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CONDUCTI :VE FI BROUS MATERI ALS

| Technical Field
The present invention generally relates to conductive
fibrous materi al 's that may be used in electrode materials
useful in energy ‘storage devices. The present invention
also rel af es to processes for making said conductive .
fibrous materials . |

Backgr ound _

‘Wth rapid developnent of the global econony, the
depletion of fossil fuels and increasing environnental
pol lution, advanced technologies for energy conversion and
storage are being extensively studied around the world.

Rechargeable lithium ion batteries have been regarded as

~one of the rrbst efficient and environnmentally benign types

of energy storage devices and are widely wutilized in

various portable electronic devices, hybrid electric

-vehi_cles and energing smart grids. Carbon materials as

electrode materials of [lithium ion batteries have been
predom nant | y' used and are comercially vi abl e for
i ndustrialization because  of their | ow cost, easy

accessibility and processability . An exanple of | such

carbon materials ‘is graphi te.

However, one problem with utilizing graphite is that
it suffers from low energy density (theoretical capacity
372 mA h g™') when used as an anode materi al for lithium

ion batteries. To better satisfy the ever-growing denmand

for high-performance power sources, the developnment of

nanostructured carbon materials (such as graphene, carbon
nanot ubes, ful'l erenes, etc. ) with high conductivity and

accessi bl e specific surface area has attracted great

Tesearch interest in the |ast decade.
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~Nanocar bons have been considered . as ° promising

"electrode materials for the next generation of lithiumion

batteries. However, one problem with present comercial
carbon nanomaterial s is that they are nostly fabricated

from non- renewabl e resources  (such as coals and petroleum

or relatively | expensi ve pol yners (such - as
.po'I yacrylonitrile = (PAN and phenolic resi ns) . However,
ener gy short’ages and gr owi ng mar ket demands still

necessitate a need to find cost-effective, environnentally

benivgn and - renewable sour ces for produci ng hi gh
per f or man‘ce nanocarbon materials.

Anot he‘r probl em Wi th pr esent commer ci al car bon
nanomateri al s is that they my require conplicat ed and

expensive fabrication processes which my not “be suitable

for large-scale applications. . -

Anot her pr obl em Wi th pr esent commer ci al car bon
nanomate,rvi al s when used “in an electrode miteri al for
energy storage devices is t'hat they may be unstable when
used in different electrolytes and may not perf orm wel | .i n
a wide range of t'errperat ures.} |

| A further problem w th pr esent conmer ci al car bon
nanomateri al s is that they my not be free-standing
wi thout using a bi hdi ng agent. Mst comrercially available
carbon electrode materials are in powder form and are
typi Cal Iy mxed wth a. binding agent (for exanple,
polyvinyl idene fluoride) during the fabrication process. |
The use of a binding agent may di sadvant ageous ly result in
a tedious fabrication process and poorer electrochemn cal
performance . Furthernmore , the use of a binding agent nmay
contribute substantial ly to the - overall cost of
fabrication.

There is therefore a need to provide conductive

materials that overcone, or at least aneliorate, one or

nore of the disadvantages described _aboVe.

2
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There is a need to provi de conductive materials that
may be 'f'abri'cat ed from |ow cost, abundant, envi rohrrent ally
beni gn. and renewable materials.

There is a need to provide conductive rfateri al s

useful in electrode materials for [lithium ion batteries

‘that exhibit high specific capacity.

There is a need to provide conductive materials that
are easily processabl e, have Ilarge accessible surface
area, high carbon purity, high .electrical conductivity and
high structural integrity. '

There is a need to provide conductive materials that
may be fabfi cated through conventional and strai ghtforward

processes whi chv'may -be conducted on a large commercial

scal e.

There is a need to provi de conducti v‘e materials ‘are
st abl é- when used in different electrol ytes and pevrform
well - in a wide range of tenperatures when used in an
el ectrode material for energy storage devices. |

~There is a need to provide conductive materials that
are free-standing w thout using any binding agent, thereby
sinplifying the fabrication process and reducing its

overall cost.

Summary
According to a fi rst aspect, there is provided a
conduct i ve fibrous rmaterial conprising a plurali ty of
carbonaceous fibers, wherein each carbonaceous fiber is
fused to at |least one other fiber. '
Advant ageousl y, the carbonaceous fibers are obtained
from a phenolic fiber source, the phenolic fiber source

havi ng undergone a carbonization step.

Advant ageously, the conductive fibrous material may
be wuseful in an electrode naterial for energy storage -

devi ces
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According to a second aspect, there is provided an

el ectrode naterial for energy. storage devices conprising

the disclosed conductive fibrous material

Advant ageousl vy, the disclosed conductive fibrous
material s display high specific capacities when used in an
el ectrode material for energy storage devices.

Al so advantageousiy,’_the di scl osed conductive fibrous
haterials ~nay be easily procéssable, have Iarge)accessible_
surface /areas, hi gh  carbon ' purity, highv eléctrical
conductivity and high structural integrity when Used in an
el ectrode nmaterial for energy storage devices.

Advant ageously, =~ the disclosed. conductive fibrbus
material s conpriéing fused carbonaceous fibers may exhi bit
hi gher electrical conductivity and better electrochenical
performance when used in an el ectrode naterial for energy
storage devices when conpared wth cdnductive fibrous
materi al s conpriéing unfuséd car bonaceous fibers.

Yet anot her . advantage is _that t he di scl osed
conductive fibrous materials may be stable when used in
di ff erent electrolytes and may perform well in a wde

range of tenperatures when used in an electrode material

~for energy storage devices.

Furt her advahtageously, the disclosed conductive
fibrous_ materials may be free-standing wthout using any
bi nding agent, thereby sinplifying the fabrication process
and reducing its overall  cost. Advant ageously, - the
diScIosedr conductive fibrous materials nmay be a free-
standing carbon fibrous mat with 'high structural integrity
that can be_ directly wused as ‘an electrode material
t her eby avoi di ng t he t edi ous step of electrodé‘
fabrication. 7 | ‘

In one enbodinent, the carbonaceous fibers are fused

at fiber-to-fiber contact pointé by a pol yner.
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Advant ageously, the polynmer may result in the fusing
toget her of adjacent carbonaceous fibers.

In a .further enbodinent, the polyner may be a |ow
mel ting point polyner.

' Advantagedusly, the strong nelting behavior of the
pol ynmer may 'fesult in 'the fusing together of adjacent
carbonaceous - fibers during heat treatnent. '

In one enbodinent, the disclosed conductive fibrous
materials may be fabricated  fron1|ignin. '
Therefore advantageously, the disclosed conductive

fibrous material s may be fabricated from | owcost,

- abundant, environnmentally benign and renewable materials.

In a further enbodi nent, the disclosed ’conductive
fibrous materials may be doped with nitrogen.

Advant ageously, the nitrogen-doped conductive fibrous
materials may further inprove {he capacity as well as the
conductivity of fhe disclosed' conductive fibrous naterialé
when used as an. electrode material in energy storage
devi ces. | ,. v ‘

According to a ‘thfrd aspect, there is provided a
fibrous mat conpfising the di scl osed conductive fibrous
mat eri al

’Advantageously, the disclosed fibrous mat may be free
standing and tough enough to be punched to electrode
materi al s. '

According to a fourth aspect, there is provided an
électrode material for energy storage devices éonprising“

the discl osed bonductive fibrous materi al or discl osed

-fibrous mat .

Advant ageousl vy, the use of the disclosed electrode
mat eri al in energy storage devices results in inproved

el ectrochem cal performance.
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Accordihg to a fifth aspect, there is provided a
process for form ng a conductive fibrous material,
conpri si ng: ‘ ‘

a) mxing a phénolic poiynEr with- a second pofyner to

form a pofynEr sol ution;

b) preparing phenolic fibers having nano- or nicro-
scale diameters by  electrospinning the polyner

~solution of step a); and ,

c) carbonizing the phenolic fibers obtained through
step b), thereby generating carbonaceous fibers,
wherein each ~carbonaceous fiber is fused to at
| east one other fiber.:

The nethod step advantégeously conprises an oxidizing
step before the carbonization step. The oxidizing step
adVantageoust stabilizes the phenolic fibers.

