous fibers, whereln the carbonaceous fibers have
a diameter of about 0.1 pm to about 15 pm and each

carbonaceous fiber is fused to at least one other fibker,



Advantageocusly, the carbonaceous fibers are obtained
from a phenolic fiber source, the phenolic fiber source
having undergone a carbonization step.

Advantageously, the conductive fibrous material may
be useful in an electrode matexrial for energy storage

devices.
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According to-a second aspedt there is provided an

electrode mater1a1 for energy storage devices comprlslng

the dlsclosed conductlve fibrous - materlal

Advan;ageously, the disclosed conduétive fibrous
materials display high specific capacities when used in an‘
electrode material for enérgyrstdrage devices.

Also advantageouély;wthe discloged conductive fibrous
ﬁaterials may be easily processable, have large'accessiblg'
sﬁrface 'areas, hlgh carbon purity, high- eléctricai
conductivity and-high structurai'intégxity'when ﬁséd in an
electrode material for energy storage devices. _ |

Advantageously, the disclosed. conductive fib?ous‘
materials compriéing fuéed carbonaceous fibers may exhibit
higher electrical qonﬁuctiﬁity and better electrochemical
performancefwhen used in an electrode material for energy
storage devices when compared with .conductivé fibréus
matérials cqmpriéing_unfuséd carbonaceous fibersf

Yet  another advantage is .that ‘the disclosed

conductive fibrous materials may be stable when used in

different electrolytes and may perform well in a wide

range of temperatures when used in an electrode material

' for energy storage devices.

Further 'édvahtageously, the discloged  conductive
fibrou; materials may be free-standing without using aﬁy-
binding'agent, thereby simplifying the fdbrication.prééess
and  feducing its overall . cost. Advantageously, - the

diécloSed_ conductive fibrous materials way be a ‘freefr

standing carbon fibrous mat with high structural integrity

-that can be‘ directly used as ‘an electrode material,

thereby avoiding the tedious step  of electrode
fabrlcatlon ' , .
In one embodlment the carbonaceous fibers are fused

at fiber-to-fiber contact poiﬁts by a polymer.
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Advan‘tageouély',' the polymer may result in. the fus:mg
together of adjacent carbonaceous fibers. o

In a .further embodimemnt, the polymer way be a low-
melting point polymer. 7 o
' Adv'antagebusly; the s_trong melting behavior of the
pelymer may ”J.jesult i_n ‘the_é fusing .together of adjacent
carbonaceous fibers during heat treatment. l-

In one eﬁ}bodimept, the disclosed_ conductive fibrous
materilals may be fabricated ._from lignin.

Therefore advantageously, the disclosed conductive

fibrous materials wmay be fabricated from low-cost,

' é.bundant, envilronmentally benign'and 'rénewable materials..

In a further embodiment, the disclosed conduct:.ve'
f:Lbrous ‘matérials may be doped with n:ltrogen

Advant:ageously,. the nitrogen-doped conductlve fibrous
materlals may further lmprove the capac:.ty as well as the
conductivity of the disclosed conductive flbrous‘materlals

when used as an electrode material in energy storage

‘devices.

According to a .thj_-rd aépect, there is provided a
fibrous mat cc’:mp'r:i,’sing the disclosed conductive Eibrous,
material. | , ,

‘Advantageously, the disclosed fibrous mat may be free

standing and tough enough "to be punched to electrode

materials.

According to a fourth aspect, there is prov1ded an
electrode material for energy storage dev:.ces comprlslng"

the dl.sclosed conduct:.ve fibrous material or d:.sclosed

. fibrous mat.

Advantageously, the use of the disclosed electrede

material in energy storage devices results in improved

electrochemical performance.
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Accofdihg to a fifth aspect, there is provided a -
process for forming a conductive fibrous .ma..terial,v
cofnprislihg':- a ' ' |

a) mixing a phénolic pollymer with.a éeconci_l polymér to
form a poiymEr soluticn;

b) preparing phenolic fibers having nano- or micro-
scale diameters byl' electrospinning the »polYm_er
. solution of step a); and _

c) carbonizing the phenolic fibers obtained through
stép b}, thereby generating carbonaceous fibers,
wherein each carbonaceous fiber is fused to..at
least one o’thér fiber.. }

The method step a'dvantz;lgeously comprises an oxidizing
step before the carbonizati'on step. The -bxid-izing step
adirantageou’sly stabilizes the phenolic fibers.

Advantageously, the carbonization step is undertaken
in an inert atmoépher.e, preferably in argon.

Advantageously, the melting of the second Apélymer
during the carbonization step may fuse adjacent ‘?henolic‘ .
fibers to generate fused carbonaceous fibers. .

Advantage'ouély,' the disclosed conductivé~ fibrous

materials may be’ easily précess_éble and may be  fabricated

. t]:irough conventional and straightforward processes which

may be conducted on a large commercial scale.

Further advantageous-ly, the disclosed -conductive

 fibrous materials mway be free-standing without using any

binding ~agent, - thereby reducing overall «costs of

" fabrication.

Advantagebusly, ~ the second ~ polymer may greatly
impré:ve the viscosity and spinnability of the polymer
solution during electrospinning. . ' '

According to a sixth aspect, there is provided an

electronic device comprising the disclosed conductive
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fibrous material, the ‘disclosed . fibrous mat, or the-.

disclosed electrode material.

Definitions - ’

The following are some definitions that may be helpful

iﬁ understanding the description of the preéent infentionlﬁ
These are intended aé general definitions-and should in no

way limit the scope of the pregent invention to those

- terms alone, but are put forth for a better understanding

of the following description.

‘Unless the céntext requires othérwise or specifically

. stated to the contrary, integers, steps, or elements of

the invention recited herein as singular integers, steps

- ot elements clearly encompass both singular and plural -

forms of the recited integers, steps or elements.

As used herein, the term "alkylene" includes Witnin _

its meaning divalent straight chain ox branchéd _chain.

‘saturated aliphatic groups having from 1 to 12 carbon

‘atoms, eg, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 or 12 carbon

atoms. Fbr.example, the term alkylene includes, but is not

limited  to,. methylene, ethylene, l-propylene,-

" isopropylene, Al—butyléneﬁ 2-butylené, isobutylene, tert-

butylene, . amylene, . 1,2-dimethylpropylene, = - 1,1-

'diméthylpropy1ene,-'pentylene} isopentylene, hexylene, 4-

methylpentylene, 1-methylpentylene, 2»methylpentylene,'3—

T methylpentylene, 2,2—dimethyibutylene, 3,3~
' dimethylbutylene, 1, 2-dimethylbutylene, ‘ 1,3-
-dimeﬁﬁylbutylené, T 1,2,2¥£rimethylpropy1ene, _ 131,2-

trimethylpropyiene, 2-ethylpentylene, 3-ethy;pentylene;‘

heptylene, 1-methylhexylene, 2,2-dimethylpentylene, 3,3-

dimethylpentylene, 4,4 -dimethylpentylene, 1,2-
dimethylpentylene; 1;3—dimethylpénty1ene, 1,4~
dimethYlpeﬁtylene, 1,2,3-trimethylbutylene, 1,1,2-
trimethylbutylene, . 1,i,3—trime;hylbuty;eney' © B~

7
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methylheptyiené, ' l-methylheptylené, octylene, nohylenef
dgqyleﬁe, undecylene, dodecylene and the 1ike. Alkylene
grbups may be optionally substituted.' “
As - used 'herein, the term “polyether” refers to a
polymer hav:.ng the repeat unit. [-0—R]—, wherein R isg a

hydrocarbylene group hav1ng 2 to 5 carbon atoms. The

polyether may also be a random 'or'_ block copolyine:

compriéing different repeat units which contain different.

