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Abstract

Project Code : TRG5780270

Project Title : Synthesis of core shell Nitrogen-containing carbon coated LiFePO, as high

performance cathode materials for the next generation lithium ion batteries

Investigator : Dr. Supacharee Roddecha

Department of Chemical Engineering, Faculty of Engineering, Kasetsart University
E-mail Address : fengsrro@ku.ac.th

Project Period : 2 years

Abstract: LiFePO, is considered as the promising cathode material for a large-scale Li batteries
used in electrical vehicles (EVs). However, a practical use of LiFePO,4 cathode is limited by its
low ionic conductivity, resulting in low battery’s power performance. In this work, a facile
approach to promote ionic conductivity and capacity of LiFePO, was developed by dispersing
LiFePO,4 nanoparticle into a porous nitrogen-riched carbon matrix facilitated by practical one-pot
synthesis. The N-containing carbon porous matrix was prepared by utilizing pluronic F127 as
the porous template combining with various heteroatom-containing carbon precursors, including,
melamine-formaldehyde (MF) and cyanuric-formaldehyde (CF) resin as the nitrogen-containing
carbon, while; using phologlucinol-formaldehyde (PF) resin as the oxygen-containing carbon.
The pseudocapacitive effect attributed from lone-pair electrons into the heteroatom functional
groups were expected to support Li ion transport. The influence of carbonization temperature
(500, 600 and 700 oC) and the pluronic F127 concentration (0.03:1, 0.1:1, 0.3:1, F127:carbon
matrix molar ratio) on the LiFePO, nanocomposite’s morphology and crystalline structure was
investigated by using XRD, SEM, XPS and Ny-sorption techniques. Increasing the
concentrations of pluronic F127 and suitable carbonization temperature can support more
porous structure formation, leading to a higher surface area and better crystallinity. It was found
that utilizing different carbon precursures would affect the electrochemical performance of the
lithium battery testing cell and required different optimized preparation condition. For the
composite cathode prepared from the melamine-formaldehyde and cyanuric-formaldehyde
carbon coating material, the appropriate preparing condition that provided most electrochemical

efficiency for a coin-type cell battery tested at a rate of 0.1 C was at 600 °C carbonization



temperature and 0.3:1 molar ratio of pluronic F127:carbon coating material. This synthesis
condition achieved a specific capacity of about 147 and 100 mAh g'1, for the LiFePO, cathode
compositing with melamine-formaldehyde and cyanuric-formaldehyde, respectively. Meanwhile,
the targeted LiFePO, cathode coated by phologlucinol-formaldehyde carbon precursor delivered
the highest specific capacity of about 100 mAh g'1, at a rate of 0.1 C by preparing from the
carbonization temperature of 500 °C and 0.03:1 molar ratio of pluronic F127:carbon coating
material. The conducted composite cathode products exhibited high reversibility and high cyclic
stability. All cathode composite samples expressed high coulombing efficiency more than 90%.
The obtained electrochemical performance result implied that the hetero-atom functional group
within the proposed carbon coating material supported the charge-discharge capacity at high
rate of 1C as about 120 mAh.g_1 for cathode composite coated by melamine-formaldehyde and

about 60 mAh.g_1 for the composite coated by cyanuric-formaldehyde and phologlucinol-

formaldehyde.

Keywords : hetero atom-containing carbon material, nitrogen-containing carbon material,
electrochemical energy storage, rechargeable lithium batteries, melamine-formaldehyde resin,
cyanuric-formaldehyde, phologlucinol-formaldehyde, lithium battery cathode material, lithium

ferrophosphate (LiFePQO,)
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ansazaeaianiaglas lnanisipdeuennia LiFePO, auiau luimnsfoaasdsznauaifueung
A a & . o . dI =
Tulnsiauviseeandiauiiuesflsenay (nitrogen or oxygen-containing carbon material) €9LATEN

mnwm@Lummm@uwuﬁmmuu Nasian lasisdu 1snmua?m/\1®ﬁ?mmvl,zim warilsng@ianeilanm



las Tnoasadey aziansniziiugngu (porous structure) WBLINANRATEUINeTwA AL

anrazansdianinglas edssnilulasanuunn G AN N1 9w mUIANL L AN A NE N AL A S

219349 LiFePO, a1n@nsilsznauaniuaundunsiziainnaiainaiisiuaasayiugiuaniiu-vas

o o

Jadan bas laan@Enneiian lad uazylangiavasias las

NUNIUITTUNTTH

o oa

nsmnanaalinasamn (LiFePO,)  ieldludaunnalsz@nsningedmivimady s

T

1 '
= =

LUBILAIEIALNEIN (rechargeable lithium batteries)

'
A o

anauwalsveann Ae a1rlseneau@atian (complex) 199t n laaauuaslanensudtu

Wagna (transition phosphate) HlAs9aF1anANTFANIT Olivine TATIA31SNANAN MO TYNAWNL

b

1%

uaieusniae Padhi uavAmzdaY [23] Awuanalugld 2 feagluuulassaiananidulngs
(channel) 984 Olivine azdiatALANNI19E laaauliilARauNNI9LALL (1D) ¥98489NN (2D) AN

bURTTUNUL

Anti-site Fe Anti-site Fe

FeO, octahedron
PO, tetrahedron

1% 2 TA3sa$19m@n Olivine 184 LiFePO, [24]

v
o

a3 nade e liirananlalunisimun LiFePO, wWalfifludaualnalss@nsnings

1 1 v

'
a A Ay

AmFutadnRaniuunnesamas [9] Wasandanuidennanatlsznis liun 1) Tiaausnadng

q
v
[ o

49 3.5 V (Mauru 49 Lidi"), 2) WWaanuqiniidmneged) (theoretical capacity) 4904 170mAhg”, 2)

v
KX A

dfmsenldainiiatuianndaenditgs, 3) diisenlniiainnsauline s smduisse

[ %

Auanden, 4) nuanuFauldn, uay 5) Wudannsaign [2-8]

dll o v 6o o o dl 6 o dl % d‘d a A dlca
Wwan s i dss TaaddviunmunATaseusdy Lﬂ@‘ﬂu@ﬁﬂVLWVE\T’WI Nﬂﬁ‘t@ﬂﬁﬂ’]‘lﬁl@ﬂ LURALARTA

annlEacsarlinndiuaznaasnusianiaags (high power performance and high energy density)
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ANAIN13n U yNIALALlaeaun (low mass and charge transport) [9] A9TWINAAY
o =3 Y o aa Aﬂl Aal dl Adl o a dgl 1 a
AUIUNNATIEAB AT INaN A AT TunrReunaadlesauludanaiat 1y nnsLF

azmanlane (guest atom) Winlululaseadan@n [10, 11, 25] inalinANa1n1sn lunnsinlesay

nanadeaad Wang [10] innainesnanlanzaslllunaniusnnesaauivan (Fe-site doped)
Anflulaseasg LiFe, M, PO, (M = Ni, Co, Mg) wazwud1 niaanaznanlianzniliainiin
Winauneuseainnauiudanilidninfivezneniany Liu et al. [11] innsAneznas
Tanzdanza (zn) Madulasaing Lizn, , Fe, ,,PO, NINL@N3¥L3N9RNazAaNaadIny@azdae
anANATUNILNNTIAAaUN e lanau (ion transport resistance) kaZiANLsEANTAINANEUNAY
?Jmﬂgﬂiﬂfmﬂﬁu waznIsfiaenlaeu (reversibility of Li intercalation/ de-intercalation) ntlu

oS a o Ay =2 o g% A Ay
LﬂuuLLlﬂQ@’]ﬂﬂW?Lﬁ]&lt@ﬁxﬁxﬁﬂZ@iﬂﬂ]')ﬁl‘ﬂﬂ’]ﬁlﬂaﬁ‘ﬂﬁﬁlﬁ‘ﬂl’ﬂ\ﬂ:ﬂ':NNﬂﬂ mﬁluﬂiéﬂmmu’ﬁnl,ﬂ@@um”l,m

1 ¥
a

49/ Yo Qdd’j v o ] . . .. =X | a o a
azAanTU widn3aHlHAIN191N leeau (ionic conductivity) WANTY WA MALELALAAWANALNANS
Tun1amgaiudanld ninarmanwdandaannldudinliifisiusziulesaudnanudoniaanisg

4 A a o ~ = a9 = = U
wasunresanenlaaau viraluunensilaneniaudnld mﬂmmmm@gﬂmwiummmmw

=

denaldasialasaaiananaas LiFePO, 16 anaaninaula Aa n1sanauinaesaynia LiFePO, a3
TlgszAuunumms (10-100 nm) Seazanunsndaaanszeznisuns (diffusion length, L) 189la80ua
Wanluda LiFePO, vinliianszazioainisung (diffusion time, &) 189laaau (sxazioainisunsuils

ANNITEIENNTuNG LA ¢ = L7/2D ; D = dN1lsAnsae9nisung (diffusion coefficient)) daualiiiaas

v v
o

N3443 (high rate performance) visaliszazinanlunisaiaduas ulddinisanauinaesaynA
LiFePO, azaqtiunnasnadimad 1iigeiu innuslaasialilaynia LiFePO, aunatdnssAuun luiums
aziandedihluniafindisengs vinliilanuanesiinelsieniauazdenaliitss@nsninly

N9 uduas (low cycling performance) [13]

A o

TuiTaqiiuasnlifuaauianatnsunivany tinainnisindaliifsauainisnisanaunn

auNIATeN LiFePO, unilszans Tnanisuaaauiia (surface coating) 9848101A LiFePO, seatiunlu

1 v
a

Y o ao v adaAy ) o % o A s a o Ao
LNRT mm@@muﬂﬂﬁﬂmm Qﬁuumunuiﬂ@ﬂuﬂLL@?;L‘V]Q@QLL@IVI@V]Nﬂﬁ‘z@V]ﬁﬂqWQ\? Q@ﬂwuﬂmﬁ

WAARL AENUTN A UTULN9T896910 (conducting material) HUsEUI19TLAINALAZANTATANED

v v

aninslas dosasinulesauainaisazaranisuandingdn uanantiuiagaaeudadusalaaiu
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nasdudalaensesyidneennia LiFePO, fuanie wudiauivaneilainis@nuntindanuaneatin

s lfpdeuraaynia LiFePO, tHun aunaRu [14], wedwasinnin (conducting polymer) [15,

16] 4Az@1TLITNAUAFLAUAINANTAIIUFNG) 8771 TEa uasnafaLues [17, 18, 26]
Tuussardagninunldindey Wulddnaisdsznauaifueulisuaaiuanlagniinils
Apudinann Wesanamsni i lin svangn wazmnlidng ansdsznauanfueunliinaeuil