Advant ageously, the carbonization step is undertaken
in an inert at nosphere, preferably in argon

Advant ageousl vy, the nelting of the second _pblyner
during the carbonization - step may fuse adjacent phenolic
fibers to generate fused carbonaceous fibers. _

Advantageously, the disclosed conductive - fibrous
materials may be easily prdcesséble and nay"be fabricated
tHrough conventional and straightforward processes which
may be conducted on a large commercial scale.

Furt her advant ageousl y, the disclosed conductive

fibrous materials may be free-standing wthout using any

bi nding  agent, ~ thereby reducing  overall costs of
fabrication. | ] | |
Advant ageously,  the second polyner hay greatly
inprbve the viscosity and spinnability of +the polymer
solution during electrospinning.
According to a sixth aspect, there is provided an

el ectronic ‘device conprising the disclosed conductive
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fibrous material, t he disclosed >fibrOUS mat , or the

di scl osed electrode materi al

Definitions

The followng are sone definitions that may be hel pful

in understanding the description of the present inventionf

These are intended as general definitions and should in no
way limt the scope of the present invention to fhose
ternms alone, but are put forth for a better understanding
of the followi ng description. -

“Unless the context requires otherwise or specifically
stated to the contrary, integers, steps, or elenents of

the invention recited herein as singular integers, steps

- or el enent s clearly enconpass both singular and plural

fornms of the recited integers, steps or elenents.
As used herein, the term "alkylene" includes wthin
its nmeaning divalent straight chain or br anched ~chain

saturated aliphatic groups having from 1 to 12 carbon

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

atoms. For exanple, the term alkylene includes, but is not

[imted to, met hyl ene, et hyl ene, 1-propyl ene,
i sopropyl ene, 1- butyl ene, 2- but yl ene, i sobut yl ene, tert-
butyl ene, . anmyl ene, - 1,2-di net hyl propyl ene, 1,1-
“di met hyl propyl ene, - pentylene, isopentylene, hexyléne, 4-

met hyl pentyl ene, 1- net hyl pentyl ene, 2- et hyl pentyl ene, 3-

- nmet hyl pentyl ene, 2,2—dinethyfbutylene, 3, 3-
di net hyl butyl ene, 1,2-di met hyl but yl ene, 1, 3-
~di met hyl butyl ene , 1,2,2-trimethyl propyl ene, | 1,1, 2-
tri met hyl propyl ene, 2- et hyl pentyl ene 3- et hyl pentyl ene
hept yl ene, 1- net hyl hexyl ene , 2, 2-di net hyl pentyl ene, 3, 3-
di net hyl pentyl ene 4, 4- di met hyl pent yl ene, | 1, 2-
dfnethylpentylene, 1,3—dinethy|pehty|ene, 1, 4-
dinethylpehtylene , 1,2,3-trimethyl butyl ene, 1,1, 2-
trimethylbutyl ene | "~ 1,1,3-1rimethyl butyl ene, 5-

7
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mét hyl hept yl ene; - 1- et hyl hept yl ene,' octyl ene, nohyl ene,
decyl ene, undecylene, dodecylene and the like. AI kyl ene
grbups may -be optionally substituted. v ‘
As used hereivn, the term "polyether" refers to a
polymer having the repeat wunit [-O-R— wherein R is a

hydr ocar byl ene groupv having 2 to 5 <carbon atons. The

pol yet her may also be a  random or‘b bl ock  copol yner

conpr i si ng different repeat units which contain different
R groups . | '
As used herein, the term "polyester" refers to a

pol ymer conprising an ester group in its main chain, for

~exanple, polymers conprising a repeating - (ORC(=0) )-

unit or a repeat i ng - (0-C(=0) -R - unit, wherein R is a
hydrocar byl ene group having 2 to 5 carbon atoms . The
polyester nmay also ‘be a random .or block | copol ymer

conpri si ng' di fferent repeat “units which contain different

'R groups .

As used herein, the terrh "pol yal kyl ene .oxide" refers
to a polymer conprising a repeating —Oalkylene) - unit,
for exanple, - (OCHZCHZ) n-OH, or ,—(OCHZCHZ')n—OCI-B, wher ei n
n indicates the nunber of repeati.ng units .

As used  herein, the. term "pol yhydrdxy al kanoat e"

referé to pol ymeric hydrOxy— al kanoat es . Hydroxy- al kanoat es

may be'besters/ of hydroxyaci ds.

As used herein, the term “lignin" refers to any lignin
or [ignin derivative which include Brauns '~ lignin,
cellulolytic enzynme |ignin, di oxane acidolysis lignin,

mlled wood lignin, Kl ason lignin, periodate lignin, kraft

['ignin, softwood kraft |ignin, hardwood kraft 1ignin,
l'ignosul f ates, lignosulfonates, organosolv [ignin, ‘and
st eam expl osi on i gnin or any substances made in whole or

in part from lignin or any subunits, nononers, or other
conponents derived therefrom - Thus, .lignin is meant to

include lignin, and/ or any conmpound corrpri sing lignin or

8
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t‘he r‘esidue .ther'eof and refers to any polyner conprising

p- hydr oxyphenyl units, 'syringyl wunits, and guaiacyl wunits.

‘As used herein, a "low nelting-point pol yrrér" refers

to a polynmer havi ng a nelting point of about below 200 °c

~The lownelting point polymer may include polyethylene

oxi de, pol ycaprol act one pol ypr opyl ene oxi de,
pol yhydr oxybut yr at e, pl uroni c F127 etc. |
'Asv used herein, the term "mgjor portivo‘n" in the

context of this specification and with - reference to fused
and unfused fibers, refers to an anount greater t han  50%
greater than 55% greater than 60% greater ‘than 65%
greater than 70%  greater than 75% greater than 80%
greater than‘8.5% greater than 90% or greater than 95%

As used herein, the term "micro" is to be i nterpreted
broadly to include di nmensi ons  between about 1 micron to
about 500 m crons. » | »

As used herein, the term "hano" is to be interpreted
broadly to incl ude di mensi ons |ess than about 1000 nm

As used herein, the term "car bonaceous" in connection
with fiber (s) refers to fiber (sy with a carbon con‘tent
greater than» about 70 wei ght' percent. The carbon content"
may be increased as a result of an irreversible chemcal
reaction of a carbonaceous fiber precursor, for exanple by

heat treatnent , to render the fibers carbonaceous . The

-car bonaceous fibers may - be produced from polyneri c

precursor fibers, such as phenolic fibers.

~ As used herein, the term “carbonaceous . fiber
pirecursor" ‘ref'ersv to polyneric precursor fi be'r's that are
capable of wundergoing an irreversible chemical reaction,
f or exanpl e, heat treat nent, to produce cér bonaceous

fibers; An exarrp‘le of polyneric precursor fibers : is

phenolic fibers.

As used herein, the term "phenolic fiber or fibers"

refers to fibers pr epar ed by el ectrospi nning, mel t
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spinning . or wet spinning precursor materials, wherein:  the

precursor nmaterial is a phenolic polyner.

As used herein, the term "phenolic polynef' refers to

'a‘-polyner conpri sing phenolic NDNONEr S. The phénolic

pol yner nmay be derived from lignin.

As used her ei n, the  terns ~"stabilized" - or
"stabilizing", when used in the context of a .process for
preparing conducti ve fibrous materi al s, refers to

carbonaceous precursor fibers which have been oxidized at
a specific tenperature in the pfesence of oxygen. It will
be understoodb t hat in sone instances the fibers -are
oxi di zed by chemical oxidants at |ower t enper at ur es.