R groups.

 As used herein, the term “polyester” refers to a

polymer comprising an ester group in its mwain chain, for

" example, ‘pcﬁlymers comprising a repeating -(0-R-~C{=0))-

unit or a 'repeating —(O_—C(:o)-R)— unit, wherein R is a

hydrbcarbylene group having 2 to 5 carbon atoms. The
polyéster ‘may also ‘-b'e ~a random .Oor - .blbck.. copolymer

comprising different r'epeat: units which contain different

R groups.

As used herein, the term “polyalkylene . oxide” refers
to a pelymer comprising a rep_eating ;(Q—.alkylene-)- unit,
for example, —(OCH2¢ﬁ2)n+OH, or T(OCH2CH2)n4OCE3, wherein
n indicates the number of repeating units. ,

As used 'herein—, the term “polyhydréxy alkanoate”

refers to polymerlc hydroxy alkanoates: HydroXy-alkanoates

‘may be esters of hydroxyacn.ds

- As used herein, the texm “l:.gnln" refers to any lignin
6r lignin derivative wh:.ch include Brauns' = lignin,
cgallulply,tic enzyme 1ignif;, dioxane acidolysis lignin,
milled wood lignin, Xlason lignin, perioda.te'iignin, kraft
lignin, softwood Eraft lignin, hardwood kraft 1i'gn'in,
ligr_iorsulfates, lignosu‘lfonates, organo'solv ligz;in, ‘and
steam'explosioh lignin or any substances made in. whole or
in part from llgnln or any subunits, monomers, oxr other
components derlved therefrom - Thus, _licjnin is méant to

include - l‘lgnln, and/or any compound comprising lignin or

8
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the re91due thereof and refers to any polymer compr:.slng

Cp- hydroxyphenyl un:Lts, syrlngyl un:.ts, and guaiacyl units.

As used hereln, a “low melting ~point pol‘yrﬁer" refers

to a polymer hav1ng a melting’ p01nt of about below 200 °C.

- The low- melt:mg point polymer may include polyethylene

oxide,_ polycaprolactone polypropylene . oxide,

polyhydroxybutyrate, pluanlC F127 etc.

_'As_ used herein, the term ™“major portion” in the
context of this specification and with reference to fused

and unfused fibers, refers to an amount greater than. 50%,

greater than 55%, greater than 60%, . greater than 65%,

greater than 70% greater than 75%, greatex than 80%,

-greater than 85%, greater than 20%, or greater than 95%.

As used hereln, the term "-mlcro"' ig to be :Lnterpreted

. broadly to include dlmensn.ons between about 1 micron to

about 500 microns. » )

As used herein, the term "nano" is to be interpreted
broadly to include dimensions less than about 1000 nm.

As used herein, the term "‘carbonaceous"’ in c‘onnection
with fiber(S) refers to flber(s) with a carbon content

greater than about 70 weight percent. The carbon content

" may be increased as a result of an irreversible chemical

reaction of a carbonaceous fiber precursor, for example by

heat treatment to. render the - flbers carbonaceous - The

rcarbonaceous fibers may- be produced from polymeric

precursor fibers, such as phenolic fibers. ‘

" As  used herein, the term “carbonaceous . fiber
precursor refers ‘to polymeric precursor flbers that are
capable of undergoing an irreversible chem:u.cal reaction;
for example, heat treatment, to produce carbonaceous g

fibers. An example of polymeric . precursor fibers- is

phenoclic fibers.

As used herein, .the term “phenolic fiber or fibers”

refers to fibers prepared by ele_ctr_osp_inning, melt

]
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‘spinning. or wet spinning precursor materials, wherein the

.-precursor material is a phenolic polymer.

As used herein, the term “phenclic polymer” refers to

‘a  polymer comprising -pherniolic monomers. The phenolic

'_p¢1ymerlmay be derived from lignin.

As used herein, the - terms _"étabilized" - or.
“stabili,zihg”, when used in the context of a ‘pr-ocess for
preparing -conductive fibrous' ~materials, referé to
carbdnaqeoqs precursor f£ibers which have been oxidized At
a specific’ temperature in the pfesence of oxygen. It wiil,
be understood- that in some inétances the  fibers are
oxidized by chemicélvqxidants at lo@er temperatures.

As used herein, the term “polymer .solut;.viOn” -is to be_

interpreted broadly to include any'sdiution'comprising one

or more polymer, copolymer or polymer blend dissolved in a

solvent and which comprises a concentration of polymers

“that is capable of being electrospun. Exemplary polymers .

include, but are not limited to, polyethers, polyesters,
polyalkylene oxide; " poloxamer, ' polylactonep

polyhydroxyalkanoate, polyethylene glycpl; polyéthylené

 oxide, - polypropylene glycol,  polypropylene oxide,

polycaproladtoné,‘ 'polyhydrOXybutyrate, .~ poloxamer 407,
pluronic F127, poly(vinylidenefluoride), Poly(vinylidene

fluorideQCO-héxafluoropropylene); ' polyacrylonitriie,

poly(acrylonitrile-co-methacrylate),

poly (methylmethacrylate), polyvinylchloride,

poly{vinylidenechloride-co-acrylate), o polyeﬁhylene,

.polypropylene, nylon series such as nylonl2 and hylon—4,6;

aramid, polybenzimidazole, poly{vinylalcohol}, cellulose,

cellulose acetate, celluicse acetate.butylate,‘poly(vinyl

o pytrolidoﬁe-vinyl acetates), B poly (big- (2~-methoxy-

ethpxyethoﬁ:y)’) phosphazene (MEEP), poly(ethylene imide),

poly(ethylene  succinate), = poly(ethylene sulphide),

poly(oxymethylene-oligo—bxyethylenef,, : : poiy(vinyl

10
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‘acetate), polyaniline, poly (ethylene terephthalétej,"SBS 

copolymer, poly(lactic acid) , polypeptide, biopolymer such
as protein, pitch seties.'such‘ as ‘coal-tar p;tch‘ and
petroleum pitch. Copolymers and -blends of the above
polfmers may be used. ' .
. As used herein, the term “pologamer”'refers to non-
ionic | triblock copolymers composed of a | central -
hydfophObiC'cﬁamn of polypropylene oxidée flanked by two
‘hydrophilic chains of polyethylene oxide. Poloxamefs,are:
also_knoﬁn by the trade names Synperonics® (bf Croda) ,

Pluronics® (by BASF) and Kblliphpr@’ (by BASF).
' As‘used~heréin, “pOloxamer,407" ﬁefers to a poloxamer

with a poiyproPylénévoxide molecular mass of 4,000 g/mol

‘and a 70% polyethylene oxide content. Poloxamer 407 is . a

hydrophilic non-ionic surfactant of the more general class
of copolymers known ‘as poloxamers. Poloxamer 407 is a

triblock._cbpolymerl consisting of a central hydiophobic

- block of pelypropylene glycol flanked By two hydrophilic

blocks of polyethyleﬁe glycol. The approximate lengths of
the- two' PEG blocks is 101 repeat units while the
'appfoximate length of the propylene gycol bleck is 56
‘répéat units. Poloxamer 407 is alsé known.'by thé BASF
trade name Plﬁronic—gF127 or by the Crbda‘ trade 'name
Synpéronic PE/F 127. _ |

as used herein, the term “polar solvent” refers to a.
‘solveht wherein the golvent molecules have an unevén
distribution of electron density. Examples of polar
solvents are wéter,» water-miscible organic solvents; or
mixturés' thereof 'sﬁch as acetone, aéetonitfile, N,N-. -
aimethyiformamide {DMF), tetrahydrofurah (fHF), ethyl
acetate (EtQAc), formamide, dimethyl sulfoxide (DMSO)

acetamide, ﬁater, ethanol, methanol, ethanol, isoprqpanol,

: n-pfopaﬁol, ethylene glycol, triethylene glycol, glycerol,

polyéthylene glycol, propylene glycol, dipropylene glycol,

11
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_poly?fopylene ‘glycol, random and ' block cépolYmers of -

ethylene oxide ahd propylene oxide, dimethoxytetraglycol,
butoxytriglycol, trimethyléne glycol trimethyl ether,
ethylehe glycol dimethyl ether, ethylene glycol monobutyl

ether, 'ethylene glycol_ monoethyl ether, and mixtures

thereof, but are rot limited thereto

‘The terms “a“‘and "an" are defined as .one _or more
unless this dlsclosure exp11c1tly requires otherw1se —
The word “substantlally” does not .excludegr
“completely" ‘e.g. a comp051t10n which is ™“substantially
free” from Y may be completely £free ‘from-'Y;- Where

necessary; the word “substantially” may be omitted from

the definition of the inverntion.