ANN1904LATIETTUAINAN1FANFUAURASG (carbon precursor) waInuanaaile iy qlasa [8]

o A =

nalaa [27] waz block copolymers [28, 29] Lﬁmmnmmﬁu@uﬁmmm@@uummﬁmu&iu
(elastic) Awtarlunsfnnlaseainouaznsilasuulasgisn (strain) eedauaing Weianissy
Anenlenau (Li insertion) SaasdasiuLlsrAnEnnALLaT s (capacity retention) 184 TARUUS
159114 [9] ANNNFAUATILAZASEINLIIN antRTesanIlsznauAnseun ¥ inaey lidnaziduaqny
WUILUY, porosity, TiAna3 functional group mmmwﬂ’ﬁurﬂﬁi’mu (carbon precursor) WaY

aromatization/graphitization content &auasnasiaaniifnigwiaiaasin LiFePO, [30]

o

UANANUNIWRLNAN LN WA NTasassenauatsuaununun Mimaay 1@y nnsis

v
o o

Wundadudasznineayna LiFePO, fuatsafuaunldinaan uaznisiiunisdudaszngnedn

wanauazatsazansdianinglad lnonisiiuilgsdanansuaunldinaeuliinans e iiugngu

v
a o o

(mesoporous structure) M THRNUNRMENTAG avdaiinilsz@nininnisin i uaz leaauass

49 MR AMNaINIIn TuNNMNIBEeedd LiFePO, ualnaatinauan [31] Wang LayAnss Wian

A %

AUNIAALTNEN LiFePO, N3anaNszALIL TWNAS (Uszund 20-40 nm) G9gniAdausineansilsznay

ANSUaRANNINGLeNAY (polyaniline) waztIA1a Yu1Uszannd 1-2 wnTuums a1usn linasany

-1

[ %

(discharge capacity) 114 90 mAhg " NeRIINTZULa (current rate) 10 Ag” (60 C) [8] tTajad1Aty®

gudinisz@nsnndauanandsiasyiiau Ae nnsldaynia LiFePO, 1unnunluimms iwaanseey

nsunsrasainanlaaauludag ( Li ion diffusion length) tsznaufunisimdauiaaes LiFePO,

q

TneisaL (completely coating) AREITUANTLAULNY WAYN1FALAIUBIBUNIA (agglomerate) LiFePO,

A % o

sgnadaLsaAfiLan M liRnTasasendansuziugngu Wang 1Hasunanalnnigtininin
a A = 4y - a ax Ao o
wedauNAdmsNmalieapgniaaeufcaanslsznauanfuanaes ina e TAUNNINGL AILAA

Q

lugtlil 3
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Nanosized LiFePO, Carbon
LiFePO, particle frameworks

5% 3 nalnnisinlineeseynia LiFePO, Begnindaudiaaanstsznauniiuey (8] Ins@iannsan
4 A . . - 4 da z .
azipdauiiuaslszneuanfuey  Twansheymedmenazieaeundinliludowane /u

TA294%974 olivine 184 LiFePO,

[ v 1%

WU uazE39aade [29] IN9ANHIUAasNLIN aynIAAWeN LiFePO, nsanas dagnuediusiae

Q

[

@ﬁlﬂﬁ‘?ﬂﬂuﬁﬁgW‘;u (nanoporous carbon encapsulated spherical LiFePO,) THAINATIY

-1

o

ANNLANS (stable capacity) Usz1104 50 mAhg” NdRIINTZUA (current rate) NgININDS 230Ag”

LR 4
o

(110 C) MisHilasannAnduaunignguinvaiiu LiFePO, (porous carbon matrix) laLNeuazin

[

winidudotin sz szquiniu faelassadanlanouzidulnssdaimianidusanniiu

ansaraninglas ilunisiulanianisdudasendnedniuasaianinglast

1
o =

Aun9rTaq1Tu SIUAELNDREUINIAT (rate performance) TasdauLIALASTANNLATNAAIN
LiFePO, daulunjazsaiiunisdivlgantimnisinlninuazleasuuuaynia LiFePO, uazanszey
NM9UN3IeALNaNlaaaulAtNITARIUIATBIOUNIA LiIFEPO, LAAINNANITIALAIGANLIT &N
¥4y o o o . ¢ e o X d. 4 4
dupeuniaNdAryatwiuaziduoulmdnsdenidsaesdaualne Ae nalnnisindeuinvesd

Wenleaaudusemaszudnadaualnanazdansazanaaianinslas (Li ion transport across

v
| o

electrode/ electrolyte interface) nalnn1sinaeaunaesdaaylaasuanaisazanadianinglasgdn

1
=

uanaaTOLanIASILN 4

Charge

Intercalation . ,
= transfer lon diffusion

< o A a o N o < ~
g‘ﬂ‘VI 4 ﬂ@1ﬂﬂ’]?Lﬂ@‘ﬂ1&VI°ﬂ‘ﬂ\‘1@LV]HNi‘ﬂ‘ﬂ‘ﬂu@’]ﬂ@’]ﬁ‘ﬂx@’m‘ﬂL@ﬂI[fI‘J‘VL@ﬁl mmmm‘ﬂwmiumumum?mm

a A . . .
laaauaLney (Li ion intercalation)
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ﬂ@llﬂﬂ’]?LﬁlﬂJvL’ﬂﬂﬂuﬂW]ﬂN@ﬂIQLLﬂIVIﬂﬂ?Zﬂ@UW}E} 1) ﬂ”lﬁ‘LﬂZ\]@uVﬂl’ﬂ\‘i@LVIHNi@@@H@”Iﬂ

6 |

a13azansdianinglasdddqnaing 2) aLﬁﬂuiﬂﬂﬂuLmﬂm”qmﬂiumqmmmmmm%L@ﬂimﬂ@ﬁ(de—

'
a ]

. Adl ¥ a dl dl a 1 1 a o
solvation) NRautaasdLAlng 3) @LWﬂﬂJiﬂﬂﬂuLﬁ@’ﬂuVlN']uﬁ‘@ﬁlﬁl‘ﬂﬁ‘ﬁﬁ’l’]ﬂ@’]i@ﬁ@’]ﬂ@L@ﬂiﬁ]ﬁ‘vl,@lﬁ] A

dounina 4) A leeauadaunnalulasainanaasdanang LiFePO, (intercalation)

Tuil 2007 Gabersceck et al. [32] 1N1IANHIUATNUIN LHANINNIAATUIADYNA LiFePO,

v
o

=2 o t:ll < = zﬁl a a t:ll
AuiszAUNIANIAEINa (Urzunuuluuns) duneudsnaununalnnisifinainenlesau (rate

a

determining step of Li insertion ) Aa Ufjfsaniasessiaszudneasazatadianinglasduazdn
waTna (interfacial reaction) ldldnalnnisipdeunuuiages LiFePO, (bulk transport) Wanaintiu

annsAnEImgEiANaNinlunsti iniuasleasuaes LiFePO, wanianliaueuuzdn

o

JapntinunlfinaeuaynIa LiFePO, szAuuuinms Arsaziluansniannainisalunisinlaeasy
158 (ion conductive material) 1nnnana13nEn Wi 1AA (electronic conducting material) 1389210

Tnevinlilaanainnsalunisinlaaauaes LiFePO, HAMAINIIAINa N190 TuNNst IRNagunn

v v 1 b4
=

AIUAINNANIIANHIWT TN danmaizanlunisiiunlfulgalss@nsnwaesdauaing

q

LiFePO, Argazilavinaunsnlunisinlasaulfmuman

nsuliuilgalsv@ninnaedda LiFePO, faanisimdaufasanslsznauniitey aadunsiziauann

wafawadsturaeyAusiiuan v lulnsauwiuesdilsznan  (Nitrogen-containing Phenolic-

Formaldehyde resin)

v
o

NeFALNDSITULRIA1TUsTNaLANS LA UTRIAN SRR WA NN AN -Weafiadan lam (phenolic—
formaldehyde resin) #111304%1A3129 A tAENIZLAUNT polycondensation seudn9tutanawWiuan
wasafiasanlas [33] (anaiwaeananiiu-esiasanladnaiue sty dudufaunuaeing
wafimaniiluan-vesiasarlad gnuandlugd 5) wesdiefsdusiiniinnauiBfie fe &
mwwmuuuzﬁ\i (Uszunnd 1.51 g/cma) LL@:f%"nmum?L%mmwmmﬂeﬁwmfaLmﬁf (crosslink) 44

v
o

o v, - | o o o ~ o a A
WUQQWN?QHIQQ (hlgh thermal Stablhty) LL@:LLN@:@'WHVNELHWQV]’]@:@'WJNGHQLL@%lNNT’J LT UN

v
(%

fumszilsignin Wl diduansdasiulunisdamsziansisznauaifuey (carbon material) tWanis
TFaunanadssinniialunianisunne iwiusuiierngsslanau (ion selective membrane) WAz

o 1

catalyst support [34-36] Adsnating @19tsenauAnsueundainsziiliainisdueseyiisinandu-

14



Wesdadanlasi iuladnduansdsznauafueundsznausoasin lulnsiaulsunnga (nitrogen-
rich carbon material) \Hesainisenavausinaeyiufiuaiutaifiunnlulnaaululuanageds

Ugrunnd 48 wt% [39]

{HOH §
e “)\f“
WVW'NHJ\N)\ NHCH,OCH,HN N/L TH

>—Nl ICHynnnAn

IC} LOCH,
N

N N N

[ J
e NH NYN[lCllzll'N NJ\NIICII2OC]IZIIN N° NHwwanne
|

NYN

NH,

5U% 5 TaseairaresIinamesinafiu-efladan lasisd [39]

o [

dl @ dyd 1 a o dl v XK =K o g dl o rdy
WNBALTITU HNQANUNTEITUIUNUS "Lmﬁm:mmam@u'}miﬂi:ﬂfaum@mummLmﬁwsﬂumﬂ

wasaassturaeyiuinalu-nefian las unldidudanduiuda it ludaiulsyqtisenn

|
=

(super capacitor) ezt luLLmLAeIATIe Y (lithium batteries) [35, 37, 38] AMNNANITIAY
WU ugiuimmuﬁﬂ@ﬁﬂglumﬁiﬂ?:ﬂ@umﬁfmm:aﬁfmLﬁ'uﬂmmﬂﬁmqmﬁuﬂm/Lumjm
an91sznauAnfuau (acidibase character) Taauylulasianlulaseadreaunounslsnnsn
(pyridinic nitrogen) mmmiﬁﬁmﬂmﬂuﬁﬁmmﬁm (lone pair electron) Lﬁﬂﬁ%ﬁmmu@m{u