As used herein, the term "polymer solution" -is to be

interpreted broadly to include any solution conprising one

or nore polyﬁer, copol ymer or polyner blend dissolved in a

solvent and which conprises a concentration of polyners
that is capable of being electrospun. Exenmpl ary pol yners
include, but are not linited tQ, pol yet hers, pol yesters,
pol yal kyl ene oxi de, pol oxaner, pol yl act one,
polyhydroxyalkanoafe ,  pol yethyl ene gl ycol, polyethylené
oxi de, pol ypropyl ene gl ycol , polypropylene oxi de
polycaprolactonef pol yhydr oxybut yr at e, poIoXaner 407,
pluronic F127, poly (vinylidenef luoride) ,  poly (vinylidene

£l uori de- co- hexaf | uoropropyl ene) . ‘ polyacrylonitrile,

‘poly (acrylbnitrile-co-nethacrylate)

poly (methyl met hacryl ate) , polyvinylchloride |,

poly (vinylidenechl oride-co-acrylate) ' pol yet hyl ene,

.pol ypropyl ene, nylon series such as nylonl2 and nylon-4,6{

aram d, pol ybenz i m dazol e, poly (vinylalcohol) , cellulose,

cellulose acetate, cellulose acetate butylate, poly (vinyl

: pyfrolidone -Vvi nyl acet ates), poly (bis- (2-nethoxy -
et hoxyet hoxy) ) phosphazene (MEEP) , poly (ethylene inide) ,
poly (ethyl ene ~succinate) ,  poly (ethylene sul phi de) ,

pol y (oxynet hyl ene-ol i go- oxyet hyl ene) -, , pofy(vinyl

10
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‘a_cet ate), pol yani |l i ne, poly (ethylene terephthalate) ,  SBS -

copol ymer, poly (lactic acid), pol ypepti de, bi opol yner such
as protein, pitch series . such as ’coal-tar pitch and
petroleum pitch.  Copolyners and - bl ends of the: abbve
polyners may be used.

As used herein, the term "poloxaner" refers to non-

ionic ; triblock copol yrer s conposed of a centra

‘hydrophobic *~ chain of polypropyl ene oxide flanked by two

hydrophilic chains of polyethylene oxide. Poloxanmers are
also known by the thade, names Synperonics ® (by C}oda) ,
Pluronics ® (by BASF) and Kol liphor ® (by BASF) .

As used herein, "poloxamer 407" fefers to a pol oxaner
with a pofypropylene ~oxide nolecular mass of 4,000 g/nol
and a 70% polyethylene oxide content. - Poloxaner 407 i's é
hydrophilic non- ionic surfactant of the nore general class
of copolynmers known as pol oxaners. Pol oxamer 407 is a
triblock copol yner consisting - of a «central hydr ophobi ¢
bl ock of pol ypropyl ene gl ycol flanked by two hydrophilic
bl ocks of polyethylené glycol . The approximate |engths of
the two | PEG Dbl ocks is 101 repeat units while the

'approxinate length of the .propylene gycol Dblock is 56

repeat units. Poloxamer 407 is also known by the BASF
trade nanme Pluronic -.F127 or by the Croda trade name
Synperonic PE F 127.

As used herein, the term "polar solvent" refers to a

sol vent wher ei n the sol vent nmol ecul es ‘have an uneven

di stribution of electron density. Exanpl es of  pol ar
solvents are ‘méter,} wat er - m sci bl e organic solvents, or
m xt ures t her eof such as acetone, acetonitrfle, N, N- .
di met hyl formani de (DMF) , t et r ahydr of ur an (THF), et hyl
acetate (EtOAc) , fornmam de, di met hyl sulfbxide (DVBO)
acet am de, mbter{ ethanol, nethanol, ethanol, isopropanol
n-prOpahoI, ethylene glycol, triethylene glycol, glycerol

pol yet hyl ene glycol, propylene glycol, dipropylene glycol,

11
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_ pol ypr‘opyl ene gl ycol , - random and block copolyners of

et hyl ene oxide and propylene oxide, dinmethoxytetraglycol |,
butoxytriglycol , trimethylene gl ycol trimethyl et her,
et hyl ene glycol dinmethyl ether, ethylene glycol nonobutyl

et her, et hyl ene glycol = nonoet hyl ether, and mxtures

thereof, but are not limted thereto

The ternms "a" and "an" are defined as one or nore
unless this disclosure explicitly requires ot her wi se. » |
 The wor d "subét antially" does not . exclude _
"conpletely" eg a c‘orr.posi ti on which is "substantially
free" from Y my be completely free from Y.  Were
necessary, the word "subét antially" may be onitted from
the definition of the invention.

Unl ess spéci' fied otherw se, the terns "cbrrpri si ng"

and "Conrpri se", and grammati cal variants thereof, are
intended to represent "open" or i ncl usi ve" | anguage such
t hat t'heyv' include recited elenments . but also permt

inclusion of additional, unrecited el ements.

As used herein, the term "about", in the context of
concentrations of conponent s of t he formul ati ons,
typically nmeans +/- 5% of the stated value, nore typically
+/- 4% of the stated value, mor e typically +/- 3% of the
stated value, nore typically, +/- 2% of the stated val ue,
even rmré typically +/- 1% of the stated value, and evén
more typically +/- 0.5% of the stated val ue.

Thr oughout this discl osure, certain enbodinments may
be disclosed in  a rangé format. It should be understood
that the description "~ in range format is nerely for
conveni ence and brevity and should not be construed “as an
i nflexible Iim'vtation} on the scope of the disclosed
ranges. Accordi ngly,' the description of a range should be
considered to have specifi cal | y di sclosed all the possi bl e
sub- ranges as well as individual nunerical values wthin

that range. For exanple, description of a range such as

12
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from 1 to 6 sh‘ould be considered to have specificélly;
di sclosed sub-ranges such as from 1 to 3, from 1 to 4,
from 1 to 5, from2 to 4, from 2 to 6, from 3 to 6 etc.,
as well as individual nunbers within that . range, for
exanpl e, .1, 2, 3, 4, 5, and 6. This applies regardl ess of
the breadth of the range. | '

Certain enbodinents may also be described br'oadly and

generically herein. Each of the narrower species and

subgeneric groupings falling within the generic disclosure
also form part of the disclosure. This includes the
generic description of the enbodinments wth a proviso or

negative Iirﬁtati_on'rermving “any subjeCt matter from the

~genus, regardless of whether or not the exci sed materi al

is specifically recited herein.

Detai | ed Disclosure of Enbodinents
Exenpl ary, non- liniting enbodiments of the disclosed
conductive fibrous material wll now be disclosed.

“ Acéordi ng to a first aspect , _t'here is provi ded a
conductive fibrous material conprising a plurality of
car bonaceoué - fibers, wherein each carbonaceous fiber s
fused to at |east one other fiber. , |

I'n one . embodi rre'nt , the carbonaceous fibers are fused_-
at fiber-to-fiber contact points by a pol yner. |

In a further enbodi nent, a major portion of  the
carbonaééous fibers ére fused at multiple fiber-to-fiber
contact points. '

In one enbodinment, -the polyner miy be a- Iowmalvting'
poi nt polymar. The lownelting poivnt polymer may have a
melting point of ’equal to or below 200 °c, equal to or.
bel ow 190 °C, equal to or below 180 °C, .equal . . to or bel ow

170 °C, equal to or below 160 °c,  equal to_o\r bel ow 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
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to or below 100 °C, equal to or below 90 °C, equal to or
bel ow 80 °cCc, equal to or below 70 °c, equal to or bel ow 60

°C, 4eqUaI to or below 50 °C -equal to or below 40 °C

equal to or bel ow 30 °C

The nol ecular weight of the polymer may be from about
100,000 to about 1,000,000, or about 100,000 to about

1900, 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
100,000 to about 400, 000, or about 100,000 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, 000, 000, or about 400,000._to about 1,000,000, or about
500,000 to about 1,000, 000, or about 600,000 to about
1,000,000, or about 700,000 to about 1,000,000, or about
800,000 to about 1,000, 000, or about 900,000 to about
1, 000, 000. | ' _ |