Unless specified otherwise, the terms "comprising"
and "eompfise",_,and- grammatical variants thereof,. are
intended te represent *open" or'“inelusive" language such
that ‘they include recited elements .but also permit
inclusion of addiﬁional} unrecited elemenpsl

Asg used,herein; the term "about", in the cohtext of

concentrations of components  of the formulations,

typically means‘+/¥ 5% of the stated value, more typically

+/- 4% of the stated value, more typically +/- 3% of the
stated value, more typically, +/- 2% of the stated value,
even more typically +/~ 1% of the stated value, and even
more'typically +/~ 0.5% of the stated velue. |
Throughout this disclosure, certain embodiments may
be disclosed in~a‘range format. It should be understood
that the description in range format is mexely for
convenlence and brev1ty and should not be construed as an
inflexible 11m1tatlon on the scope of the idlsclosed‘
ranges. Accordlngly, the description of a rahge'should be
considered to have sPecifieally‘diselosed all the possible
sub-ranges as well as individual-numerical values within

that range. For example, ‘description of a range such - as

12
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from 1 to & sHould ‘be considered t& have. specifically

disclo'sec_l' sub‘-‘_icangés_; such as from 1 to 3, ‘_from i to 4,
from 1 to 5, from 2 to- 4, " From 2 to 6, from 3 to ‘-6'~"e'tc., '
as well as i‘nd_ividual numbers within that . range, for
example, 1, 2, 3, 4, 5, and 6. This ap?l.ies regardless of
the breadth of the range. '. '

Certain embodiments may also be described 'br}oadl‘y and

generically -herein. Each - of the narrower. species and

subgéneric groupings falling within the generic disclosure
also form part of the disclosure. Thié includes the
generic description of the embodiments with a proviso or

negative limitation removing _any subjeét matter from the

‘genus, regardless of whethexr or not the excised material

is specifically recited herein.

Detailed Disclosure of Embodiments

kExémpliar'y, iion~1imitihg embodiments of the disclosed

‘conductive fibrous material will now be disclosed..

Acréording to a first aspec;t', _ﬁhere is provided a
conductive <fibrous material comprising a plurality bf
carbonacedus fibers, wherein each carbonacecus  fiber is
fused to at least one. other fiber. ° |

" In 'or;é,embodime'_nt, the carbonaceous fibers are fuse.d_.
at fiber-to-fiber contact pbints by a polymer. |

In a further embodiment, 'a major portion of ) the
carbonaé:éous fibers é.re fused at multiple fiber-to-fiber
contact points. _ |

In one embodiment, ‘the polymer may be a  low-melting:

point I'jcilymer. The low-melting point polymer may have a

‘melting point of equal to or below 200 °C, equal to or.

below 190 e°c, equal to or below 180 °C, equal to. or below
170 °C, eqgual to or below 160 °C, equal to_oi‘ below 150

°C, equal to or below 140 °C, equal to or below 130 °C,

equal to or below 120 °C, equal to or below 110 °C, equal

13
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to or below 100 °C, equal'to'or'below 90 °C; egual to or
below 80 -°C, eqgual to or below 70 °C, equal £6 or below 60
°C,gequal to or below 50 °C, -egqual to. or below 40 °C,

equal to or below 30 °C.

The molecular weight_bf the polymer may be from about
100,000 to about 1,00b,000, or abOutHVIOO,OOO to about

900,000, ‘or about 100,000 to about 800,000, or about
100,000 to about 700,000, or about 100,000 to about

600,000, or about 100,000 to about 500,000, or about
160;000 to about 400,000, or about 100,006 to about
300,000, or about 100,000 to about 200,000, or about
200,000 to about 1,000,000, or about 300,000 to about
1,090,000; or about 400,000-to about 1,000,000, or about
500,000 tq ebout .1,000,000, or about 600j000 to about
1,000,000, or about 700,000 to about 1,000,000, or about
B0O,000 to about 1, 000 000, orx about 900,'006 to aboﬁt—

. L, 000 000.

polymer may 'be selected from copolymers .oﬁ
acrylate and methacrylate, 'copolymeré__of ethylene oxide
and propylene oxide;“homo—polyethers,,co-polyethers, homo -
polyesters, co-polyesters, co-polyether-polyesters, vand

polymer blends thereof. The homo- or co-polyether may be

selected  from the group consistihg of homo—(polyalleene

oicide) , co- (polyalkylene oxide) and poloxamer The homo-
or ‘co- polyether may be salected from the group consxstlng
of. homo- (polylactone), co- (polylactone), homo-

(polthdroxyalkanoate) or (polyhydroxyalkanoate) In

_one - embodiment, the pelymer wmay be polyethylene glycol,

polyethylene oxide, polypropylene glycol, polypropylene
oxide, polycaprolactone, polyhydrcxybutyrate, poloxamer
407, or pluronic F127. I | |

- The addition of polymer may result in fusing toge;hef

of_edjacent carbonaceous fibers - which may be ascribed to

14
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the strong melting behavior ;Sf said pbiymer‘ during heat.
treatment. | ' ' .

L In one embodiment,‘ the carbonaceous fibér precursdr ~
may_'_be p_henolic fibers. -In one embodi‘ment,” t;he' phenolic |

fibers may be derived from liignin. The 1lignin may be

~selected from the group consisting of organosolv lignin,

. softwood  kraft lignin, hardwood kraft.  lignin’ and

lighosulfonate. -

In one embodiment, the weight ratio of. carbonaceous

fiber precursor to polymer  is from 99:1 to 80:20. The

weight ratioc may be 95:5, or 90:10, or 8'-5:'15, oxr 80:20, or

 75:25, or 70:30, or 65:35.

The disclosed conductive fibrous materials may be of

high carbon purity. The .conductive fibrous materials may

contain more ‘than about '60_% carbon content, more than -

~ about- 65% carbon content, more than about 70% carbon

content, more than about 75% carbon content, more than

-about - 80% carbon content, more than -about 85% carbon.

content, more than about 90% carbon content, or more ‘than.

‘about 95% carbon content.