4
¥ o

(conjugation) funguatanmasauluniteaiiia (T-electron orbital) MnliAdaHAINE INALANTY

=

IHBNANKATEY psudocapacitive effect [19-21] wananniuanssznavumiiuaundnglulnsiauiiy

v 1 1

s al o Qiddgl dl I o a a 49/ 1 . .
mﬂ‘ﬂ?:ﬂ@‘ummmmﬂ@@@ummﬁuu Lum@’mmmmLﬂummwmmmugh‘ﬂmmu (polarization)

o

Fegaazdaeinsz@nsnanlunisinduansazanedianinglas (surface wettability), AN
1525119 WA (coulombic efficiency) wazanA NG UNWIRITBNAY  [19, 35, 37, 38]
atinelefinnN AINNANITANHITE Y1 sreziaauazauu N ludunaunisanfue luiadu
. . dll = I's = 1 .
(carbonization) WNaFFENa15UszNaLANSURYN NuasalFu1nsaninalsaznes (heteroatomic
. m e edus
content) Tuan31senauASUAUNAR TN L3 [36, 38]

o = A o O dl 1% =X 9./4‘ o g dl a '8
BHINASHITUIEITUIUNLN ”meu@mmmLﬂuiﬂimm@zmmaﬂizﬂ@umm@uwN@mm‘wm

amesistuaasiliuan-vasiasan bas U idudqne Tus lumadanauuumnes [35, 37] wAa1nn1g
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% % dl9/ ya
ARAIIBEINDNTU [

[ % [ % 1

1 a dl = ) ca ' a a dg’ v QI
ZFNUIINTUI ﬂmﬂmqmma‘mwmaLummﬁnumumﬂﬂﬂummwm

'
a o { 1 v

dsz@nsnmnistihindmiuda LiFePO, unnaald uuusmasainandlotAaudination

o < <

FFEAUANTUI WNTIINITHANRA T UAMANTRLTesaslszney  LiFePO, e ldidudan

©3°0

D

1
= ¥

AuFudauanalunumaesainan uazufifyuinisininiiaes LiFePO, Taanisiadaufion

! ¥
a o 2

anstsznauafuaundainsviuannedawe fisduresouius Inaiwaisduni lulnsiauis

v i ¥
o aa

aandlauiuasfilsznay azinlilidouatnandlsz@ansningeiunasdfununaiaaine 141y

tﬂla o o o‘k£|

t:ll o zﬂl v va o zﬂl 1 a o d&/ ¢dl v
LL‘LIL‘]LM@?@LVIHN@WM?UHWHEHM%Q‘UULﬂ@@ﬂﬂ’]ﬂiﬂﬁ’] HARELTAAN mmﬁmu@:Lﬂu‘lmqmumﬂmim

1
a o e oa 3

lauaNaN1IANEINTINaNsszneatAfuaundAzianNe SN fLsT U ey IS InanHuras
Nanlad laensnwedianlasd uazyisngianassian lasun lElunisivulss@nsninnisinluin

18911 LiFePO,

[ %

2. Jpguszan

o 1

2 2 ai a o . dl A ¥ g dl o rd”
RNARENNLUUNASLATLNIAR) LiFePQO, Gﬁx‘lt;]jﬂLﬂ@'ﬂﬂﬂ')ﬂ@ﬁﬁ‘ﬂﬁﬁﬂ@ﬂﬂ’]?ﬂ’ﬂu%@QLﬂﬁ"?t‘ﬂ‘ﬂu@’m

|
=

wasanefsturaseyiusiiuan-vasdanlas dAusuldidudouainalununnasdnan Taad

o

mnLszasAnnantiuaudduAssia i

1. dumamsiayniadimauialsvaainn LiFePO, seAuunTulums Gegniafaufas
An91l9znaUANSLAUUNYISNG W (porous carbon matrix) NHaFLENMNalsDTAaN T
29ALsznaUA (heteroatom-containing carbon materials) T9d3LATIZFLRANNNASALNES
LduesayAUsHIuAN-Wafianlas (phenolic—formaldehyde resin) TaenaAtiansmi
ﬂﬁ?ﬁmlumﬂmuam (one-pot synthesis)
= o o | o a o v - a &

2. Aneiadeninasian1sdnBeiarediasainagnguLuaIslsznauA U uLNiaNG 189
ayusHIuan-Wafilanlas 1y dnsdauszudenaiawaiuduiuuazarsnaiamaians
aynusHIWan-Wafiianlas uazanmniniauln (carbonization temperature) flatFunng

dl v o dl A o‘:/j 4
Tulnsaunliniendinisannisulaauanswe faine §v6u (polymer precursor) liliilu
anslszneumniuay

3. naaaudsz@nsnmnieiiinaesianuamaneningn LiFePO, isisanlé
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3. 28NAADI

3.1 Ve ANNATIW UANIBLLUIANAALRdIATINIg

o

E;lj"J EI?NLuuVI’Q”VI’Wﬂ’]?Lﬁ]iﬂN“H’JLLﬂI‘W@’&’]‘M?‘ULL‘].IG]LIP]@?‘ Lﬁﬁl&leﬂuﬂ LiFePO, TLAUUN ULNAT

U

TeazgnindeufctuNyINduea19LsznauA1FUaUINGI (porous carbon matrix) ﬁmﬁmmnmﬁuwa%

1
A

aasaturesayiusWIuan (phenolic compound) @idansintmyWaiianlas Inalulaseaiiens

wutuinlanmalsacnan 1y aandiauvse lulnsau uasdilsenay Wy wasawasisduaas

o

ayRusuadu-nefiianlas (melamine-formaldehyde) wasauasisdunasayius Wlangduea-

q

Wasdadanlas (phologlucinol-formaldehydye) wazwaiaiuasisdunesayius loa1yan-wailan

ya

lag (cyanuric-formaldehyde) £ ASeITadnnssaudn LiFePO, waTnmanaynimseAtul luums

a

o

azilunsinnun o dulass g iua e N leaeuazasAfReU “aNaNUREUNIANHIUIALAT
o 1 . . a dl dl ] v e A a a dy .

flatatanszee diffusion 7a9Ananlaasu Gsavdenaliinisaniailss@nsningeau (high power
performance) N19LAABLIENTIB40YNNA LiFePO, Aatidn91lsenataNfuaunuasaInnasa masLsdua
avayiusiiuan-esdanlamidunisiinaauiuiqliiduansdsznauaifueu daaanaaiu
FIUNIUNITAASUATT N TRt ua1sazatadianinslas (improve surface wettability and
interfacial resistance) LL@:%QEIWM%WM'Nmiﬂ?:ﬂﬂum?wﬂuﬁﬁgwgu (porous carbon matrix)
azdaeinTanialunisduiaiuasazansdaninglas Tnalasea3negnguiunesanaduunyisnay
o £ dl A 1 o/ [~3 a 6 O : :; 1 v a s
nmtinmdeutanniiuansazatsdianianslas nnlidauamedulilfosaisazanadianinglas
AanAAT AunatazdaaiiunisinlWinuazamansalunisifiutlseq (specific capacitance)
219999 duaziiluniaivniasnasimas (high rate performance) Tuga wanaNuuNISARALINY
LiFePO, Artianstlsznauaniuaumninann feazidunisdqatasnisiunisdudalnansesendng

LiFePO, AuaINIA sﬁ\‘]@qﬁ]‘?lf;lﬁlWﬂ’?ﬂﬂ’]ﬁ‘lﬁjﬂ’]uﬁl‘ﬂ\‘i‘ﬁqLLﬁI‘Vlﬁ‘ﬂﬂﬁ’Jﬂ mﬂmmm‘u AannanINuLga

v 1
a o

{AdunAdnda LiFePO, ualnafisield aziltss@vsnniiguiuwmmnsdmiunisiiu s lan]

o

TLLAAET AR N VFL LA eI LA A e T (electric vehicle) sl

3.2 3801281 0UN13I9E

naaliuaddaEraInnsdansziansszney LiFePO, svAtunTumms T9gninaaudiae
g dld 1 1 = a I's
anstsznaumiuengnguningianimelsezaen 1y ulnsau vsesendiawiuesdlszney Tne
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o

andaudantanasaiuasuauuunglsiin F127 (Pluronic F127 block copolymer template) iu

o

amusdnsuzaadlana3egngy aslsznauadueunilulnsiauiduesdlsenanlfdansei

N

=

v
o

AanasassiulnaLues (prepolymer) anaywusinaiu-wasdan lafisdu uaznasauaiistue

D

o a c o o a & dl I'e dld a I3
aeauius lanyan-nefiadan lad lwanznanslsznauaniueunieandiauiiuasAlsznay
o rdgj 3 k4 a o [ 2 o o & A

wpsziIuAINaNsEIsiuInames (prepolymer) anayiusiniangiusa-nasianlamisdu

MdeT AN dnadauaniinduszdaufenianesamasusuLLL LA TNESA LB FUNTIT
3N FAANHULNINNIENINTAIAINAAAUFANANATIZITLH A nTUANHINAT999 N ANTTLHN
(carbonization temperature) ludumaunisailasunesamefganslsznaunnsueuse dnsmni

t:ll 14 =2 o ' o a =R ! e
nannuarfsinlulnsaui i ianisAnwnsanainazgninlidsenaunisdinssitanaseantis
Nl zesdanuaTnansEauld ednsdslszdnsninlunisldidudouninalumad aie
walsnaamnuusLAes (LiFePO, battery) saldl

OH H NH,
) )

HO oK HO)\N/)\OH HZN)\N/)\NH2

phologlucinol (P) cyanuric acid (Q) melamine (M)

5U% 6 Tageairvreseyinudiluanluluue i diduanssssiunissisandanaiiuen (carbon

precursor)