The  pol yner my be selected from copolymers of
acrylate and nethacrylate, 'copolyners - of et hyl ene oxi de
and propyl ene oxide, 'honD—ponethers, co- pol yethers , hono-
pol yesters, co- pol yesters, co- pol yet her - pol yesters, vand
polynmer blends thereof. The honb- or co-polyether nmay be
selected from the group consisting of hono- (polyalkylene
oXide), co- (polyélkylene oxi de) and pol oxamer. The hono- -
or'éo—polyether may be ‘sel ected ‘from t he group conéisting
of honDF (pofylactone) , co- (pol yl act one) hono-
(polyhydroxyalkanoaté) ~or  co- (pol yhydr oxyal kanoate) . In
one ' enbodi nent, -the polymer may be polyethylene glycdl,
pol yet hyl ene  oxi de, pol ypr opyl ene gl ycol , pol ypr opyl ene
oxi de, pol ycaprol actone , pol yhydroxybutyrate , pol oxamer
407, or pluronic F127. ' ' »

- The addition of polynmer may result in fusing t oget her

of adjacent carbonaceous fibers - which may be ascribed to
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the strong rreiting behavior of said polymer during heat

treat nent .

In .one enbodinent, the carbonaceous fiber precursor

may be phenolic fibers. |In one enbodinent, the phenolic
fibers may be derived from lignin. The lignin nay be
selected from the group consisting of organosolv [lignin,

. sof t wood >kraft ['i gnin, har dwood kvr aft i gnin and

[ ignosul f onate .

In one enbodinent, the weight ratio of carbonaceous
fiber precursor to polyner - is from 99:1 to 80:20. The
weight ratio may be 95:5 or 90:10, br 85: 15, or 80:20, or |
75:25, or 70:30, or 65:35. | |

The disclosed conductive fi br ous nmaterials may be of
hi gh | carbon purity. The .conductive fibrous materials may
contain nore than about 60% carbon content, nore than
about  65% carbon éont ent, nore than about 70%— car bon
content, nore than about 75% carbon content, nore than
about  80% cér bon content, nore t han -about 85% carbon

content, nore than about 90% carbon content, or nore than

“about 95% carbon content.

- In one enbodiment, the carbonaceous fibers may have a
di ameter in ,thé m cronmeter range. The carbonaceous fibers
may have a dianmeter in the range of about 0.1 to about‘ 80
m crons, or about_ 0.5 to about 80 mcrons, or about 1 to
about 80 m'crohs, or about 5 to about 80 mcrons, of about

10 to about 80 m'cronS, or about 15" to about 80 microns,

or about 20 to about 80 microns, or about 25 to about 80

mcrons, or about 30 to about 80 mcrons, or about 35 to
about 80 microns, or -about 40 to about 80 nicrons, or
about 45 to about 80 mcrons, or about 50 to about 80
m crons, | or about 55 to about 80 mcrons, .or about 60 to
about 80 m crohs, or about 65 to about 80 microns, or

about 70 to about 80 mcrons, or about 75 to about 80

'm'crohs, or about 0.1 to 75 mcrons, or about 0.1 to 70
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m crons, or abqut 0. 1 to. 65 mcrons, or about 0. 1' to 60
mcrons , or ébout 0.1 to 55 mcrons, | or about 0.1 to 50
mcrons , or about 0.1 to 45 nicrons, or about 0.1 to 40
mcrons , or about 0.1 to 35 mcrons, . or about 0.1; to 30
m crons, or about 0.1 to 25 nicrons, ~or about 0.1 to 20
mcrons , or about 0.1 to 15 m crohs, or about 0.1 to. 10
m crons, or about 0.1 to 5 mcrons, or about 001 to 1
m crons, or about 0.1 to 0.5 ni crons. In one enbodinent,

the carbonaceous fibers may have a dianeter of about 1
mcron. = In one enbodi menf, the car bonaceomjs fibers may

have a dianeter of about 0.5 nicrons,

In anot her enmbodi ment the carbonaceous . fibers may
have a dianeter in the nanoneter range . The carbonaceous
fibers may have a diameter of about 1 to ébout 1000 ran, oOr
about 1 to about 900 nm or about 1 to about 800 nm or
about 1 to less than about 700 nm or about -1 .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 nm 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 500 to about 1000 nm or about 600 to
about 1000 nm or about 700 to about 1000 nm or about 800

t o about 10000 nm  or about 900 to about 1000 nm In
enmbodi ment, the carbonaceous fibers my have a dianeter .of.
about 1000 nm In another  enbodinent, the carbonaceous

fibers - may have é diameter of about 500 nm

I'n one enbodi nent, t he condljct ive fibrous mat eri al
may be doped with nitrogen. The content of nitrogen my be
i n the range of about 0.1 to about 15.0% or about 0.5 to
about  15. O% or about 1.0 to about 15. 0% or about 2.0 t d
about. 15.0% or about 3.0 to about 15. O% or about 4.0 to

~about 15.0% or about 5.0 to about 15.0% or about 6.0 to

about 15.0% or about 7.0 to about 15.0% or about 8.0 to
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"~ about 15.0% or about 9.0 to about 15. 0% or about 10.

to
about 15.0% or about 11.0 to about 15.0% or about 12.0 to

0

0
about 15.0% -or about 13.0 to about 15.0% or about 14.0 to

1

1

1

to

about 15.0% or about 0.1 to about 14.0% or about 0.1 to
about 13.0% or about 0.1 to about 12.0% or about 0.1 to
about 11.0% or about 0.1 to about 10.0% or about o.

about 9.0%- or about 0.1 to about 8.0% or about 0., to.
about 7:0% or about 0.1 to about 6.0% or about O.J! to
about 5.0% or about 0.1 to about 4.0% or about 0.1 to-
about 3.0% or about 0.1 to about 2.0% or about 0.1 to

about 1.0% or about 0.1 to about 0.5% The conteht of
nitrogen may be about 12.6%

In  one aspect, there is provided a fibroUs\»nat
conprising the disclosed fibrous nateriaL

Advant ageousl vy, the disclosed fibrous mts may be
free standing and tough enough to be punched io
eleétrodes) |

Further = advantageously, the disclosed fibrous mats

- may bé applied as a high performance anode nateriaf of

l'i t hi um ion batteries, wth a specific capacity of up to
576 mwA h g™*. |

In. another aspect, there is provided an electrode

mat eri al for energy storage devices conprising t he

di sclosed fibrous material. ‘ _
In a further aspect}. there is provided a process for
formng a conductive fibrous material, coﬁprising:
a) nixing' a phenolic polynmer with a second polyner to
form a polyner solution;
b) preparing phenolic fibers having nano- or nicro-
scale dianeters rby el ectrospinning the polyner
| solution of step a); and
c) carbonizing the phenolic fibers obtained through

step .b), t her eby génerating car bonaceous fibers,
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tenperature ~ to about 120 °

. wherei n each carbonaceous fiber 'is fused to at
| east one other fiber. |

In one enbodiment, - t he prdcess further conprises an
oxi di zi ng step - before t he car boni zat i on st ep. The
oxidizing step may be a stabilizing step. ‘

In one enbodinent, the stabilizing step conprises
heat treating and oxi di zi ng the phenolic  fibers.

In a further enbodi nent , the phenolic - fibers are
stabilized while rai vsi ng the tenperature frbm about room
tenperature to about 200 °C in the presence ofA bxygen.