. In one embodiment, the carbonaceous fibers may have a
diameter in ‘_th,é micrometer range, The carbonaceous fibers
may have a diameter in the range of about 0.1 to about‘:'abl
microns, or ai.l;oﬁt» 0.5 to about 80 microns, or about 1 to
about 80_microhs, or about 5 to about 80 microns, 'of about

10 ‘to about 80 mic;roﬁs',. oxr about 15_' to about 80 microns,

or about 26 to about 80 microns, or about 25 to about 80

microns,' or about 30 to about 80 micré_ns, or about 35 to
about 80 microns, or -about 40 to about 80 microns, or
about 45 to about 80 microns, or about 50 to about 80
microns,,- or about 55 to about 80‘"micro_ns, or about 60 ‘to.'

about 80 microng, or about 65 to about 80 microns, or

‘about 70 to about 80 microns, or about 75 to about 80

'micro'ns-, or about 0.1 to 75 microns, or about 0.1 to 70

.15
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microns, oY about

microns, or about

microns, or _'abput. to. 65 microns, or about 0.1 to 60
to 55 microns, ‘or about 0.1 to 50
to 45 microns, or about 0.1 to 40
microns, or about to 35 microns,. or abou't_io.'._l;_rto. 30 "

microns, or about to 25 microns, or about 0.1 to 20

o o o o o o
I T = = I

microns, or about . to 15 microns, or about 0.1 to 10
mici:ons, or about 0.1 to 5 microns, or about 0.1 to 1

microns, or about 0.1 to 0.5 microns. In one embodiment,

the carbonaceous fibers may‘ have a diameter of about 1

micron. In one embodiment, the carbonaceous -fibers may

~ have a diameter of about 0.5 microns.

In another embodiment, the carbonaceous .fibers wmay
have a diameter in the nanometer range. The carbonaceous
fibers may have a diameter of about 1 to about 1000 nm, or

about 1 to about 900 nm, or about 1 to about 800 nm, or

"about 1 to less than about 700 nm, &r about-1l .to about 600

nm, or about 1 to about 500 nm, or about 1 to about 400

.nm, or about 1 to about 300 nm, or about 1 to about 200

nm, or about .1 to about 100 rim, or about 1 to about 50 nm,

or about 100 to about 1000 nm, or about 200 to about 1000
nm, ‘or about 300 to about 1000 nm, or about 400 to about
" 1000 nm, or about 5.0»0-' to about 1000 nm, or about 600 to

about 1000 nm, or about 700 to about 1000 nm, or about 800
to about 1000 nm, or about 3800 to about 1000 nm. In

embodiment, the carbonaceous fibers may have a diameter of.

a.bout 1000 nm, In another " embodiment, the carbonaceous
fibers may have a diamete]:f of abvout-500~nm. _

© In one Aemb_odiment, the,' ‘cond'uctive fibrous material
may be doped with nitrogen. The content of nitrogen may be
in the range of about 0.1 to about 15.0%, or about 0.5 to
to

ta’

about 15.0%, or about 1.0 to about 15.0%, or about 2.0
about. 15.0%, or about 3.0 to about 15.0%, or about 4.0 to
_about 3_5_.0%,".01- about 5.0 to. about 15.0%,_’01:‘ about 6.0 to
'about 15.0%, or about 7.0 ‘to about 15.0%, of about 8.0
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* about 15.0%, or. about 9.0 to about' 15.0%, or about 10.0 to

about 15.0%, or about 11.0 to about 15.0%, or about 12.0 to
abéiu-t..15.0%,-or about 13.0 to ‘about 15.0%, or about 14.0 t_o
-about 15.0.%,-.01: about 0.1 to about 14.0%, or about 0.1 to
about. 13.0%, or about 0.1 to about:llz.o%.,- or abbut 0.1 té
about 11.0%, or about 0.1 to about 10.0%, or about 0.1 to
about 9.0%, or about 0.1 to about 8.0%, or about 0.1 to.
about 7:0%, or about 0.1 to about’rﬁ.‘o%, or about’ 0.1 to
about 5.0%, or about 0.1 .tO about 4.0%, or about 0.1

about 3.0%, or'_ about 0.1 to about 2.0%, or about 0.1 to

. about 1.0%, or about 0.1 to ébout 0.5%. The content of

nitrogen may be about 12.6%.

- In one aspect, there is provided a fibrous -mat

 comprising the disclosed fibrous material.

Advantageously, the disclosed fibrous mats may be
free standing and tough enough " to  be punched to
electrodgeé. |

Further: adv&ntageéusly, ' the disclosed fibrous mats

may be applied as 'a high performance anode material of

lithium ion 'batter-ieé_, with a specific capacity of up to
576 mA h gt. | '

In another aspect, there is provided an electrode

material for energy storage devices comprising the

discl'o_sed fibrous material. . .
| In a further ;Lspect,- there is provided a process for
forming a conductive fibrous material, Conilprising::_ S 7
é) mixing a phenolic polymer with a second polymer to
_ _£om a polymer soluticn‘;' ‘ »
Vb) preparing phenolic fibers having nano- or micro-
scale. diameters -by electrospinning the polymer
| solution of gtep a); and
c) carbonizing the phenolic fibexrs obtained through

step b) , thereby génerating carbonaceous fibers,

17
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- wherein each carbonaceous fiber 'is fused to at
least one othexr fibex. |

In one embodiment the process further comprises an

oxidizing step - before the carboulzatlon step. The

oxidizing step may be a stabilizing step. i
‘, In one embodiment, the stabilizing step comprises.
heat treating and oxidizing the phenolic fibers.

In a further embodiment, the phenolic- fibers are

stablllzed while ralslng the temperature from about room

.temperature to. about 200 °C in the presence of oxygen.

The phenolic f:.bers ‘ma‘y be sta.bilized while raising
the temperature from about room’ temperature to about 180
°C or from -about room temperature to about 180 °C, or.

from about room temperature to .about 170 °C or from about

room temperature to. about 160 °C, or from about room

temperature  to -about 150 ¢, or -from ‘' about room .

© temperature to  about 140 °C, or from " about room.

temperature to about 130 eC, or from about room

.temperature .. to about 120 ec, or from -about room

temperature to - about 110 oC, or ~from labout room
temperature to about 100 °C. Room temperature may be 25
°C. -The phenolic’ fibers may be stabilized while raising
the’ temperature - from about 25 °C to about 200 °C. _

" The phenol:n.c fibers may be stab:.llzed while raising -
the -temperature, at heatlng rates of about 0.03 °C/m1n to
about 10 °C/min, or about 0.06 "°C/min to about 10 °C/min,
or about 0.08 °C/min to about 10 °C/min, or about 1.°C/min’

to about 10 °C/min; or about 2 '?C/min to about 10 °C/min,

‘or about -3 °C/min to about 10 °C/min, or about 4 °C/min to

about 10 °C/min, or about 5 °C/min to about ‘10 °C/min, or

about 6 °C/min to about 10 °C/min, or about 7 °C/min to

“about 10 °C/min, or about 8 °C/min to about 10 °C/min, or

about 9 °C/min to about 10 °C/min, or about 0.03 °C/min to

about. 9 °C/min, or about 0.03 °C‘/min’to about 8 °C/min, or

18
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about 0.03 °C/min to about 7 °C/min, or about 0.03 °C/min

te about 6 °C/min, or about 0.03 °C/min to about 5 °C/min,

.or about 0.03 -°C/min to about 4 °C/min, or about 0.03

°C/min to about 3 °C/hin; or about 0.03 °C/min Eouabout 2
°C/min} or. ébout 0.03 °C/min to about 1 °C/min, or about
0.03 °C/min to -about b.08 °C/mih,‘or about 0;63.°C/minvto
about 0.06 °C/ﬁin. The phenolic fibers ﬁay be stabilized
while ‘raising the temperature at a heating rate of about 1
°C/min. ' ' ‘

In'a further eﬁbodiment, the phenolic fibers may be

stabilized while raising_the temperature from about xbom

temperature to about 200 °C-at 1 °C/miﬁ in the presence of

oxygen. In another embo&iment,-the phénqliq fibers may be
stabilized in air While_raising the temperature from about
room temperature to about 200 °C at 1 oc/min.