3.3 98N19NAABILAZATIATANA

o o A

3.3.1. MawizanasnIndnuasaynipdinasnalsnaantinszas lulunysnuaNu-wafian

lag

nsdanaziinanin@naasaynieamesinalsiasmnganseansluuunyvisnWluan-nefila

1
v A

Alasn1laeaan1r49LAT LU LNTUELA L9 (one pot synthesis) Tnedngdauansfaduildlunis
sanpeutnARAIngfsed Ae lesaunesialalainsm (FePO,+2H,0) : ALNENANTLALUA
(Li,CO,) : nemaand1an (C,H,0,) : Wiuanlulwiuas (1M phologlucinol, cyanuric acid way
melamine) : Wafilanlas (CH,0) Winiu 9:4.5:9: 1: 3 neudadaulasiug Imﬂéuﬂﬂﬂ@z@Wﬂwq
19%im @127 (F127), Winanluluiwas wasrlesiianlagtutiimaannloas (DI water) luiinines
Unniinlnalddnandonaaanglatin w127 : Winantuluwes winiu 0.03 : 1 Waudndaulnalua

a

faeiAsadnauansssuLwlnanliinnuaunguugil 70 esanaadeaiungd 1 4alus aantiuihs

a

Teeauneamnlalamsnasluiinined sanaungmuugil 25 asaaaidaaiiunan 15 wiil uazihs
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nIneengNANAINIUsedn 15 ufiauiiudreansazanaiddsuaindduimaesnateiduditen
aniuARNATieuaTueaazRTnausean 4 9l anniuhansazaneR i ldemssine ey
r&%@ﬁ”ﬂsﬂuﬁ@lmﬂffuLﬂmm 12 dalag ﬁﬂuﬁﬁL%’]Lmq@uqmm’]mﬂﬁqquﬁ 80 aarLluiaan 12
dalue ndeaneugnaiunan 12 faludatainnualiazidunldadlufionmnans waziinismn
’rﬁqmmLm'aqmuqﬁzgqmei'aLﬁ@zﬁmﬂim\umumqu‘ﬁiﬁﬁ 127 uazilauuladlassansadd

%

uan-vefTailas Winaeiduafueufidianinelsezmaniiussdlaznay ‘Emmm%mqmuqﬁmm
AR TuusnifingnumgRiite 350 esrniraFealnefignsinislifinansseurinty 3 edse
unit amiliignungiiaeiiiluingn 3 4alus sanniinguunildiie 500 asraadealnainm
nsliiAanudaniniy 3 asrnsieawn? @ﬁm‘fuiﬁfqmuqﬁmﬁﬂumm 4 dalas nmmaaesdnlng
Lﬂ?quﬂmﬁmmﬁqumquiiﬁﬂ @127 a1n 0.03 11 0.1 waz 0.3 AMNAFL uaziaeuudas

grunyiszndnanisafuanlumdiiain 500 1w 600 waz 700 BANLIATEARTNAAL

3.3.2 MeApzianiEnnisnnaespe indnaesaynadnasnelsna sz szans luww

NN ILAN-NaFian bas

panTndnanauialsnaamansizanlfazgninliimssilassaduaraauiiuaandos
WATANNFALLLLBEI3IALON (X-ray diffraction: XRD) FLASIEARNBHIULWUED 2110 LazgUIN998s
'méﬂ’]ﬂ’mﬁlmﬂﬁﬂ'ﬂ@mﬁﬂﬁﬁLﬁﬂm'ﬂmmuzﬁ'mﬂ?’]m (Scanning electron microscope: SEM)
ApseiniInszanasiretedAdsznausin ludanfouinatian (Energy dispersive  X-ray
spectroscopy: EDS) Atasnziinuiiauazgwgudatimatianisgaduassfinglulasian (N,-sorption)
a . a = all 6 a dl” a $% a b %
Apsgiriianaraniuen Al sessnniduesAlsznau B rasasfioanaaTn S

anmsauaningaln (X-ray photoelectron spectroscopy: XPS)

3.3.3 nawsireindn i uazdsenauaad N Asaiag

Fuannsthansiikiunssuaunsiineiusnngaiunsdiuanfueu (Super P) waztndlafia
anungaalss (PVDF) Tudmsaau 8:1: 1 Tneinnintael$ue fuaaufialnisalag (NMP) 11114517
Usranusanaufidliidunan 1 9l annifuililindeacunegfifdeamesduaznlidey aanii
inldeulumeuqayniafigasmad 80 esrniduaan 12 9alus wazdrandadundusanan il
auanuTdeen s lnea LY esanse (Swagelok cell) TngldaunmL&utnuAugNag 8

a

Hafiumg dowaad I uuULTany (Coin cell) Inaldauinduniuagudnans 14 Jaaiuns 1ials

v
o

dnlirauiaauisiaanisudeazinllsenauinad i Asagasn s lugarunueandiaulas
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ANNTL (Glove box) tnaldlanzaiien (Lithium metal) udaualunuardnsazaradiisasen

fznganlswaams (LiPF,) iuarsazanadianinglas

3.3.4. Awvilsz@ninmnidinaaseenindnaaseyniadmesinalaneannganszaeluus

a = o o A 3
%W?ﬂLN@WNU—W@?N@@1E®

lethaesindndidfienmeleainusdunda liiuazdszneuimad it sadudo
wad Wi uunsBayazgniliAnszsianua i auisfisfisnsnissiasieuazaam
adenflennuusiazassaunisldemian maiianissauazaneilszq (Charge-discharge method)
dnuaadiiuuuiesenss (Swagelok cel) azgninludiamziljisediinduluusazdas
Andlnindaemanialamanliaunuiuys (Cyclic voltammetry: CV) 31A318HANNAIUNI UL
was i Baenalindianinsialneaduiuauaaidninsalni (Electrochemical impedance

spectroscopy: EIS)

4. Namﬁwmmmz’“smm:ﬁm

¥
a o

NuAABRANENarasdRIdIuaNdinduaainglstia Lanl 127 uazgmuugiseudnenis

o o a

m?muiwﬁummﬂ@u‘ﬁwammwmﬂ&ﬁwLV\I@T?W@@W\lm%'\ma‘mwluuwﬁnﬂiuﬁm-ﬂmmm
laf fiddenmauTAnieniannuazniuail saulufelsz@nsammslalin lnaneuindndiiie
unalieainisnesFazgninmziiasasauazaudunindagmafianisdgaiuuresed
\@nd (X-ray diffraction: XRD) AATTHENH USRI UAL 2175 waz3tli191890YNIARLEINATIA
“’g@mﬁ‘ﬁﬂaLﬁﬂm‘ﬂuLLuuzﬁ@\‘imm (Scanning electron microscope: SEM) ATIZUNITNTZANYFY
m@qmﬁﬂ?:ﬂ@ﬂﬁ’wﬂwﬁﬂﬁfmmﬂaﬂ (Energy dispersive X-ray spectroscopy: EDS) ?JLmW::ﬁﬁyuﬁ
Hauazgngubiotnatianisgaduaasfinglulnsiau (N, -sorption) Emmzﬁmﬁmﬂwgﬂqﬁ%u
VluimmumzﬁmmmmﬁwﬁLﬂum@Tﬂizﬂfauﬁmmﬁyuaqmmma@w’wmﬂﬁmimﬁalﬁnm@umﬂﬂ
nealn (X-ray photoelectron spectroscopy: XPS) antfuasiienIndadfiaumelseginnu
wiundaliinuazdseneuimad i Aduaaduuuiieny wad i rsugadsanaisazgniinly
AnzrziAIAN I mmm?}mﬁﬁmﬂmmﬁ@fﬂ'wjLL@zmmLzﬁml,ﬁmhw,uﬁi@mw@umﬂ%
NubemAliANIaALazANELsYq (Charge-discharge method) dduaad WAL Swagelok cell
%QﬂﬁﬂﬂﬁLﬂ?ﬁzﬁﬂﬁﬁ?mﬁLﬁmfuluLLmzﬂﬁNﬁﬂﬂ“lWﬁﬂé’wmﬂﬁﬂiﬁﬁﬂﬁﬂiqmmmmﬁ (Cyclic

voltammetry: CV) AtAszsiAnufinuniueedttas iNiifoeinalindianinsianlinead s

wantailninsaind (Electrochemical impedance spectroscopy: EIS)
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navBIANNLTNTuIRINglsiia Lanl127 uazaamginisaFusuluadundenmaniEm
manw uazaasianpraaindnuasaymaeaanalswaaiindinszanslunanvin
Tuan-Waisianlan

Wi 7 LLZ‘imﬂ’]?LgﬁlfJLuu%@daf/\iamﬂsﬁ(X—ray diffraction: XRD) gasAdenmalsagmn G
AT AN O LAZ AN T AR An A e e lan e e (LiFePO,) AtllAseasauuLledd
ugaftnsanila (Olivine orthorhombic, JCPDS #40-1499) iiial¥¥1eBau3euifian fusnunizuay
AUMINZ8e XRD ﬁﬁmﬂﬂ@ﬂwammwmﬂ&ﬁmLW@‘E?WMW\Im%‘\‘mizmﬂiuLme‘%ﬂ?\ITuaﬂ—W@%

o =

Tam lasndanaziiles

——LiFePO (JCPDS #40-1499) | |
4

.‘|l||l |Il\||||li.||
40 50 60 7

Intensity (a.u.)

10 20 30 0

. 2Theta (Degree)
2NN 7 A XRD 1e9aisalswedinm (JCPDS #40-1499)

a8 wassnsulraueuguuunIsaaLUuaeedNAland (XRD scan) 109AaNTWARE
Wanalsneawnndanszfing lEa191sznaumsuaunaauniianmalsacnon (llnsauLay
aandiau) iuesAlsznay sznaudian wailunedliaslas MF laanysnwefdaslas CF Inling

Fianesianlas PF Inawsanandasadsunudinduaasngletia w127 seansdsznaumiiuey

a

WAL WINFL 0.3:1 kaveinun1zAnsTuaululadun 600 °C arna1nudn XRD 229AaN IWARALNE
walsaaandsnszilfuaasianaumils 2Theta pesrudnaumalsnadinm (LiIFePO,) Nd
TAsegsanuulaaiuaasinsania (olivine orthorhombic, JCPDS #40-1499) @aaanA&adril XRD
o dl 1 [~3 = o 1 dl 1 1 a o ca ai
scan AauanalunIni 7 atnglsininuanatnaznuialuaiwrisntsuanddunans st amne
ulalseamnudadanuiadadudounuaeanaasaindur A unis 2Theta 1N 33.2 ua
35.7 Tamsanulasausanlas (Fe,0,) uazAUMUN 2Theta WinAL 32.8 uay 34.9 TupsariuALNew
iwefaanlad (Li,0,) WaFaiiien XRD scan aasansaanind@ndinauinalswadinnianaaufiae

#1919vnauAfuaunLANA19A WA 3 1hie wudnanaalagiadaAaaududislsznan
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AFUBNANaRUs A uWe fiaR lasna i amasesdmaniasasnlas (Li,0,) sanndnlunsdl
Mtewiuslsangnnefiianlas uasinlsngianeflas las iaileraidunaaininseairemiaiadl
gauuaniulniumef feillulnsaudussdsznaunnnd 60% uazannndniinululaangn
uaztnlangiiialuluimes ansiifldnuniznduiua (basic envionment) Aeuiinagezadinssaiia

a1 enagadsn liiRanARA i@ (by product) 1 aeNiefeanlas LHdne

Pure LFP
—— MF-0.3-600
—— CF-0.3-600
—— PF-0.3-600

Intensity (a.u.)