The phenolic fibers may be stabilized whil e raising
the tenperature from ébout ‘room’ tenperat ure to about 190
°C, ’or ‘from. about room temoerature to about 180 ~°C, or .
from about room tenperature to about 170 °C, or from about
room tenperature to about 160 °c, or from -about room

tenperature to  about 150 °c, or from  about r oom

o

tenperature to  about 140 , or from about room.

o

tenperature to about 130

C
C
(o or from about room
C

., or from -about room
tenperature to - about 110 °C, or from about room
tenperature to about 100 °cC. Room tenperature may be 25
°C. ‘The phenolic  fibers my be stabi | i zed while:raisi ng
t he tenperature from about 25 °C to about 200 °C

The phenolic fibers may be stabilized while raising
the tenperature ait heating rates of about 0.03 °Cmn to
about 10 °C/nin, or about 0.06 °C/nin to about 10 °C/nin,
or about 0.08 °C/mn to about 10 °C/min, or about 1 °C/min’

to about 10"C/mn, or about 2 °C/mn to about 10 °C/ mn,

‘or about 3 °C/nin to about 10 °C/mn, or about 4 °Cmn to

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

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

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

abou"t 9 °CUmn to about 10 °C/mn, or about 0.03 °Cmn to

about 9 °C/min, or about 0.03 °C/min to about 8 °C/nin, or
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about 0.03 °C/mn to about- 7 °C/mn, or about 0.03 °C/mn

to about 6 °C/mn, or about 0.03 °C/mn to about 5 °C/mn,

-or about 0.03 °C/mn to ‘about 4 °C/mn, or about 0.03

°C/min to about 3 °C/min, or about 0.03 °C/nmin to about 2
°Cnin, or about 0.03 °C/mn to about 1 °C/nin, or about
0.03 °C/min to about 0.08 °C/min, or about 0.03 °Cmin to
about 0.06 °C/min. The phenolic fibers may be stabilized
while raising the tenperature at a heating rate of about 1
°Cl/ mn. : '

In a further enbodi ment,  the phenolic fibers may be
stabilized while raising the tenperature from about room
tenperature to about 200 °C-at 1 °C/mn in the presénce of
oxygen. In another enmbodinent, the phenolic fibers may be
stabilized in air vvhile‘raising the tenperature from about
room tenperature to about 200 °C at 1 °C/rrin.

In one enbodinent, the carbonizing conprises heat
treating the phenolic fibers in an inert atnosphere.

In a further enbodiment, the phenolic fibers may be
ca'rbonized ‘at a tenperature of between about 500 °C.to
about - 1000 °C in an inert at’m)sphere.

The phenolic fibefs may be carbonized at. a
tenpefature 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
about 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 °G 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, 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 aboutv 550 °C. in one enbodinent, the

phenolic fibers may be carbonized at about 900 °C
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In  one enbodinent, the phenolic fibers my be |
car boni zed vvhi‘le raising the tenperature at heating rates
of between about 5 °C/min to about 50 .°C/nin, or about 5
°C/min to about 40 °Gmin, or about 5 °Gnin to about 30
°C/mn, or about 5 °C/mn to about 20 °Cmn, or about 5
°C/min to about 10 °C/nmin, or about 10 °C/nmin to about 50
°C/min, or about 20 °C/min to about 50 °C/nin, or about 30
°C/nin to about 50 °C/min, or about 40 °C/nmin to about 50
°C/min. In one enbodinment, the phenolic fibers my be
carboni zed while raising the tenperature at a bheating rate
of 10 °C/min. | |

In one ‘errbodi ment , the phenolic fibers may " be
carboni zed at a tenperature of about 900°C at 10 °C/nin in
an ihert at nosphere. In ‘a further enbodinment, the phenolic

fibers may be carbonized in argon at a tenperature of.

_‘about 900°C.

~ Advant ageously,  the di sbl osed  conductive  fibrous
materials may be easily processable and may be fabricated
t hrough conventional and straightforward pr'ocesses whi ch
may be conducted on a large commercial scale. |

Furt her advant ageousl vy, the disclosed conducti ve

fibrous materials may be free-standing W thout ‘using any
bi ndi ng agent, thereby sinplifying the fabrication process
and reducing its overall cost.

~Advant ageousl vy, the addition of the second polyner
may greatly inprove the viscosi ty and spinnability of the
pol ymer solution during electrospinning. ‘

In one enbodinent, the weight ratio of phenolic

~polyner to second polyner nmay be tuned. In one enbodi nent,

the weight ratio of phenolic’ pollyrre‘r to second polymer may
be from about 80 to 99 vvei‘ght' percent of phenolic polyner
to about 1 to 20 weight percent of second polyner. The
wei ght ratio of phenolic polyner to second polymer nay be

from about 85 to 99 weight percent of first polyner ~to
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about 1 to 15 weight percent of second polynmer, 90 to 99
wei ght percent of first polynmer to about 1 to 10 weight

percent of second polyner, 95 to 99 wei ght ~percent of

~first polynmer to about 1 to 5 vei ght percent of second

polynmer. The weight ratio may be 97 weight percent of

- first polyner to 3 ‘percent of second polyner. The weight

ratio may be 90 percent weight percent of first polymer to
about 10 wei ght perceht of second pol yner. ' _

In one enbodi nent, the phenolic polymer may be
dé_rived from lignin. The lignin may be selected frorh t he

group consisting of: organosolv lignin, sof twood kraft

| gnin, hardwood kraft lignin and |ignosulfonate .

In another enbodiment, the second polynmer may be a
| ow nel ti ng 'poi nt polymer. The lownelting point polyner
may have a nelting point of equal to .or below 200 -°c
equal to or below. 190 °Cc, equal to or below 180 °C, equal
to or below 170 C equal to or below 160 °C, equal to or
bel ow 150 °c equal to or | bel ow 140 °c, equal to or below
130 °Cc, equal to or below 120 °c, equal to or below 110

°c, equal to or below 100 °Cc, equal ‘to or below 90 °c

“equal to or below 80 °cC, equal to or below 70 °C, equal to

or below 60 °C equ_al to-or below 50 °c, equal to or below
40 °c, equal to or bel ow 30 °C

Duri ng stabilization and car boni zati on in t he
di scl osed | pr ocess, the nelting of ow rfel ting point
pol ymer  nmay fuse adj acent phenolic fibers to generate
fused carbonaceous fibers. | o |

The nol ecular weight of thé second polymer nmay be
from about 100,000 to about 1,000,000, or about 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 about 500, 000, or about

100,000 to. about 400,000, or about 100,000 to about
300, 000, or about 100,000 to -about 200,000, or about
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200,000 - to about 1,000,000, or about 300, 000 to about
1, 000, 000, or about 400,000 to about 1, 000, 000, or about

- 500, 000 to about 1, 000, 000, or | about 600, 000 to about
1, 000, 000, or about 700,000 to about 1, 000, 000, or about

800, 000 to about 1, 000, 000, or about 900, 000 to about
1, 000, 000.

The second polyner nmay be selected from copolyners of

acrylate and  nethacryl ate, copol ymers of ethylene oxide :
and propylene oxide, hono-polyet her s , co-pol y‘et hers,  hono-
pol yesters, "co- pol yesters, co- pol yet her - pol yest ers, - and
pol ymer . blends 'thereof. The honp- or co-polyether my be

selected from the group consisting of hono- (polyal kyl ene

oxi de), co- (polyal kyl ene oxide) and pol oxaner. The hono-

or co-polyet her may  be selected from the group -consisting

of honmo- (polylactone) co- (pol yl actone) , hono-
( pol yhydroxyal kanoat e) or co- (pol yhydroxyal kanoat e) . In
one enbodi ment , the second pol ymer may be polyethyl ene
gl ycol, pol yet hyl ene oxi de, pol ypropyl ene gl ycol,
pol ypropyl ene ' oxi de, bol ycapr ol act one,
pol yhydr oxybut yr at e, pol okaner 407, or pluronic F127.