In one embodiment, the carbonizing comprises heat
treating the phénolic fibers in an inert atmospheré.,

In a further embodiment, the pheﬁéiic‘fibers may be
carbonized . at a temperature of bet‘wee”n' about 500 °C-to
;bout-lOQo °C in an inert aﬁmospherei

The = phenolic fibefs may be carbonized at. a

temperature of about 500 °C ‘to about 950 °C,. or about 500

.°C to about 900 °C, or about 500 °C to about 850 °C, or

dbout 500 °C to about 800 °C, or about 500 °C to about 750
°C, or about 500 °C to about 700 °C, or about 500 °C.to

‘about 650 °C, or about 500 ©°C to about 600 °C, or about

500 °C to about 550 °C, or about 500 °C to about 950 °C,

‘or about 500 °C to about 900 °C, or about 500 °C to about

850 °C, or about 500 °C to about 800 °C, ox about 500 °C

"to about 750 °C, or about 500 °C. to about 700 °C, or about

500 °C to about 650 °C, or about 500 °C to about 600 °C,
or about 500 °C to about 550 °C. in one embodiment, the

phenclic fibers may be carbonized at about 500 °C,

12
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In ~ one emquiment, the phenolic fibers may be
carbonized while réising the temperature at heating rates
of between about 5 °C/min to about 50 .°C/min, or about' 5

°C/min to about 40 °C/min, or about 5 .°C/min te about 30

°C/min, or .about 5 °C/min to about 20 °C/min, or abkout 5

°C/min to about 10 °C/min, or about 10 °C/min to about 50

°C/min, or about 20 °C/min to about 50 °C/min, or about 30

°C/min to ahout 50 °C/min, or about 40 °C/min to about 50

- °oC/min. In one embodiment, the phenolic fibers may be

carbonized while raising the temperature at a heating rate
of 10 °C/min. |

In one embodiment, the phenolic fibers may‘ be

carbonized at a temperature of about 900°C at 10 °C/min-iﬁ

an inert atmosphere. In a further embodiment, the phenolic

fibers may be carbonized in argon dt a temperature of.

~about 900°C.

.‘_Advantageously[ the disclosed conductive. . fibrous
materials may be easily processable and méy be fabricated
through conventibnal and sf:aightforward pfocesses which
may be,cqnducted‘on a 1arge commercial scale. |

_ Further advantagequsly,. the disclosed conductive
fibrous materials méy be.free—standing withoﬁt'using,any

binding ageﬁt, thereby simplifying the fabrication process

' . and reducing its overall cost.

. Advantageously, the addition of the second polymer-
may greatly improve the viscosi;y and spinnability of the
polymer’solution.during electrospinning: '

In -one eﬁbodiment, the weight ratio of phénolic

_ polymer to second polymer may be tuned. In one embodiment,

the weight ratio of phenolid polymer to Segond'p01Ymér may
be from about 80 to'99-weighﬁ percent of phenolic polymer
to about. 1 to 20 weight percent of sééond polymer. Thé
weight ratio of phenolic polymer to second polymer may be
fro-m, about 85 to 99 w.eight-' percent of first polymer “to
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about 1 to 15 weight percent of second ‘polymer, 90 to 99
welght percent of flrst polymer to about 1 to 10 welghta
percent of second polymer, 95 to 299 'welght.-percent of

+- first- polymer to about ‘1 t13 5 weight percent of second

polymer. The weight ratio may be 97 weight percent of

- first polymer to'3'percent-of second polymer. The weight °

ratio may be 20 percent welght percent of first polymer to
about 10 weight percent of second polymer ,

In one embodiment, the phenolic polymer 'may‘ bé.
dérive@ Erom ligninj The lignin may be selected from the
group consisting . of: organosolv lignin, softwood kraff
1ignin, hardwood kraft lignin and lignosulfonate.

In another embodiﬁent, the second polymer way be a
iow-melting'point polymer. The low-melting point polymer
may have ‘a melting point of equal to .or below 200 °C,
equal to or below. 180 °C, egual to or below 180 °C, equal
to or below 170 °C, equal to or below 160 °C, equal. to or
below 150 °C, egual to oribelow 140 °C, equal to or below
130 °C, eqﬁal to or below 120 °C, equal to or below 110
°C, equal to or below 100 °C, equal to or below 90 °C,

‘equal to or below 80 °C, equal to or below 70 oC, equal'to

or below 60 °C, equal to -or below 50 °C, equal to or below
40 °C, equal to or below 30790. . .
| ‘During stabilization énd, cérbonization. in .thg
diSClosedj process, the melting of 1ow—ﬁelting point
polymer may fuse adjacent phenolic fibers 4to generate
fused carbonaceeus fibers. - | 4

The molecular welght of the second. polymer' may be
from abqut 100,000 to about 1,000,000, oxr abopt 100,000 to

" about 900,000, or about 100,000 to about 800,000, or about

100,000 to about 700,000, or about 100,000 to about

600,000, . or about 100,000 to abdut 500,000, or about

100,000 to. about 400,000, oxr about 100,000 to about
3&0,000, or about 100,000 to about 200,000, or about
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200,000 to about 1,000, ooo " or about 300,000 to about
1,000, OOO or about 400,000 to about 1,'-'000,00_0_, or ab_out

.500,000 -to about 1,000,000, or about 600,000 to about

‘1,0-00,000_, or about 700,000 to about 1,00.0‘,.000_,_ or about
800,000 té about 1,000,000, or about 900,000 to about
2 000,000.

The second polymer may be selected from copolymers of
acrylate and methacrylate, copolymers. of ethylene oxide
and propylene oxidé, homo- polyethers, co- p_olyethers( homo-

polyesters, 'co—p'olyesters, co-polyether-polyesters, - and

polymer blends thereof. The homo- or co-polyether may be -

selected from the group cons_isting‘ of homo- (polyalkylene

oxid.e); co- (polyalkylene oxide) .and poloxamer. The homo-

or co-polyether may be selected from the group consisting
of homo- (polylactone) , co- (polylactone), - homo-.
(polyhydroxyalkanoate ) or co- (polyhydroxyalkanoate ). In

one embodlment, the second polymer may be polyethylene

" -glycol, polyethylene ‘ox:i.de,. polypropylene glycol,

polypropylene oxide, polycaprolactone,
polyhydroxybutyrate, poloxamer 407, or pluronic F127.

The addition of second'polymer“ may result in fusing

' together of adjacenﬁ carbonaceous fibers which may ‘be
~ascribed to the strong meltlng behavior of sa:Ld polymer

.durlng heat treatment.

_~ The addition of  second polymer may great:ly improve
the vlscos:L_ty and splnnaba.l_lty of the polymer solution
during el-ecl:rospimling; '

In another embodiment, the polymer solution of
dieclosed'step a) further corrlpr:.ses a polar solvent The
polar solvent may be selected from the group con81st1ng of

acetone, acetonitrile, N, N—d:.methylformamlde {DMF) ,

tetrahydrofuran ' (THF), ethyl _acetate (EtORc) , Lormamide,

dimethyl eulfoxide' {DMSQ) , acetamide, water, ethanol, and _'

methanol .
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~ In ene’ embodiment,- the disclosed process further
comprises doping the carbonabeous fiber(s) with nitrogen.
The carbonaceous fibers may be immersed in urea solution
and heated from about 25 °C to about 900 $Cgunde;Janfingrt
atmosphere. ‘ » 7 |

| The carbonaceous fibers may be heated from about 25
°C to about 850 °C, or from about 25 °C to-about 800 ©°C,
or from about 25 °C to about 750 °C, or from about 25 ?C'
to about 700 °C, or from about 25 -°C torabout 650'°C,~6r.'
from about 25 °C to about 600 °C, or from about 25 °C to
about 550 5c, or from about 25 ©C to about 500 °C, or from

ébout 25 °C to about 450 °C, or from about 25 °C to about

400 °C, or from about 25 °C to about 350 °C, or from. about
25 °C to about 300 °C, or from about 25 °C to about 250
°C, or from about 25 °C to about 200 oC, or from about 25

°C to about 150. °C, or -from about 25 °C to about 100 °C,

or from about 50 °C to about 800 °C, or from about 100 °C

to about 800_°C; or from about 150 °C to about 800 °C, or
from about 200 °C to about 800 °C, or from about 250 °C to
about 800 °C, or from about 300 °C to about 800 °C. In one

embodiment, the .carbonaceous fibers may be heated from

about 25 .°C to about 900 °C.