.|| |.||I||.. ||I.ll||||h
10 20 30 40 50 60 70

2Theta (Degree)

MRN8 nMwiFauiiey XRD 1esnenindnainanmalsedmnnssaniagldaisanfuaunaaui
WANFA9NY IneFFaNAINERNINdIuANNLI T NdULee F127 sada1sA1suesAfeLiindy 0.3:1 way
a [y ul/ ai (o]
gruninisanfuauluadun 600 °C
dl d’j o al I8 a a dl dl
AN 9 wanezluuuniTaedluuIesNdlendraspeningn aanalsnaailny
funziding lddnssznaupnsusunileEninalsesnen (llnsRauLaraandian) WuadAilsznay
peTiaiu (WaRunaidantad MF (9a) laaniBnWedian las CF (9o) IlsngTianasias las PF
(9c)) TaEnIW 9al 9b1 uaz 9c1 wansiananateIANiinduaasnglatia W 127 vises1945193
. 1 =® a dl dl a g o
W3 (pore formation) sialassansuantasaneNalsnaamnualne Nanuninisaniuenluimdy
600 a9FLTATA AAUNINT 9a2 9b2 LAy 9c2 LARITINBNENATaYaUURNITANTLaUWLITGUse
Tassansuanaasdinanmalsnaamauaing (LiFePO,) Nansndauninudinduaainglstia tan127
Fad17UsrnauAIfUauLARAL LYINAY 0.3:1 Wua1 XRD aaspanindnanainalseginah
AuarzilAuansiansumie 2Theta assiudineuwalsneainn (LiFePO,) Tasaadauuulans
uaaimsana (JCPDS #40-1499) aduandlunng 7 lunnasuidinduaesdnadounisifinungls
A 1127 1visaa3a5193WIU (pore formation) wazyNguUINITASUaRlULETY LaAITINIg
= a a d‘ dl a g dld
wirenpan ndnrasaynpamedinalseamingenszana lulunyisnaesaslsznauasuauniian

walsarmnania 3 wia Iaedanisdaaszilunigusifanginisan linananaas anauinals
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WoanTu LaRANININA 921 9b1 9c1 AvuanDvanENanIsasuLlaspndindiuaaangls
a 1 1 4 . dl o % a dl a Iy 3
fim 1an127 wudnAaaadia (Intensity) 190 1A nanspenIn@niisisanainaislsznauaniuauia
a ISP k4 [ 1 o o dl dl ¥ Y a ‘£| {
3 qtn AArpnuidinlidesuanseiunintn Wenlaauulasaondindiuaesglsiia oW 127 Geen
AN TLARIDI AN UNANYR9417 (Crystallinity) waad lWiud el dsunlaspanudinduaea
walstla tan 127 udalddsnasanruiiunansesnanind@nainouialmeannndansnzils
TuaneNnng 9a2 9b2 9c2 Nuansivansnanislasuulasguungiszudenisaniuanuluindu
O v o > L & o = a | - o <L A =
oA NN tHngeluLan Heelag g isendnanisanfueuluindugeln Tauanana
= 5 a = g & = a -
piunanaesnenIindnfinasinalsnasaNuINTL wanantunainguuninisafueanly

al/ = ¥ ¢dl a a o Y a a A I'e &
U U Hunazann SN ANAAA LT I19IALN ALNEI Lﬂ@ﬁ'@@ﬂi‘?ﬁﬂ
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T T T T T

Pure LFP

al) ——— MF-0.03-600
—— MF-0.1-600

| = MF-0.3-600 |

Intensity (a.u.)
L4 § T

A

L

.]l Il‘l.. lll"llll. .|| ||‘l.. ltll”lll.
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta (Degree) 2Theta (Degree)
T T T T T T
Pure LFP | |
b1) ——— CF-0.03-600 b2)

— CF-0.1-600
—— CF-0.3-600 i 7

Intensity (a.u.)
i T y T L
1

A

1..| \lJ

.Il Il‘l.. lllﬂllli. .ll [l‘l.. lllllllli.
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta (Degree) 2Theta (Degree)
T T v T T T T T v T
Pure LFP Pure LFP
cl) —— PF-0.03-600 c2) —— PF-0.3-500
—— PF-0.1-600 —_— PF-O.J-()OO‘
i —— PF-0.3-600 ) i ——PF-0.3-700, ]|

:
|

.IIIIJ \l.ll‘l. ll.ll”lli . |lll‘ \I.ll‘l.. ltlllllll .
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta (Degree) 2Theta (Degree)

WA 9 7 XRD 1aspenn@naiaualsneannsizeniaglannudniuaenglatia w127

LLazgmuqﬁﬂﬂﬁmw§u91uLﬁ°fuﬁLLmﬂﬁmeu

AT 10-13 WA AENEIZAWES 1WA LL@tgﬂ‘i’mmmﬂ@uiwamaLﬁﬂuLW@‘E?v\Iﬂmeﬁ
Faaneildneunirasuenlumfunssmdsnisaniueulumdi Taanmd 10 uanspantndndiie
wilalsadinmnaunizAnsualiLmdL (I%ﬁqLW@@NTWEMEL%NLW@E‘WMW\Im dasdanlngldi

andunesNan lafduaisaniueuwaaey) nudRansurresduasinawmainglslia 1avl127 indau
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Lmym‘ﬂmmmium@uiwm TrenileBauiiay ﬂmﬂwmmﬁdmm%m%mmwaiiﬁﬂ 127

ZN m LMu%uWﬂNﬂlﬂﬂIWﬂLN@?LV’WZQ?JUT’JEIVIQWHNQMM’]MM’]EN%IH LN@L‘LE?E]UW]EIUﬂUﬂ’]WVI 11-13 SIN

a

Lmeﬁ@mTWamﬁmﬂuLV\I@‘E?W@'&L‘V\Iwﬁqmim§mm1wmi’ummzvmﬂiznﬂum‘}mum@@uﬁq 3 1A

a

wudneenTndny ladgnguiaiuannisaaasaeslasuuuindmeiueanglstia tew 127 aannis

a

Arutaunanun NHgININ 350°C TAEAN UL NNIENNUBIBUNAPBN TN AR NARTUTINAINT

3

Q_

mm@uimsﬁ SRR ES IR ﬂ'ﬂUﬂ’]iUﬂuVlLLﬁ]ﬂM’]\mu 3 TUn (MF/LIFePO CF/LiFePO,, uag

PF/LIFePO,) fdnunizuansneiu lnefiguuugiasueuluadugasing 500 °C reulndnaiie
34LV\I@I@W@@L‘V\Irmnmﬁ@uﬁf;ﬂm@ﬂixﬂ@um@mumﬂLumﬁuw'ﬁﬁ@mm‘@:ﬁﬁﬂwmméﬁfmmqn@u

imnziutunguauiatlsenns 100 D9 500 wnTuiuns lususiaenindnainaumalsmaamng

o A

waeLUfisaaslsznauafuauanlaeninwaiian laduas isngTianeilas lafasiansue
% Aa g 1 o . . dl a R~ a a dl Y Y
ARNHUNUARANIZNANAU (disk-like structure) iafa1uI9@NENANITILAE B asANENTY
203nglstia o127 wudnasrenindnanasialseamanans sl i naswugngunnay
Wadarudinduaesnglsiia w127 untiu Gafnainnisaanssarestassuuuinawe B

= dsja/ Y o = a dl = A
fgaiulugsuay dsngnisaitidunalédaaulunsaiansnenindnnmsaningldanslszney

v

AsueuAnmanTunlesTan lad aillunsdizesansen InAnnansiusifsananansaiueuls
en@nvlefilanlofuazinlsngddarefilanladlinunini Ao asnisisduassgnaudiods
Burunisiiunglstia w127 1nndn iwWenansunFainaunIn SEM  1898nswanns

Lﬂ%ﬂuuﬂmemmﬁmmﬁ%ﬂ@uiuvﬁsﬁuﬁiﬂﬁﬂwmmwﬂwmwmmmm@u‘[wam WUILHB AN

]
=S

fqmmﬁmmﬂﬂummﬂu 600 waz 700 °C aynrrenIndndgnicuindeuaislssnauniiuey

a

anInALuefisduste 3 980 Suuilinfiaznaansau (sinter) L%ﬁé’qﬂﬁuﬂmﬂlﬂumﬁﬂmmﬁu

Tnenanzlunsdivesgnungiafuenluadu 700 °C ugumgfifideutinegs dwiuaisdszney
m%u@umniw'ﬁLu@i“w%uﬁﬁ'aﬁ@muﬂﬁmmamf?l"q (decomposition temperature) Useanns 400 °C
saazdunmlidaiauanatsrenndsiasienanalszneuniueundeuanlaanginwesiian

lasuaznlsng@danafitanlas meudsannisanfuenlueduiiguund 700 °C aumeifianis

uaaNIINAURTUIA INDTUBLNININ wAEANHIUEAIINITUINGY (porous structure) ARANIBEINY

TALAL
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Pluronic F127 to MF concentration ratio
0.03:1 0.1:1 0.3:1

WA 10 2w SEM aaspanIndnamanialivadmnndunszildnaunisaniualuibd

Pluronic F127 to MF concentration ratio
0.03:1 0.1:1 0.3:1

500

By
LFP-0.1F-700™ %4

l\

X

Carbonization temperature (°C)
600

3 5

v a

2NN 11 2w SEM aaspanngdnamaninalsnaginmdaldiuaiunasdanm amiusnsaniuay

waaunaINIIASuaulwmdun A Ndiniuaanglstia 1en127 wazguuniseudnenisaniueauly

GixipiaaNy
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Pluronic F127 to CF concentration ratio
0.03:1 . _ 0.1:1 0.3:1

Carbonization temperature (°C)
600 500

700

AfuauLAReUaINITAfTuelwatun ANdinduresnglalin oW 127 uazguuniszndnanig

REILITNE T AT oA
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Pluronic F127 to PF concentration ratio
0.03:1 0.1:1 0.3:1
Pt Ty e v £ E X ? :