The addition of second pol yher “may result in fusing
t oget her of adjacent car bonaceous fibers which nmy be

ascribed to the strong nelting behavior of said  polyner
during heat treatnent ‘
| - The addition of second .poI yrrer may bvgreat ly inprove
the wviscosity andv spi nnabi | i ty of ‘the polyner sol ution
during elect fospi nni ng

In anot her enbodi nent , t he pol ymer sol ution of
di scl osed st ep a) further conprises .a polar solvent. The

polar solvent may be selected from the group consisting of

acet one, acetonitrile, N, N-di net hyl f or mani de (DVF)
tetrahydrofuran ~ (THF) , ethyl acet at e (Et OAC) , formam de,
di et hyl sul foxide (DVBO) , acetam de, wat er , et hanol , and
nethandl.
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In one enbodinment, the disclosed process further
conprises doping the carbonac‘:eous‘ fiber (sy with nitrogen.
The carbonaceous fibers may be inmersed in urea solution
and heated from about 25 °C to about ,900' °C under .-an inert
at nosphere . | |

The carbonaceous fibers my 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 to about 650 °C- or .
from about 25 °C to about 600 °c, or from about 25 °C to
about 550 °cC, or from about 25 °C to about 500 °C, or from
about 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 fromvab"out
25 °C to about 300 °c, or from about 25 °C to about 250
°c, or from about 25 °C to about 200 °c, 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

enbodi rrént, the -carbonaceous fibers may be heated from

about 25 .°C to about 900 °cC

In one enbodiment, the carbonaceous fibers may be
doped wth nitr'ogen while raising the tenrperatufe at
heati ng rate of bet ween .about 1 °C/nmin to about 25 °C/min,
or about 1 °Cmn to about 20 °C/mn, or about 1 °C/min
to about 15 °C/min, or about 1 °C/min to about 10 °C/ nin,
or about 1 °C/nin to about 5 0/ min, or about' 5 °C/nin to
about 25 °C/min, or about 10 °C/min to about 25 °C/nin, or
about 15 °C/min to about 25 °C/nin, or about 20 °Cmn to
about 25 °C/nin. In - one enbodinent, the car bonaceou‘sb
fibers Amay be doped Wit h nitrogen while raising the

tenperature at a heating rate of about 5 °C/mn.
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"In a further enbodinent, phenolic fibers my be

vacuum inpregnated wth wurea aqueous solution and heated

from about 25°C to about 900°C at 5 °C/min under an inert
~atnosphere. - In yet another enbodinent, the phenolic fibers

my be v'vacuum' inpregnated in argon wth urea aqueous

solution and heating the resvulting m xture from about 25°C

to . about 900°C. »Ad'vant ageously, the resulting N-doped |
conductive fibrous material may “remain - free-standing and
tough enough to be punched t o electrode materials. Further

advant ageousl vy, the resulting N doped conductive fibrous

material may exhibit further »i npr oved | specific capacity.

The <content of nitrogen in the conductive fibrous
mat.eri al may be tuned by varying the concentration of t.he
ubr ea solution and nmay be as high as 12.6% | ,

~ Accordi ng to another aspect, there is provided an
el ectronic devi ce conpri sing ‘the disclosed conductive
fi b‘rvous mat eri al , the . disclosed fi brbus mat , or the
di scl osed electrode material. |

Advant ageously,  the di scl osed éonduct ive  fi br ous
materials may be useful in electrode materials for [ithium

ion batteries, catalyst substrates, active packaging and

-may also be applied in other energy storage devices such

as el ectrochem cal supercapacitors

Brief Description Of Draw ngs
The - acconpanyi ng dr awi ngs illustrate a disclosed

enbodi ment  and serves to explain the principles of the

di scl osed enbodi nent. It is to be wunderstood, however,
t hat t he dr awi ngs are desi gned for pur poses of
illustration only, and not as a definition of the limts

of the invention. v
Figs. la and |Ib show the Scanning Electron M crosope

(SEM) images of lignin-derived  electrospun vna'_mofi bers

prior .to stabilization and carbonization.
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Fig. la shows the SEM inmage ~ of I'i gni n-derived

el ectrospun nanof i bers vvhérein the weight ratio  of

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

MTL.

#ig. Ib shows the. SEM inage of Iighi n-deri ved
el ectrospun nanof i bers wherein the weight ratio  of
Iignin: PEO is 90:10. Dianeters of t.he fibers are around 1
g . |

Figs. 2a and 2b show the SEM inmages of |ignin-derived

el ect rospun nanofi bers after bei ng subj ect ed to

stabilization and carbonization.

Fig. 2a  shows t he SEM i mige of l'ignin-derived
carbonaceous  nanofi bers wherein the wei g'ht ratio of
lignin:PEO is 97:3. Diameters of the fibers are around 500
nm

Fig. 2b  shows the SEM image of I'i gni n-derived
car bonaceous nanof i bers wher ei n the weight ratio. of
i gnin: PEO is .90:10. Dianeters of the fibers are around
500 nm

Fi g. 3 depicts the = discl osed conductive fi brous
material conprising fused carbonaceous fibers in 2032 coin
cells with lithium foil as the counter electrbde. |

Fig. 4a shows the survey X-ray phot (_)el ectron | spectra
(XPS) of nitrogen- doped carbonaceous  fi bers.

Fig. 4b  shows t he ds XPS  of ni ‘tr.ogen- doped
car bonaceous fibers. |

~Fig. 4c shows t he Nl s XPS  of ni t rogen- doped

‘car bonaceous fi bers.

Fig. 5 shows the Ranman speCt ra . of lignin-derived
carbonaceous fibers. _

Fig. 6 shows t he El ect rochem cal | npedance
Spectroscopy (EIS) of lignin-derived non- fused electrospun
carbonaceous fi ber‘s, fused electrospun carbonaceous fibers

and N-doped fused electrospun carbonaceous fibers.
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Fig. 7 shows the cyclic voltanmmogram of ‘N-doped sted
el ectrospun carbonaceous fibers. The vol tage w ndow and
scanning rate are 3.0-0.0 V and 0.01 mV s, respectively.

~Fig. 8 shows the initial. di scharge/ charge curves of
carbon sanples at a current rate of 30 mA g™*. |

Fig. 9a shows the Specificv Capacitances ~of lignin-
derived carbonaceous fibers, |1lignin-derived nitrogenQdOped
carbonaceous fibers, PAN-derived carbonaceous fibers and
graphite at varidus current ‘densities. |

Fig. 9b shows the specific capacitances of |ignin-
derived carbonaceous fibers and lignin-derived nitrogen-
doped carbonaceous fibers at various curreht densities.

Fig. 10 shows the cycling stability at a current
density of 372 ﬁA gt (10 of nitrogeh- dopéd car bonaceous
fibers.

Fig. 11 shows a proposed structure of |ignin.

Fig. 12 shows a . schematic  diagram of t he

el ectrospi nning process.

Exanpl es
Non- imting exanp[es of t he i nvention and a
conparative exanple wll be further described in greater

detail by reference to specific Exanpl es, which should not

be construed as in any way IinitTng the scope of t he
~invention. ' '
Material s .
Li t hi um f oi | and  IM Li PF¢ in et hyl ene

carbonate /di methyl carbonate (1:1 v/v ratio) were used as
t he wor ki ng _electrode, counter electrode and électrolyte,
respectively. Al were. assenbled into 2032 button cells in
an afgonffilled glove box with npisture and oxygen levels
of less than 1 ppm = The galvanostatic char ge/ di schar ge

tests were performed using a NEWARE battery tester at
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different . current . densities with’ a cutoff voltage w ndow
of 0.005-3.0 V. The cyclic voltammetry test was perforned

on an electrochemical  workstation (PGSTAT3 02,  Autol ab)

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

0.01° mV s™*. The electrochenical i npedance spectroscopy
(EI'S) st'Udy was conducted wusing the sane electrocheni cal
wor kstation in a frequency range of 106 to 1072 Hz and at
an a.c. anplitude of 5 nV.