'In one embodiment, the carbonaceous fibers mayf be
doped with nitfogen ‘while raising‘ the temperatufe ‘atv
heating rate of betwéen.about-1'°cfmih to about 25 °C/min,
or about 1 °C/min to about 20 °C/min, or about i °C/min
to abéut 15 °C/min, or about 1 °C/min to about 10 °C/min,
or about 1 °C/min to about 5 °C/min, or about’ 5 °C/ﬁin to
about 25 °C/min, or about 10 °C/min to about 25 °C/min, or

about 15 °C/min to about 25 °C/min, or about 20 °C/min to

about 25 ©°C/min. In -one embodiment, the carbonaceous
‘fibers may be doped with nitrogen while raising the

.temperature at a heating rate of about 5 °C/min.
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'In a Ffurther embodiment, phenolic fibers may be

vacuum impregnated with urea aqueous solution and heated

'frbm:about 25°C to about 900°C at 5 °C/min under an iherg
atmdsphere- In yet another embodiment, the phenolic fibers

may be vacuum impregnated 1n argon with urea aqueous

solutlon and heating the resultlng mixture from about 25°C
to  about . 900°C; Advantageously, _the resulting N—doped'
conductive flbrous materlaﬂ. may remaln free-standing and
tngh enough to be punched,to electrodg»materlals; Further
advantageously, the resulting N—doped. conductive fibrous
méterial may -exhibit further imprdved'specific capacity.
The content of nitrogen in the conductive flbrous
materlal may be tuned by varying the concentratlon of the'
urea solution and may be.as high as 12.6%.
‘_ According to. another aspect, there is provided an

electronib device comprising the disclosed conductive

_ fibrous materiali the. disclosed fibrous mat; or tﬁe

disclosed electrode material.
Advantageously,“ the disclesed conductive . fibrous
materials may be useful in electrode materials for lithium

ion batteries, catalyst substrates, active packaging and

.may also be applied in .other energy storage devices such

as electrochemical supercapacitors.

Brief Description Of Drawings .

The accompanylng draw1ngs illustrate a disclosed

embodlment and serves to explain the pr1nc1ples of the

dlsclosed embodiment. It is to be understood, however,

that the drawings - are  designed for purposes of

illustratidn only, and not as a definition of the limits

of the 1nvent10n.

Figs. 1la and 1b show the Scannlng Electron Microsope

- {SEM) . images of _1lgn1n—der1ved_ electrospun Ananoflbers

prior to stabilization and carbonization.
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Fig. 1a shows the SEM image of lignin-derived

electrospun nanofibers 'wh-ere_in_ the weight ratio of

lignin:PEO is '97:3. Diameters of the fibers are around 1

',um.._"

Fig. 1b shows ~the. SEM image. of- ligﬁnin—derived
electrospun nanofibers wherein the weight ratio of
lignin:PEO .is 9077:10.1 Diameters of the fibers are around 1
pm. | |

Figs. 2a_and 2b show the SEM. 1mages of lignin- der:wed‘ ’

éléctrc';spun nanofibers after’ be:mg subjected to

_stabili;zatidn and carbonization. o |
" Fig. 2a shows the SEM image of 1lignin-derived
carbonaceous - nanofibers wherein the weight ratio of
lignin:PED is 97:3. Diameters of the fibers are around 500
Fi_g.l 2b shows the SEM image of lignin-derived
carbonaceous nanofibers wherein the weight ratio. of
l'ign'in:PEO is . 90:10. Diameters of the fibers are around
500 nm. _ |
Fig. 3 depicts the  disclosed conductive ' fibrous
material comprising fused ‘carbonaceous flbers in 2032 coin
cells with lithium foil ‘as the counter electrode.
Fig. 4a. shows the survey X-ray photoelectron spectra
(¥PS) of nitrogen-~ doped carbonaceous fibers. _
Fig. - 4b ‘shows the Cls XPS of nitfogen—doped
carbonaceous fibers. o -'

 Fig. .4c shows  the Nis XPS of nitrogen-doped

-carbonaceous fibers.

Fig. 5 shows the Raman spéctra . 0of lignin-derived
carbonaceous fibers. 7 '
- Fig. 6  shows the = Electrochemical  Impedance
Spectroscopy (EIS) 'of ligniri-derived mon-fused: é‘lectrospun
carbénaceo_ua fiben_;s, fused eiectrospun carbonaceocus fibers

and N-doped fused electrospun carbonaceous f£ibers.
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Fig. 7 shows the cyclic voltammogram of N-doped fused
electrospun carbonaceous fibers. The veitage window and
. :

-scanning rate are 3. 040 0V and 0.01 mV g™ ~, re'spectively

_.Fig. 8 shows the 1n1t1al dlscharge/charge curves of
carbon samples at a current rate of 30 mA gt

Fig. 9a shows the spec:.fl'c. capac:.tances_»- of lignin-
derived carbonaceous fibers_,. lignin—derived nitrogen—dope,d

carbonaceous fibers, .PAN-derived carbonaceous fibers. and

graphite at various current densities.

Fig. 9b shows the specific capacitances of - lignin-
derived carbonaceous fibers and llgn:m derived nltrogen—
doped carbonaceous flbers at various current densities.

'Fig'. 10 shows the c¢ycling st:ablllty at a . current
density of 372 mA gt (1Q) of nitrogen—doped carbonaceous
fibers, |

Fig. 11 shows a proposed structure of lignin.

Fig, 12 shows a . schematic ° diagram of the

electrospinning process.

Examples
Non-limiting . examples of the invention and a

comparative example will be further descr:.bed in greater

‘detail by reference to spec::.f::.c Examples which should not
be construed as in any way llmltlng the ‘scope of the

" invention.

Materials _ § o

Lithium foil- and = 1M = LiPFg in ethylerle-
ca.rbonate/dimethyl carbonate (1l:1.v/v ratio) were used as
the -working ,electro‘de, - counter electrode and 'electrolyte,
respectively. All were. assembled into 2032 button. cells in
an ar'gonA-filled glove box with moisture and oxygen levels E

of less than 1 ppm.. The galv_anostatie cherge/discharge

‘tests were performed using a NEWARE battery tester at
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different . current  densities with a cutoff voltage window .

of 0.005-3.0 V. The cyclic voltammetry test was pefformed

on an electrochemical workstation (PGSTAT302,' aAutolab)

within a voltage window of 3.0-0 V and at a scan rate of-

0.01° mV s*. The electroéhemical impedance spectroscopy

' (EIS) study was conducted using the same eledtrochemiéal

workstation in a frequency range of 106 to 10™2 Hz and at
an a.c. amplitude of 5 mV. '

The morphologies of the nanofibers were observed

under -a field-emission scanning electron microscope

(FESEM, JEOL- JSM 6700) at an accelerating voltage of 5 kv.