Carbonization temperature (°C)
600

—

i . ¥
.;:3,& A

MNT 13 N9 SEM aaspanTndnameumalsmesindcldnalsnaddanesdanlas (PF) iiluans

a au

AfuauLAReUaINITAfTuelwatun ANdinduresnglalin oW 127 uazguuniszndnanig

REILITNE T AT oA

AT 14 wapenisnszanesatesaneeRlsznelunanindndiiauinalean G
wanslnsaununen WannansurieAeufananslsznaua fueuanniuan dunesiiad las an
Augasliiiunnanszanafatainanetassnesslszney Wy s1muan Neaneia uwaz
sandiauludiiiauinalsveaun Lm:wumﬁmﬁmu‘ﬁLﬂuﬂm’ﬂa‘:ﬂ@wﬁﬂ wWiansilulnsiaud
naavdalugslizneunfueuadaunizanssetnsdinane faanansafudulidngiseaians
Fupmzinentndndifinumaelswagilnnanieg Tanszanemetieainae luurinaissznen
asueuiianmelreznen (lulnsauiesandia) uasflsznay wy lulnsiauiisaaandianly
miﬂazﬂﬂum%mumﬁ@uﬁ/mmdw:‘*ﬁqaLﬁ'ummmmm’tumilﬁuﬂ?:ﬁg (capacity)uazLiix
mmmaﬁmiuma‘ﬁﬂ@@@uuuﬁ”uﬁwmffmQLLﬂTwm'ﬁLﬁﬂuLW@T@WMLWW faflnsiin ez

laaaumAINIn
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WA 14 2w EDS aaspanIngdnamaninaliaainmndanaaufaudnslsznalansua et

&

Wasiaslad N Ndnduramglstia w127 0.3 NHaunisafueuluiEdunguuni 600 967

=
FIRLTE R

d” ala tzll tzll a a dl

WUNHD 1BNASINGU TUIATNIULRAT LAZIWIABYNIALRAL TBdAaNINnERRINa NI als
Waampdaszifaematianisgaduaasfina uinsiau (N,-sorption) ASLaATAI97 4 TIUAA
BNBNATBINNIFANANIAT19TAI985193WT (pore formation) ABANHUENNNIANINIBIATADN T

an luntuansdaysanwuenienioninaesnanindndnanlalsnaaWadandausiag

a

ansilsznatAniuauanNaNuWesian lafinamefistu uazafusuluadunanugl 600 °C

v
a

wudrnentndnaneninalseannldlimunglaiia ien127 adldludgisen Anunia 4.06

FN3INATFANTH 1TN1R93NgL 0.0013 gNUNANIUALNATENTN AUIABYNALRAE 1478.32 W1l

s waziiiainaaudinduseanglsiia w127 297 0.03 0.1 uaz 0.3 azdenaliifuiinarenes
nanRaunlneyduidu 17.33 20.91 uaz 26.48 AsamATAEnsy Pirnasenquilaunageduily
0.0046 0.0056 uay 0.0062 gnuAATLTuAINAIAENTY TATeteynALeAn TauaLEnady
346.25 286.90 Uaz 226.63 W1TuLNAT AINANAL LanDNEnEnaTasAnNdinduresnglstia tan

127 Widenasiannuaniiinweniannsespan in@naiaumalslaamavislusruaunaynia ez

7 1
=
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ABSTRACT: The electrospun-based porous nitrogen-enriched
carbon-coated olivine LiFePO, nanocomposites (ME-PVA/
LFP) were prepared by employing the practical electrospin

Porous500
Porous600
Non-porous500
Non-porous600

o

technique and using affordable polymers, melamine-form- ;
aldehyde (MF) with poly(vinyl alcohol) (PVA), as the o3
nitrogen-containing carbon precursor, followed by carbon- 2
ization at various temperatures. Uniform and good interfiber ] :(2)
separation of electrospun MF-PVA/LFP composite nanofibers 2 58]
2.6

with a average diameter of about 150—200 nm were initially
obtained and then transformed into the spongelike porous
structure after carbonization. The observed conductive
pyridinic-N and pyrrolic-N nitrogen functional groups within
the carbon coating material combining with the enhanced
specific surface and high void volume of the porous structure played a great impact on the rate capability and cycling
performance under high current density cycles. The highest obtained discharging capacity of the porous MF-PVA/LFP
composite was 105 mAh g~' at 0.1C. This promising concept can be further developed if the sustained fibrous structure after
carbonization and the better LiFePO, crystallinity can be achieved.
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1. INTRODUCTION nanoparticle size minimization or morphology modification,’
admixing or coating the LiFePO, surface with conductive
carbonaceous material has been realized as the most practical
and affordable method. Especially, coating the targeted

Li-ion battery is one of the state-of-the-art electrical energy
storage and conversion for electrical vehicles (EVs) due to its

high capacity, long life cycle, high energy density, and low

internal discharging." On the basis of the primary concerns of LiFePO, with carbon material that contains the heteroatoms
long-term reliability and feasible large-scale production, the (e.g., sulfur, oxygen, nitrogen functional groups), particularly
targeted Li-ion batteries should exhibit high safety operation nitrogen-enriched carbon, has recently been considered as the
with low investing cost.” The key component that determines efficient strategy to promote ionic conductivity and support
the performance and the cost of Li-ion batteries is the cathode ionic capacity of the targeted LiFePO,.” For example, nitrogen
material, regarding its influence on capacity, cell voltage, and can induce the conducting behavior, thereby introducing
cost of its composition. Nowadays, LiFePO, with its olivine donor states near the Fermi level.® Moreover, polarity
crystalline structure is drawing extensive attention as the attributed from polarization of the nitrogen’s lone-pair

promising cathode material for the EVs because of its relatively
low cost, high discharge potential, acceptable specific capacity,
high thermal stability, excellent cycling performance, and low
toxicity.” However, the main drawbacks for the practical use of
LiFePO, are its low electrical conductivity and poor Li ion

electrons will support electrode surface wettability and increase
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absorption of the electrolyte on the electrode surface, leading
to the reduction of interfacial ionic resistance. Besides,
nitrogen has a comparable atomic size with the carbon atom
but higher electronegativity; thus, it preferably bonds with the
carbon atom and supports lithium-ion insertion. Nitrogen
doping can also create defect sites for lithium storage, leading
to excellemt storage capacity.” Previously, various nitrogen-
containing carbon precursors, such as polyacrylonitrile,’
polyaniline,'” and nitrogen-containing ionic liquid,'" have
been reported as the potential carbon precursors for improving
ionic conductivity and storage performance of the electrode
material for supercapacitors and lithium-ion batteries. How-
ever, those precursors are quite expensive and not practical for
a large scale production. Currently, melamine-formaldehyde
resin has been introduced as one of the widely studied
promising nitrogen-containing carbon precursors, according to
its composing high nitrogen content, relatively cheap, and low
toxicity. Because of the several available amine-reacting
functional groups within its molecular structure, melamine
monomers and formaldehyde readily polymerize to form
a highly 3D branching nitrogen containing carbon network
with a high nitrogen content up to 66 atomic %.'”

Besides the coating material’s chemical point of view, the
enhanced specific surface area of the electrode material due to
its nanoporous structure also plays an essential role for the
electrolyte-holding capability and facilitates the interfacial ionic
transport and supports its ionic capacity. One of the affordable
and scalable techniques to produce this targeted nanoporous
structure is electrospin, which forms a nonwoven structure
from interpenetrating nanofibers. In detail, the nanofibers can
be generated from the counteraction between surface tension
of the spinning solution and the external applied Coulombic
force by applying a high power supply on a viscous spinning
solution, causing the solution to become charged. Once the
electrostatic repulsion overcomes the surface tension of the
viscous solution, the solution will be stretched into a cone
shape, called a Taylor cone, and form a liquid jet. This liquid
jet will be elongated and then dried while being collected to
form a nonwoven structure on the collector via the whipping
process.”'* Usually, the morphology of the electrospun
nanofibers depends on the combination of the electrospinning
parameters, i.e., solution viscosity, applied potential, spinning
solution feed rate, and the needle-to-collector distance.
Moreover, the obtained fibers are very thermally sensitive
because of their nanosized diameter.

Therefore, this work we aimed to present the integration
idea of employing the melamine-formaldehyde (MF) combin-
ing with poly(vinyl alcohol) (PVA) as the carbon precursor for
preparing the nitrogen-enriched carbon coating to enhance
electrochemical performance of the LiFePO, cathode material
and fabricating those carbon coated LiFePO, cathode
composites into the enhanced-surface nanoporous structure
by using the practical electrospinning technique. To the best of
our knowledge, we are the first who reported the application of
melamine-formaldehyde and poly(vinyl alcohol) as the nitro-
gen-containing carbon coating precursor for the LiFePO,
cathode material. Here, we reported the effects of electro-
spinning parameters (e.g.,, the concentration ratio of PVA as
the viscosity adjusting agent to MF, and the ratio of the
LiFePO, active material to the MF-PVA polymer carbon
coating precursor) on the electrospun fiber formation.
Subsequently, the influences of the carbonization temperature
on the morphology and the retention nitrogen content of the

633

targeted composite products were investigated. Eventually, the
impacts of the obtained porous nanocomposite morphology
and the retention of nitrogen functional groups after
undergoing various carbonization temperatures on the electro-
chemical performance of the nitrogen-containing carbon
coated LiFePO, nanocomposites (MF-PVA/LFP) were
analyzed.

2. EXPERIMENTAL SECTION

Materials. All chemicals were used of the analytical grade
and used without further purification. Melamine (M), Iron(I1I)
phosphate dihydrate (FePO,2H,0), and Lithium carbonate
(Li,CO;) were purchased from Sigma-Aldrich. Poly(vinyl
alcohol) (PVA) was obtained from Chem-Supply. The 37%
Formaldehyde (F) aqueous solution was obtained from
QREC.

Synthesis of LiFePO, (LFP) Nanoparticles. LFP was
separately synthesized by liquid phase method. Iron(III)
phosphate dihydrate (FePO,-2H,0), oxalic acid, and lithium
carbonate (Li,CO,) were mixed in ethanol (99%) at the mole
ratio of 2 (FePO,H,0):2 (oxalic acid):1 (Li,CO;). After
being stirred for 6 h, the solution was dried on a hot plate
overnight at 60 °C. After the solvent was completely removed,
the obtained solid was heated to 350 °C and annealed at this
temperature for 1 h before calcination at 600 °C for 4 h under
an Ar atmosphere.