The nor phol ogi es of the nanofibers were observed
under a /fi el d- eni ssi on scanni ng el ectron m crosc'ope
(FESEM JEOL - JSM 6700) at an accelerating voltage of 5 kV.
X-ray photoel ectron spectra (XPS) were obtained on a VG
ESCA LAB- 220i' XL X-ray photoelectron spectroneter with an
exciting source of Al. Elenental anal ysis was perforned on
el enental analyze (EA, flash 1112 series) and raman spetra

was recorded on mcro raman system

Exanple 1: General synthesis

Conducti ve _fibrous mat eri al comprising fused carbonaceous

fibers

The di scl osed 'free-standing. N- doped fuséd
car bonaceous nanof i bers may be fabricated via
el ecctrospi nni ng solutions of lignin and polyethyl ene

oxide (PEOQ in dinethylf ormanide (DMF) followed by thermal
stabilization and subsequent carbonization wth urea.
-The weight ratio of lignin to PEO can be tuned from

99:1 to 80:20 via varying the concentration .of the pol ymér

sol uti on.

Fi gs. la and |Ib show SEM images of the as-spun
nanof i bers with- di ‘an’et,ers ar ound 1 pm prior to-
stabilization and carbonization. The as-spun fibers were
stabilized in air by heating from room tenperature to

200°C at I°C/mn and subsequently carbonized under argon
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at different terrperatures from 500 to 1000°C It was

observed that high proportions of PEO .could result in

fusing together of adjacent carbonaceous fibers (as shown
in Fig. 2), which could be ascribed to the strong melting'
behavior of PEO during heat treatnent. Figs 2a. and 2b
show SEM images of the car bonaceous fibers after
stabilization and carbonization with diameters of around
0.5 pum. As the polymer and lignin-derived fibers deconpose
duri ng the car b.oni.zati on process/ the dianeters of the
resulting carbonaceous fibers are smaller wth reépect to

their dianmeters prior to carbonization.

N-doped conductive fibrous materi al

To furt he’r i nprove el ectrochem cal per f or mance, | t he
di scl osed carbonaceous fiber nmats were vacuum inpregnated
with urea vaqueous solution, which were then subjected to
hi gh tenperat ure treat ment' under argon to rfeal ize high
| evel s of ni trogen doping. The content | of nitrogen can be
thed by varying the concentration of the wurea solution
and could reach as high as 12. 6% as characterized by
el emental analysis. The resulting carbonaceous fiber mats
remain free-standi ng and tough enough to be punched to

el ectrode materials.

Exanple 2; Preparation of fused el ectrospun_carbonaceous -

fiber mats fromliqgnin

436 mg Al cel | | ignin and 48 mg pol yet hyl ene = oxide (Mwv
600K) were dispersed into 2 mL N,N-dinethylf ormam de (DVF)
under nmagnetic -stirring and th’e - suspension was heated at
60°C for 6 h. After cooling doWn to room tenperature
natural ly  under conti nuous stirring, -the solution was
placed in a 1 mL plastic syringe fitted with a flap tip 22
G needle and  was el ectrospun  using a horizontal

el ectrospi nni ng set up. Typically, el ectrospi nni ng was

28



WO 2014/182250 » ‘ ' N ' PCT/SG2014/000207

10

15

20

25

30

performed at 6.5-7.0 kV with a feeding rate of 1 ml/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
t her nost abi | i zed in a tube furnace under atnospheric

envi ronment . The terrperat'ure was ranped from 25°C to 200°C

at 1 °C mnt and képt‘ at 200°C for 2 h. The stabilized
fibers were then heated from 200°C to 900°C at 10°C mn™!
under a flow of argon (150 cm® STP/nmin) and cér boni,ied at
900°C for 2 h. | |

Exanple 3: N-doping of the carbonaceous fiber mats

| 20 ' ng [ignin- derived car bonaceous fiber ~mats
(carbbnized at 500°C fqr 2 h) were imersed in 20 mL 10%
urea = aqueous solution and then dried. under vacuum for
sever al hdurs. The resulting mxture was heated from 25°C
to 900°C at '5°C mn'!t and kept at 900°C for 2 h. After
cdoling down to room t enperat ure, the obtained N-doped
carbonaceous fiber mats were washed wth deioni zedv wat er

and dried at 60°C under vacuum overnight.

Exanple 4: X-ray phot oel ectron spectroscopy (XPS) analysis

X-ray bphot oel ectron spectroscopy (XPS) analysis was
conducted to study the elenental conmposition and chenical
states of the el ement s that exist in the Ndoped fused"
el ectrospun car bonaceous‘ fibers. Fi g. 4a displays the

survey spectrum (0-1000 ev) of the sanple, which includes

~Cs, Ns and 01s without any other ierUrities. The ds

spectrum ranging from 283 to 291 eV is shown in Fig. 4b,
which . after vpéak fitting could "be divided into three
obvi ous peaks successfully. The binding energy at 284.6 A\

may be attributed to graphitic carbon, which constitutes

alnost  half of the carbon material. The peak‘centered at

285.4 eV corresponds to CGCCH and the peak at 288.1 eV‘
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could "be assi gnable to small amunts ‘of N-C=N group. The

NI's spectrum .in-Fig. 4c can be fitted into three obvi ous

peaks locating at 398.4 ev, 399.5 eV, .and 401.0 .eVv, which
i ndi cate proportions of py—r i dinic ni trogen, pyrrolic
nitrogen and graphitic nitrogen, respect'i 'velvy. The peak
intensity ratio of D-band (1350 cm't, armrphbus carbon) to
G band (1580 cm'! graphitic carbon) in the Raman spectra
(Fig. 5) further dermnstrat es the proportions of graphitic

structure in the lignin-derived carbon fibers.

Exanpl e 5: El ectrochemical __ performance testing and

structure characterization

The el ectrocheni cal properties of “the [lignin-derived

‘carbonaceous fibrous mats as anode material for LIBs are

eval uated through assenbling 2032 coin cells wth lithium
foil as the count er el ectrode. The el ect r ocheni cal

i npedance spectroscopy (BElS) analysis is shown in Fig. 6,
whi ch shbws the electrical resi stance of the carbon
éarrpl es. The fused carbonaceous fiber mats exhibit very
low interfacial resi stance as well as charge transfer

resi st ance, much lower than that of the non-fused ones.

The conductivity may be further i nproved by doping
ni trogen into t he carbonaceous - fibers. Cyclic
vol tan‘rrbgr ans are per f or med to st udy t he reaction

mechani sm of | the N-doped carbonaceous fibers (as shown in
Fig. 7). The -intercalation of lithium can be observed
below 1.2 V and the extract'i on of lithium from carbon
occurred at |low potenti al WI th a broad peak extendi ng' to
1.5 V. These results are typi cal fo.r carbon materials as
anode in Jlithium ion batteries. The initial char ge -
di scharge curves at a curfent density of 30 mA g are
depicted in Fig. 8. Conpared to the lignin-derived pure

carbonaceous fibers which have a good capacity above 400
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mA g', the carbonaceous fibers wth ni tr‘ogen . dopi ng

exhibit much higher capacity at 576 mA g''.

Cormar'ative Exanple 1

The specif ibc capacitances of the presently disclosed
l'ignin-derived carbonaceous fibers and presently disclosed
['igni n-deri ved N-dop‘ed carbonaceous  fi bers. were conpar ed
with - PAN-derived car bonaceous fibers and graphite at

various current rates.

Fig. 9 shows t hat t he [ignin-derived - fused
car bonaceous fibers = w t hout nitrogen . doping exhi bi t
simlar per f or mance as the PAN- deri ved car bonaceous

fibers. However, the rate capacities of the nitrogen-doped
carbonaceous fibers far exceeded thbse of the PAN-derived
car bonaceous fibers and even at a very high cu_rf_ent
density of 2 A g™*, a satisfying capacity value of ‘183 mA h
g* was still achieved with ‘the N-doped car bonaceous
fibers. Moreover, thé N- doped car bonaceous fibers also
showed good cyclic stability at a current rate of 1C (Fig.

10)

Applications

The disclosed conductive fibrous material and the
process of nmaking the sane nay be used in an electrode for
a Jlithium ion Dbattery in a variety | of applications
i ncl udi ng, el ect ronic devi ces, such as conputers and
various hand-held devices, notor vehicles, power tools,
phot ographic equi pnment, and tel écomruni cafi on devices.