~X-ray photoelectron spectra (XPS) were obtained on a VG

ESCA LAB-220i XL X-ray photoelectron spectrometer with an
exciting source of AIL. Elemental analysis was performed on
elemental énalee (EA, flash 1112 Séries) and raman spetra

was recorded on micro raman system,

Example 1: General sxnthesis

Conductive fibrous material comprising fused carbonaceous

fibers
The ‘disclosed - free-standing N-doped  fused
carbonaceous nanofibers may be fabricated - via

elecctrospinning solutions. of Llignin and polyethylene
oxide (PEO) in diméthylformamide (DMF) followed by thermal
stabilization and subsequent carbonization with urea.

.The weight ratio of iignih to PEQ can be tuned from_.
99:1 to 80:20 via varying the concentration of the‘ﬁolyﬁer
solutiomn. - ‘

Figs. la and 1b show SEM iﬁages of the as-spun
nanofibers with- diameters around i pm  priox to-.
stabilization and carbonization. The as-spun fibers were

stabilized in air by heating from room temperature to

- 200°C at 1°C/min and subsequently carbonized under argon
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at different temioeratures from 500 to 1000°C. It was

observed that high proportions‘ of PEO - could result in

fusing together of ‘a'djacent carbonaceous fibers (as shown
in Fig. 2),- ‘'which could be ascribed. to the strong melting‘
behavior of PEO during heat treatment. Figs 2a. and 2b
show SEM  images _ of the _carbon'aceous fibers after
stabilization and carbonization with diameters. of around
O 5 pm. As the polymer and lignin- ~derived. fibers decompose
durlng the carbonization process, the diameters of the
result:.ng carbonaceous flbers are smaller with reepect to

their diameters prior to carbonization.

N-doped conductive fibrous materiai :

To further improve_ electrochemical pe'rf'ormanc':e; the
di.sclosed carbonaceous fiber mats were vacuum impregnated
with urea -aqueous solution which were then subjected to
high temperature treatment under argon to reallze high
levels of n;l.trogen doping. The content of nitrogen can be
tﬁned by varying the concentration of the urea solution
and could reach as high as 12.6% as characterized by
elemental analysis. The res'ulting/ carbonaceous fiber mats
remain free-standing and t:ough enough to be punched to

electrode mater:.als

Example 2: Preparation of fused electrospun carbonaceous -

f:.ber mats from lignin

436 mg Alcell llgnln and 48 mg polyethylene oxide (Mw
600K) were dispersed into 2 mL N,N—dlmethylformamlde _{DMF)

- under magnetic- stirring and the suspension was heated at
- 60°C for 6 h. After cooling down to room temperature.

naturally under continuous stirring, —the golution was

placed in a 1 mL plastic syringe fitted with a flap tip 22
G needle - and was electrospun 'using a horizontal

electrospinning setup. Typically, electrospinning was
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performed at 6._5-77.0 kV with a feeding rate of 1 mi/h and
the needle tip-to-plate ‘substrate distance was 10 cm. The

nanofibers were collected ‘on aluminum foil and dried at

70°C under vacuum overnight. The dried nanofibers were

thermostabilized in .a tube furnace under a‘tmoéphéric

‘envz.ronment The temperature was ramped from 25°C to 200°C

.at 1 ~oC min?t and kept at 200°C for 2 h. The'_ stablllzed

fibers were then heated from 200°C to 900°C at 10°C min ™t
under a flow of argon (150 cm’® STP/min) and. carbonized at

800°C for 2 h.

Examgle' 3: N-doping of the carbonaceous fiber mats

l 20.  mg lignin-derived carbonac‘eoué ’fiber “mats
.(‘c:a‘r_rblc.:miz-ed at 500°C for 2 h) wererimmersed in 20 mbL 10%
urea  aqueous solution and then dried under vacuum for.
several hc.>urs. The resulting mixture was hea_te-d from 25¢C
ts 900°C at .5-°<_: min! and kept at $00°C for 2 h. After
'céoling down to room tempera'tuie, | the obtained, N-doped
carbonaceous fiber mats ‘were washed with deionized water

and dried at 60°C under vacuum overnight.

Example 4: X- ray photoelectron spectroscopy (XPS) analys:.s

X~ray photoelectron spectroscopy (XPS) analys1s was
conducted to study the elemental composition and chemical .
states of the eleinépts that exist in the N-doped fused
electrospun éarbonaceoué fibers. Fig. -4a vdispl{ays the

survey spectrum (0-1000 eV) of the sample, which includes

' Cls, Nis and Ols without any other impurities. The Cls

spectrum ranging from 283 to 291 eV is shown in Fig. 4b,

which after peak fitting could ‘be divided into three

. obvious pea.ks successfully. The blndlng energy at 284.6 eV

may be attributed to graphitic carbon, which constitutes

almost half of the carbon material. The peak centersd at

285.4 eV corresponds to C-C/C-H and the peak at 288.1 eV
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'coﬁ'l_d',be-assignab]__e to small amounts of N-C=N group. The -

| Wis spectrcm in- Fig-. 4c can be fitted into three obvious

peaks locating at 398.4 eV, 399.5 eV, .and 401.0-.eV, which

indicate proportions of pyridinic nitrogen, pyrrolic

‘nitrogen and graphitic nitrogen, respectively. The peak

intensity ratioc of D-band ‘-(;1.350 cm’?, amorphous carbon} to
G-band (1580 em ™t graphitic carbon) in the Raman spectra |
(Fig. 5) further demonstrates the proportio_ns of graphitic

structure in the lignin-derived carbon fibers.

Example 5: Electrochemical performance . testing and

structure characterization

The electrochemical properties of ‘the lignin_-derived

‘carbonacecus fibrous mats as anode material for LIBs are

evaluated through assembling 2032 coin cells with lithium
foil as the counter' electrode. The electrochemical
impedance spectroscopy (EIS) analysis is shown in ‘Fig. 6,
which shows the electrical resistance of tﬁe carbon

samples. The fused carbonaceous fiber mats ~exhibit. very"

low interfacial resistance as well as charge transfer

resistance, much lower than that of the non fused ones.

.The conduct::.v;Lty may be further :meroved by doping

nitrogen :.nto the carbonaceous - fibers. Cyclic
voltamrhograms are performed to study the reaction
mechanism of the N- doped carbonaceous fibers (as shown in

Fig. 7). The intercalation of lithium can be observed

below 1.2 V and the extraction of 1lithium from carbon

occurred at low potential with a broad peak extending to
1.5 V. These results are typical folr carbon materials as
anode . in 1:;.th1um ion batteries The initial charge—
discharge curves at a current density of 30 mA g are
depicted in Fig. 8. Compared to the llgnln—derlved pure

carbonaceous fibers which have a good capacity above 400
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mA g!, the carbonaceous fibers with nitrogen . doping

exhibit much higher capacity at'SjG ma gt.