Preparation of Electrospun Melamine Formaldehyde
(MF)-Poly(vinyl alcohol) (PVA)/LiFePO, Nanocomposite
Fibers (MF-PVA/LFP). The electrospinning solution was
prepared by first mixing melamine and 37 wt %-formaldehyde
solution at the mole ratio of 1:3. Subsequently, poly(vinyl
alcohol) with various concentrations of 6.5, 9.5, and 13.5 wt %
relative to the prepared melamine-formaldehyde (MF)
solution was added to adjust the viscosity of the MF polymer
solution. Furthermore, various concentration ratios of the
synthesized LFP particles to the prepared MF-PVA polymer
solution (i.e., 40:60, 50:50, and 60:40 wt %) were introduced
to the MF-PVA polymer mixture and stirred for 2 h. The
electrospinning condition to generate MF-PVA/LFP electro-
spun nanofibers was setup as the distance between needle and
collector of 15 cm, voltage supply of 20 kV, and the various
solution feed rates of 2.5, 3.0, and 3.5 mL/h. The as-
electrospun MF-PVA/LFP was then annealed at 120 °C for 4
h under an Ar atmosphere, followed by carbonization at
different temperatures as 500 and 600 °C. To investigate the
influence of the nanoporous structure on the electrochemical
efficiency, we also prepared nonporous MF-PVA/LFP
composite samples by dispersing the as-synthesized LFP into
MEF-PVA polymer mixture with the ratio of LFP to MF-PVA as
50:50 wt %, which is the same weight ratio used to generate
the electrospun MF-PVA/LFP nanocomposite fibers. After the
solvent was removed by slow evaporation without undergoing
electrospinning process, the samples were then calcined at 500
and 600 °C. The electrospun MF-PVA/LFP samples
carbonized at 500 and 600 °C were designated as Fiber500
and Fiber600, respectively, whereas the corresponding non-
porous composite samples carbonized at the same temper-
atures were designated as Non-fiber500 and Non-fiber600,
respectively.

Characterization of MF-PVA/LFP Cathode Composite.
The crystalline structure of the synthesized cathode composite
materials was characterized by using X-ray powder diffraction
(Philips: X’Pert) with Cu K, radiation = 1.5418 A. The

DOI: 10.1021/acs.iecr.8b03599
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microstructure, morphology and elemental composition
mapping of the obtained cathode composite products were
observed by scanning electron microscope equipped with an
energy dispersive spectrometer, SEM-EDS (JEOL JSM-
7600F). Their specific surface area was observed by N,
absorption technique. Surface elemental analysis was inves-
tigated by X-ray photoelectron spectroscopy, XPS (Kratos Axis
Ultra DLD).

Electrochemical Performance Evaluation. The MEF-
PVA/LFP composite products were assembled into Swagelok
type cells for the electrochemical performance investigation.
For the cathode half-cell preparation, the obtained MF-PVA/
LFP composite product was mixed with carbon black and
polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1 in N-
methylpyrrolidone (NMP) solvent. Then, the slurry was casted
on an aluminum foil and dried in a vacuum oven at 80 °C for
12 h. The received cathode was assembled into a cell by using
the lithium metal as the anode, Celgard film as the separator
and 1 mol L' LiPF in the mixture of ethylene carbonate
(EC), ethylmethyl carbonate (EMC) and dimethyl carbonate
(DMC) (1:1:1, v/v) as the electrolyte. The targeted cells were
charged and discharged between 2.5 and 4.2 V at different
current densities by using Neware BTS-4000 electrochemical
test set. The cyclic voltammetry (CV) measurement was
performed at the scanning applied potentials ranging from 2.5
to 4.2 V with the scan rate of 0.5 mV.s™" by using potentiostat/
galvanostat (Autolab PGSTAT101).

3. RESULTS AND DISCUSSION

3.1. Effects of Electrospinning Parameters on the
Composite Nanofiber Formation and the Materials
Characterization. The LiFePO, or LFP was synthesized via
precipitation in liquid phase by mixing FePO,-H,0, Li,CO;
and oxalic acid in ethanol. The crystalline structure of the LFP
product was then examined by using X-ray Diffraction
Technique (XRD). As seen from Figure 1, the X-ray diffraction

* Li;PO,
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Figure 1. XRD scan of the synthesized LFP product.

patterns of the synthesized sample were well matched with
orthorhombic olivine-type structure LiFePO, (JCPDS #65—
0257). However, the XRD spectrum also exposed some trace
amount of secondary phases of Li;PO, that showed its
distinguished XRD peak of 26 around 50°, corresponding to
the ordering plain (212) and (022)" and the unknown phases
showing at 26 around 33 and 35°, which might have similar
pattern to that of NaFePO, with a maricite structure, space
group Pmnb.'® Under the reductive environment, the Li;PO, is
generally formed as a byproduct depending on the
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precipitation condition between FePO, and Li,CO;. However,
the Li;PO, tends to diminish at higher pyrolysis temperature.
This emerging Li;PO, usually reduces the electrochemical
performance of the electrode material because of its insulating
characteristic."”

For the preparation of nitrogen-containing carbon coating
material, because of its low intrinsic viscosity, the melamine-
formaldehyde (MF) polymer solution requires a certain
amount of poly(vinyl alcohol) (PVA) to adjust the solution’s
viscosity for facilitating the formation of electrospun fibers."®
Thus, the appropriate concentration of PVA in MF-PVA
polymer solution was primarily explored to achieve the
sufficient polymer solution viscosity for further electrospinning.
Notably, too high concentration of PVA in the polymer
mixture can lower the content of the N-containing MF carbon
precursor, whereas, too low PVA concentration will not be able
to manipulate enough solution viscosity for the electrospun
fiber formation. Therefore, three different concentrations
(conc.) of PVA (i.e., 6.5, 9.5, and 13.5 wt %) were investigated.
It was found that the MF-PVA polymer mixture with the PVA
conc. of 6.5 and 13.5 wt %, respectively, were either too dilute
or too viscous to form a nanofiber. Only adding 9.5 wt % of
PVA could support the uniform fiber formation. Thus, the
PVA conc. of 9.5 wt % was selected to further explore the
influence of other electrospinning parameters on the
morphology of the obtained electrospun nanofibers.

The SEM images of the electrospun MF-PVA nanofibers
generated from various solution feed rates of 2.5, 3.0, and 3.5
mL/h, while maintaining the constant applied voltage at 20 kV
and needle-to-collector distance at 15 cm was shown in Figure
SI. All investigated feed rates provided quite uniform
nanofibers with the diameter of 200—300 nm. The applied
higher feed rates were likely to promote larger fiber diameter
formation and more contact of the generated electrospun
fibers. However, to produce uniform electrospun nanofibers
with good interfiber separation, it is necessary to apply an
appropriate combination of the solution viscosity, solution feed
rate, and the applied voltage. Considering the obtained fiber
morphology, a feed rate of 3.0 mL/h could generate more
uniform electrospun nanofibers and better interfiber separation
compared to other investigated feed rates. Hence, a solution
feed rate of 3.0 mL/h has been selected for further preparing
the nanofiber composite of melamine formaldehyde-poly(vinyl
alcohol) (MF-PVA)-coated LiFePO, (LFP) active cathode
material (MF-PVA/LFP).

Subsequently, the effect of LFP to MF-PVA ratio on the
electrospun nanofiber formation was also studied with an
intention to prepare the electrospun MF-PVA/LFP nanofiber
composite with an evenly LFP distributing within the N-
containing MF-PVA carbon-coated precursor. As illustrated in
Figure S2, the average diameter of the MF-PVA/LFP nanofiber
composite products that were prepared from different LFP to
ME-PVA concentration ratio, ranging from 40:60, 50:50 to
60:40 wt % was about 150—200 nm. These MF-PVA/LFP
composite nanofibers had a slightly smaller diameter compared
to those of previously received bare electrospun MF-PVA
polymer nanofibers. The results revealed that increasing
amount of LFP active material would decreased the diameter
of composite nanofiber. In addition, more LFP addition tended
to provide less uniform nanofibers with more phase separation
between LFP solid particles and the MF-PVA coating polymer.
For example, at high LFP addition of 60 wt % or higher, the
separation of LFP agglomerate and the MF-PVA polymer

DOI: 10.1021/acs.iecr.8b03599
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phase that led to a chunk of polymer droplet and less LFP
distribution in the composite nanofiber sample was obvious.
Among the proposed LFP to MF-PVA weight ratios, the
concentration ratio of 50:50 wt % could generate the most
uniform nanofibers with a good interfiber separation. This
morphology was expected to eventually promote the enhanced
surface area and pore volume of the obtained nanofibrous
structure.”” Thus, for further study in the following sections,
the electrospun MF-PVA/LFP composite nanofiber samples
were prepared from the LFP to MF-PVA concentration ratio of
50:50 wt % with a solution feed rate of 3.0 mL/h and the
applied potential of 20 kV.

The as-spun MF-PVA/LFP nanofibers were then pyrolyzed
under different carbonization temperatures of 500 and 600 °C.
Figure 2 shows the morphology of the MF-PVA/LFP

Figure 2. SEM imaging of the top-viewed sponge-like porous MF-
PVA/LFP composite products and its correlating nonporous MF-
PVA/LFP samples after carbonization at different temperatures: (a)
Fiber500, (b) Fiber600, (c) Non-fiber500, and (d) Non-fiber600.

electrospun composite products after carbonization
(FiberS00 and Fiber600) comparing to its nonporous
composites (Non-fiberS00 and Non-fiber600). The SEM
images exposed that after carbonization at high temperature
(ranging from SO0 to 600 °C), the nanofibers dramatically
sintered, causing the transformation of nanofibrous structure to
a sponge-like porous structure, thereby merging and fusion of
polymer nanofibers. In fact, at high temperature above 360 °C,
the polymer backbones of PVA started to break down and MF
polymer networks decomposed, resulting in melting and
restructuring of the polymer nanofibrous structure.”””!
Especially, in the case of the polymer nanofibers, their small
fiber diameter in the range of hundreds of nanometers would
activate their thermal sensitivity and decrease their thermal
stability. Hence, increasing carbonization temperature will
accelerate the deterioration of nanofibrous structure.
Nevertheless, as reported in Table 1 the results from N,
adsorption—desorption measurement indicates that the
obtained sponge-like porous MF-PVA/LFP composite prod-
ucts still possessed higher specific surface area compared to its
correlating nonporous structured composites that were
carbonized at the same temperature. This may be because
the obtained sponge-like porous structure was produced from
fusion of the interconnecting nanofibers that initially formed
vast amount of pores generated from the voids between those
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Table 1. Comparison of the Material Morphology of the
ME-PVA/LFP Composite Products between the Spongelike
Porous and the Nonporous Structures

BET surface Langmuir surface  pore volume pore
material  area (m” g') area (m? g™") (em®g™!)  size (A)
Fiber500 33.95 50.08 0.0165 21.21
Non- 26.87 39.80 0.0094 21.01
fiber500
Fiber600 54.91 84.05 0.0257 25.57
Non- 36.64 42.52 0.0179 28.19
fiber600

interpenetrating nanofibers. Therefore, there still remained
some morphology of those voids in the material after passing
the melting and restructuring process. Somehow, restructuring
and melting, or shrinking of the polymer fibrous composite led
to even higher specific surface area when increasing carbon-
ization to 600 °C. Comparing to the obtained porous
structured composite, the nonporous MF-PVA/LFP composite
was prepared by dispersing the LFP cathode material into the
MEF-PVA coating matrix, then allowing slow solvent evapo-
ration with no addition of any pore formation templates or
foaming agents. This could result in a thick polymer coating
around the LFP particles and less uniform active material
distributing in the MF-PVA polymer matrix. Thus, only a few
pores could be formed during the heating process because of
the polymer melting and shrinking process at elevated
temperature.