The discl osed conductive fibrous nmaterial may - be
fabricated from | ow cost, abundant and renewabl e feedstock
whi ch advant ageously | eads to reduced costs, “easy
accessability and procesSabi lity _

The di scl osed conductive | fi brous material  may

conpri se carbonaceous fibers that are fused to each other
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whi ch advantageously leads to high conductivi ty, specific ‘

surface area and enhanced el ectrochem cal per f or mances

when used as an electrode nmaterial in lithium ion’

batteri es.. » _

The di scl osed cond_uct ive fibrous material may further
be doped wth nitrogen which advantageously leads to
further inprovised specific capacities and electrical
conductivity when wused in .an electrode nmaterial for
lithium ion batteries. | '

The disclosed conductive fibrous material may be made
by a sinple and strai ghtforward fabrication process  which
can be conducted on a |arge-scale. _

It wll be apparent that various other nodi fi cati ons
and adaptations of the invention will be apparent to the
person skilled in the art after r eadi ng the foregoing
di sclosure w thout departing from the spirit and scope of
the invention and it | is intended that all such
modi fications and adaptations come wthin the scope of the

appended cl ai ns.
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d ai s

. A conductive fibrous material conprising a plurality
of 'carbonaceous fibers, wherein each carbonaceous

fiber is fused to at |east one other fiber.

. The material according to <claim 1, wherein the
carbonaceous fibers are fused at fiber-to-fiber

contact points by a pol ymer.

. The material according to claim 2, wherein the

polyner is a lownelting point polyner.

. The material according to any one of clains 2 or 3,
wherein the polyner has a nelting point of below 200
°C, | |

. The material according to any one of clains 2 to 4,
wherein the polynmer "~ has a nolecular meight’ from
about 100,000 to 1,000, 000.

. The materi al according' to any bne of claims 2 tb 5,
wherein the polyner is selected from the group
consisting of hono-polyether , co-polyether, hono-
pol yester, co-polyester, co-polyether-polyester , and

pol yrmer bl ends théreof;

. The material according to claim 6, wherein the hono-

- or co- pol yet her is selected from the group

consi sting of honmo- (pol yal kyl ene oxide) , co-

(pol yal kyl ene oxi de) and pol oxaner.

. The material according to claim 7, wherein the homo-

or co- pol yet her i's sel ected from the group
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10..

11.

12.

13.

consisting of hono- (polylactone) , co- (polylactone)}

hormo- ( pol yhydr oxyal kanoat e) - or co-

(pol yhydr oxyal kanoat e)

. The material according to any one of clains 2 to 8,

wherein the polyner is selected from  the group
consi sting of pol yet hyl ene oxide, pol ypropyl ene
oxi de, °~ pol ycaprol actone pol yhydr oxybutyrate =~ or

pol oxamer 407

The material according to any one of clains 1

to o9, wherein a nmmjor portion of the carbonaceous

fibers are fused at nultiple fiber-to-fiber contact

poi nt s.

The material according to any one of clains 1
to 10, wherein a precursor to the carbonaceous fiber

is a phenolic fiber.

The material according to claim 11, wherein the

carbonaceous fiber precursor is derived from Iignin.

The material according to claim 12, wherein t he
lignin is selected from the group consisting of:

organosolv -lignin, softwod kraft |Ilignin, hardwood

" kraft lignin and |ignosul f onate .

14 .

15.

The material according to any one of clains 11
to 13, wherein the weight ratio of carbonaceous

fi ber precursor td_polyner is from 99:1 to 80:20.

The material according to any one of claim 1

to 14, wherein said material is doped with nitrogen.
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16.

The material accordi ng to claim 15, wherein the

content of nitrogen is in the range of 0.1% to

"15. 0%

17.

18.

19.

20.

21.

30

. 22.

The material according to any one of clains 1
to 16, wherein the carbonaceous fibers have nano- or

m cro- scal e di aneters.

The material according to any one of clains 1
to 17, wherein '~ the carbonaceous fibers have a

di aneter of about 0.1 pm to about 80 pm.

- . A fibrous mat conprising thematerial according

to any one of clains 1 to 18.

An el ectrode mat eri al for- energy ’storage
devices conprising the mterial or fibrous mat

according to any one of clains 1 to 19. -

A process for formng a conductive fibrous

material, conprising:

a) mxing a phenolic polymer with a second pol yner to
form a polymer solution; |

b) preparing phenolic fibers having nano¥ or mcron
scale - dianeters "by electrospinning the polyner
sol ution of Step a);

c) carboni Zi ng the phenolic fibers obtained through
step b), thereby generating carbonaceous fibers,
wherein each carbonaceous fiber is fused to at

| east one other fiber.
The process according to claim 21, further

conprising stabilizing the phenolic fibers prior to

car boni zati on.
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23.

24.

The process according to claim 22, wherein the
stabilizing conprises heat treating and oxidizing

the phenolic fibers.

The process according to any one of clainms 21

to 23, wherein - the - carbonizing conpri ses heat

‘treating the phenolic fibers in an inert at nospher e.

25 .

The process according to any one of claim 21 to

24, wherein step a) conprises the step of selecting

~the weight ratio of phenolic polyner to second

pol'ymer as bei ng‘ from about - 80 to 99 weight percent

~of phenolic polynmer to about 1 to 20 weight percent

~of second pol yner.

26..
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- 27

28.

29.

 The process according to any one of clainm 21

to 25 conprising the step of selecting the phenolic

-pol yner ‘as bei ng derived from lignin.

The process according to claim 26, wherein the
lignin is selected from the group consisting  of:
organosolv lignin, softwood kraft 1lignin, hardwood

kraft lignin and lignosulf onate.

The process accor di ng to any one of clains 21
to 27, conprising the step of selecting the second

pol ymer as being a |ownelting point pol yner.

‘The proce.ss according to -any one of claim 21
to 28, conprising the step of selecting the second
polymer as being a polyner wth a nelting point
bel ow 200 °cC.
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30.

31.

32.

33.

34.

35.

36.

The- process according to any one of clains 21
to 29, IWherein the second pol ynmer ‘has a nol ecul ar
wei ght -from about 100,000 to 1,000, 000.

The process according to any one of clainms 21

to 30, wherein the second polyner is selected from

t he gr oup consi sting of hono- pol yet her , co-
pol yet her, ' honn-polyester, Co-polyester, “co-
pol yet her - pol yest er, and polymer blends thereof.

The process according to claim 31, wherein the

homo-  or co-pol yet her is selected from the group
consi sting of hono- (pol yal kyl ene oxi de) , co-

(pol yal kyl ene oxide) and pol oxaner.

The process according to claim 32, wherein the

hono- ~ or co- pol yet her is selected from the group
consisting of horo- (polyiactoné), co- (polylactone) ,
hono- (pol yhydr oxyal kanoat €) or co-

(pol yhydr oxyal kanoat e)

The process according to any one of clains 21
to 33, wherein the second polynmer is selected from
t he group consi sting of pol yet hyl ene oxi de

pol ypropyl ene - oxide, pol ycapr ol act one,

pol yhydroxybutyrate or pol oxamer 407.

The process according to any one of claims 21
to 34, wherein the pol ymer solution of Step a)

further conprises a polar solvent.

The process according to any one of claim 21
to 35 wherein the polyner solution of step a)._
further conprises a polar solvent selected from the

group consisting of acetone, acetonitrile, N,N-
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~ di et hyl f or mami de | (DVF) , t et rahydr of uran (THF)

ethyl acetate (EtOAc) , formam de, di met hyl sul f oxi de

\(DMSO), acetam de water, ethanol, and nethanol.

5 37. The process according to any one of clains 21
to 36, further conprising the step of dopi'ng t he

‘carbonaceous fibers wth nitrogen.
38. An electronic device <conprising the conductive
10 “fibrous material of any one of clains 1.to 18, the

fibrous mat of claim 19, or the electrode material

of claim 20.

15
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