Comparative Example 1

The specific capacitances of the presently disclosed
lignin-derived carbonaceous fibers and presently disclosed
lignin—dérived Nﬂdoped carbonaceous fiberé were compared
with --PAN-derived cafbbnaceous fibers and graphite at
various current rates. _ ' '

Fig. - 9 shows that the lignin—derivéd‘ fused
carboﬁaceous fibers,iwiﬁhout 'nitrogeﬁ . doping exhibit
gimilar performance as -the PAN-derived carbonaceous
fibers.'However, the rate capacities-of the nitrogen-doped .
carbonaceous fibers far exceeded_those of the PAN-derived
carbonaceous fibers 'and ‘even at a very high current
density of 2 A g%, a satisfying capacity value of 183 wA h
g! was still achiéyed with the N-doped carbonaceous
fibers. Moreover, the N-doped carbonaceous fibers also
showed good cyclic stability at a current rate of 1C (Fig.
10). |

, _ Applicationg
The disclosed conductive fibrous material and. the
process of making-the same may be used in an electrode for .
a lithium-ion ‘béttery in a variety' of applications
including, electronic devices, such as computers and
various hand-held devices, motor vehicles, power tools,
photographic equipmentt and telécommunication devicéé;

The disclosed conductive fibrous material may . be

fabricated from low-cogt, abundant and renewable feedstock

whicli =~ advantageously ' leads to reduced costs, 'easy
accessability and proceésability:
. The disclosed conductive fibrous material may

comprise carbonaceous fibers that are fused to each other
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which advantageously leads to high conductivity}'épecific‘

surface area and enhanced electrochemical performances

when used as an electrode material in  lithium-ion’

batteries,

The disclosed conductive fibrous material may - further
be "doped with nitrogeﬁ which advantageously leads to
further improvised specific capacities and electrical
conduct1v1ty when used in _an electrode material for
lithium-ion batterles | |

The disclosed conductive fibrous material may be made
by a simple and straightforward fabrication process- which
can be conducted on a large scale.

It w111 be apparent that varlous cother modlflcatlons
and adaptations of the invention will be apparent to" the
person skilled in. the art after 'reading " the fcregoing
disclosure w1thout departlng from the spirit and scope of -
the 1nventlon and it is intended that = all such
modiﬁlcatlons and-adaptations come within the scope of the

appended claims.
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Claims

1. A conductive fibrous material comprising a plurality
of carbonaceous fibers, wherein the carbconaceous fibers
have a diameter of about 0.1 yum to about 15 pm and each

carbonaceous fiber is fused to at least one other fiber.

2. The material according to c¢laim 1, wherein the
carbonaceous fibers are fused at fiber-to-fiber contact

points by a polymer.

3. The material according to c¢laim 2, wherein the

polymer is a low-melting point polymer.

4. The material according to any one of claims 2 or 3,

wherein the polymer has a melting point of below 200 °C.

5. The material according to any one of c¢laims 2 to 4,
wherein the polymer has a molecular weight from about

100,000 to 1,000,000.

6. The material according to any one of claims 2 to 5,
wherein the polymer is selected from the group consisting
of homo-polyether, co-polyether, homo-polyester, co-
polyester, co-polyether-polyester, and polymer blends

thereof.

7. The material according to claim 6, wherein the homo-
or co-polyether is selected from the group consisting of
homo- (polyalkylene oxide), co-(polyalkylene oxide) and

poloxamer.
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8. The material according to claim 7, wherein the homo-
or co-polyether 1is selected £from the group phomo-

(polyvhydroxyalkanoate) or co- (polyhydroxyalkanoate} .

9. The material according to any one of c¢laimg 2 to 8,
wherein the polymer is selected from the group consisting
of polyethylene oxide, polypropylene oxide,
polycaprolactone, polyhydroxybutyrate or poloxamer 407.

10. The material according to any one of claims 1 to 9,
wherein a major portion of the carbonaceous fibers are

fused at multiple fiber-to-fiber contact points.

11. The material according to any one of claims 1 to 10,
wherein a precursor to the carbonaceous fiber 1s a

phenolic fiber.

12. The material accorxrding to c¢laim. 11, wherein the

carbonaceous fiber precursor is derived from lignin.

13. The material according to claim 12, wherein the
lignin is selected from the group consisting of:
organosolv lignin, softwoocd kraft lignin, hardwood kraft

lignin and lignosulfonate.

14. The material according to any one of claims 11 to
13, wherein the weight ratico of carbonaceous fiber

precursor to polymer is from 99:1 to 80:20.

15. The material according to any one of claims 1 to 14,

wherein said material is doped with nitrogen.

16. The material according to c¢laim 15, wherein the

content of nitrogen is in the range of 0.1% to 15.0%.
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17. The material according to any one of claimsg 1 to 16,
wherein the carbonaceous fibers have nano- or micro-scale

diameters.

18. A fibrous mat comprising the material according to

any one of claims 1 to 17.

19. An electrode material for energy storage devices
comprising the material or fibrous mat according to any

one of claims 1 to 18.

20. A process for forming a conductive fibrous material
according to any of claims 1 to 19, comprising:

a) mixing a phenolic polymer with a second polymer to
form a polymer solution;

b} preparing phenolic fibers having nano- or micro-scale
diameters by electrospinning the polymer solution of step
a);

c) carbonizing the phenolic fibers obtained through step
b}, thereby generating carbonaceous fibers, wherein each

carbonaceous fiber is fused to at least one other fiber.

21. The process according to claim 20, further
comprising stabilizing the phenolic fibers prior to

carbonization.
22. The process according to <¢laim 21, wherein the

stabilizing comprises heat treating and oxidizing the

phenolic fibers.
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23, The process according to any one of claims 20 to 22,
wherein the carbonizing comprises heat treating the

phenolic fibers in an inert atmosphere.

24. The process according to any one of claim 20 to 23,
wherein step a) comprises the step of selecting the weight
ratio of phenolic polymer to second polymer as being from
about 80 to 99 weight percent of phenolic polymer to about

1 to 20 weight percent of second polymer.

25. The process according to any one of claims 20 to 24,
comprising the step of selecting the phenclic polymer asg

being derived from lignin.

26. The process according to c¢laim 25, wherein the
lignin is selected from the group consigting of:
organoscolv lignin, softwood kraft lignin, hardwood kraft

lignin and lignosulfonate.

27. The process according to any one of claims 20 to 26,
comprising the step of selecting the second polymer as

being a low-melting point polymer.

28. The process according to any one of claims 20 to 27,
comprising the step of selecting the second polymer as

being a polymer with a melting point below 200 °C.

29. The process according to any one of claims 20 to 28,
wherein the second polymer has a molecular weight from

about 100,000 to 1,000,000.
30. The process according to any one of claims 20 to 29,

wherein the second polymer is selected from the group

consisting of homo-polyether, co-polyether; homo-
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polyester, co-polyester, co-polyether-polyester, and

polymer blends thereof.

31. The process according to claim 30, wherein the homo-
or co-polyether is selected from the group consisting of
home- {polyalkylene oxide), . co-(polyalkylene oxide) and

poloxamer.

32. The process according to claim 31, wherein the homo-
or co-polyether is selected from the group consisting of
homo- (polylactone), co- (polylactone), homo-

(polvhydroxyalkancate) or co- (polvhydroxyalkancate).

33. The procegs according to any one of claims 20 to 32,
wherein the second polymer is selected from the group
consisting of polyethylene oxide, polypropylene oxide,

poelycaprolactone, polyvhydroxybutyrate or poloxamer 407.

34. The process according to any one of claims 20 to 33,
wherein the polymer solution of step a) further comprises

a polar solvent.

35, The process according to any one cof claims 20 to 34,
wherein the polymer solution of step a) further comprises
a polar solvent selected from the group consisting of
acetone, acetonitrile, N, N-dimethylformamide {DMF) ,
tetrahydrofuran (THF), ethyl acetate (EtCAc), formamide,
dimethyl sulfoxide {(DMSO), acetamide water, ethanol, and

methanol.
36. The process according to any one of claims 20 to 35,

further comprising the step of doping the carbonaceous

fibers with nitrogen.
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37. An electronic device comprising the conductive
fibrous material of any one of claims 1 to 17, the fibrous

mat of claim 18, or the electrode material of claim 19.
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