The impact of carbonization temperature on the crystalline
structure of LiFePO, of the as-prepared MF-PVA/LFP
composite products was further investigated by employing X-
ray diffraction technique (XRD). The X-ray diffraction patterns
of the porous nanocomposite products prepared from various
carbonization temperatures comparing with their nonporous
composite sample and the as-synthesized LFP are expressed in
Figure 3. Similar to the X-ray diffraction pattern of the bare
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Figure 3. X-ray diffraction patterns of the as-prepared MF-PVA/LFP
composite products that were carbonized at different temperatures.

LFP, the XRD patterns of MF-PVA/LFP composite products
prepared from both carbonization temperatures, ie., 500 and
600 °C, confirmed the LiFePO, with orthorhombic structure
as the major phase in the composite products. Nevertheless,
undergoing pyrolysis at high temperature under reductive
environment with the appearance of carbon source also
resulted in the formation of lithium phosphate (Li;PO,).”*
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The Li;PO, byproducts can restrict the electron transport
along the LiFePO, particles and decrease charge and discharge
capacities of the LiFePO, material, regarding to its low
conductivity (1 X 107" S cm™), which is even lower than that
of LiFePO, (1 X 107 S cm™).** In addition, we still observed
the unknown phases, which might have patterns similar to that
of NaFePO, with a maricite structure, space group Pmnb.
The X-ray photoelectron spectroscopy (XPS) was used to
characterize the nitrogen-containing content and its config-
uration in the targeted MF-PVA/LFP nanocomposite prod-
ucts. Table 2 demonstrates the elemental analysis based on

Table 2. Elemental Analysis of MF-PVA/LFP
Nanocomposite Products Carbonized at Different
Temperatures

atomic concentration

material Lils+Fe3p Fe O N C P
Fiber500 36.78 2.73 11.33 2.96 42.63 2.15
Non-fiber500 21.76 391 25.02 1.88 44.49 2.94
Fiber600 33.00 2.15 13.54 1.45 44.84 343
Non-fiber600 30.95 295 19.28 1.16 43.67 1.99

XPS technique of the MF-PVA/LFP nanocomposite obtained
from different carbonization temperatures. The nitrogen
content remarkably decreased after carbonization compared
to that of as-spun nanofiber composite before carbonization.
Comparing to the porous composite product received from
carbonization at 500 °C, which contained nitrogen moiety of
about 3 atomic %, increasing the carbonization temperature to
600 °C could substantially activated the decomposition of N-
functional groups, resulting in less remaining nitrogen moiety
to about 1.4 atomic %. This was consistent with the prior study
that reported the PVA and MF decomposition temperature of
about 360 °C.”° Through carbonization process, the
containing N-functional group would be transformed and

removed, then the carbon precursor would rearrange into the
carbon material. Hence, this caused a decrease in nitrogen
content and increase in carbon content when the carbonization
temperature is increased. Similarly, in the case of the
nonporous composite products, increasing the carbonization
temperature from 500 to 600 °C also led to the decrease in
their nitrogen content from about 1.9 atomic % to 1.2 atomic
%. Notably, besides the applied carbonization temperatures,
thermal stability of the existing N-functional groups also
depends on their initial configuration within the carbon host.
These N-functional groups will determine the final types of
nitrogen configurations within the carbon material,>® such that
the nitrogen groups in carbon aromatic rings usually exhibit
higher thermal stability than the edged-nitrogen groups. In
addition, as mentioned in the previous section for the XRD
scan of the composite products, the unknown phase may
correspond to the NaFePO,. However, on the basis of the
results observed by the X-ray photoelectron spectroscopy,
there was no Na content detected in all our composite samples.
This could be an indication that there was no Na in all the
synthesized MF-PVA/LFP composite products. This unknown
phase possibly corresponds to the other phases of LiFePO,.
As shown in Figure 4, XPS spectra reveal the type of
nitrogen-containing carbon functional group on the surface of
the composite products based on its binding energy. The
complex XPS spectra for N 1s of our porous composite
samples, i.e., FiberS00 and Fiber600, could be deconvoluted
into three types of nitrogen functional groups as the pyridinic-
N (~398 eV), pyrrolic-N (~400 eV) and protonated pyridinic-
N (~401 eV).”* However, only pyrrolic-N functional group
was observed in the Non-porous500. In case of the Non-
porous600, besides pyrrolic-N and pyridinic-N  functional
groups, the extra immine functional group was also observed.
These N-functional groups were corresponding to the
remaining nitrogen-substituting moiety in the melamine ring
and the nitrogen groups within the carbon material, whose
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configuration had been rearranged during the pyrolysis
process. The pyridinic-N and protonated pyridinic-N func-
tional groups comprise sp” hybridization that could promote
the electronic conductivity of the carbon host.”> Especially, the
pyridinic-N functional group that locates at the edges or the
defect sites of the graphitic carbon is significantly chemically
active, according to the low energy barrier for lithium
penetration. Moreover, this type of nitrogen configuration
can promote lithium-storage capacity by inducing the Li-
insertion sites.

3.2. Electrochemical Evaluations. The electrochemical
performance of the porous MF-PVA/LFP composite products
were evaluated by using cyclic voltammetry (CV) and the
galvanostatic charge—discharge cycles ranging from 2.5 to 4.2
V vs Li/Li*. lllustrated in Figure S, the CV scans of our porous
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Figure S. Cyclic voltammetric scans for Fiber 500 and Fiber 600.

ME-PVA/LFP electrodes carbonized at different temperatures
disclosed the anodic and cathodic peaks ranging around 3.25—
3.7 V vs Li/Li*, which agreed well with the reaction potential
of Li* intercalation and deintercalation reactions.”””” Their
relatively high current density and sharp CV peak profile
indicated a high electrochemical activity and reactive Li"
intercalation. Their small difference between reduction and
oxidation peak potentials reflects the efficient Li* transport and
high reversibility with low degree of polarization. However,
increasing the carbonization temperature resulted in slightly
decrease of the reaction reversibility, corresponding to the
wider peak potential difference (AV) between the anodic and
cathodic peaks. This slightly reduced reversibility may result
from the fact that increasing carbonization temperature would
accelerate sintering and caused more agglomeration of the
LiFePO, active material. Such larger size of LiFe-
PO, clusters would require more energy that reflected as a
higher potential for the Li*-insertion and -desertion processes.

Figure 6 demonstrates the preliminary reversible charging—
discharging characteristics of the porous structured (Fiber500
and Fiber600) and nonporous structured (non-fiberS00 and
non-fiber600) MF-PVA/LFP cathode composite prepared
from different carbonization temperatures after cycling tested
at 0.1C for 10 cycles. All reported capacities were investigated
based on the total mass of the loaded MF-PVA/LFP composite
within the testing cells. Roughly, the targeted MF-PVA/LFP
cathode composite in both morphologies exhibited charge and
discharge voltage plateaus at around 3.5 and 3.4 V,
respectively. These characteristic steady voltage plateaus
correlated with the two-phase nature of Li" extraction and
insertion reaction between LiFePO, and FePO, complexes.
They also agreed well with the reaction potential peaks
previously observed from the CV measurement. As observed in
both porous and nonporous MF-PVA/LFP composite samples,
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Figure 6. Charging—discharging characteristic of MF-PVA/LFP
composite products prepared from different carbonization temper-
atures tested at the rate of 0.1C.

increasing the heating temperature was likely to reduce the
capacity of the targeted cathode material, whereas the specific
area tended to increase. Here, the main factors that support
storage capability of the targeted MF-PVA/LFP composites
may arise from their specific surface area and their containing
nitrogen content. Considering with the summarized data in
Table 3, it was interesting that even having lower specific

Table 3. Summary of the Surface Morphology and the
Nitrogen Content of MF-PVA/LFP Nanocomposite
Products Carbonized at Different Temperatures

BET surface area pore volume nitrogen content

material (m*g™) (em® g") (atomic %)
Fiber500 33.95 0.0165 2.96
Non- 26.87 0.0094 1.88
fiber500
Fiber600 54.91 0.0257 1.45
Non- 36.64 0.0179 1.16
fiber600

surface area the composite samples carbonized at 500 °C for
both structures (Fiber500 and Non-fiber500) provided higher
charge—discharge capacities than the samples carbonized at
600 °C (Fiber600 and Non-fiber600). In addition, in the case
of Fiber600 and Non-fiber600, which hold comparable
nitrogen content as 1.45 and 1.16 atomic %, respectively,
though the Fiber600 had substantially larger specific surface
area than the Non-fiber600 as about 55 and 37 m” g™, their
specific capacities were very close to each other as of 60 mAh
g~! for the Fiber600 and 62 mAh g~ for the Non-fiber600.
These observations implied the greater impact of nitrogen
content and its functional configuration within the samples
over their specific surface area on the capacity. The nitrogen
moiety may play a key role in supporting Li* transport by
promoting ionic charge distribution over the LiFePO, bulk
surface.

The rate capability and the cycling performance of the
obtained porous and nonporous MF-PVA/LFP composite
products are shown in Figures 7, 8, and 9. In Figure 7, the
charge—discharge capacities were collected at different C-rate.
As expected, increasing charge and discharge rates typically
resulted in reduction of the composite products’ specific
capacities. This could be explained by the high charge and
discharge rates commonly induce lithium platting to form
solid-electrolyte interface (SEI) and significantly activate the
cathode crystalline distortion, leading to large mechanical
stress and eventually electrode material’s mechanical fail-
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Figure 8. Charging—discharging characteristic at 0.1C of MF-PVA/
LFP carbonized at 500 °C: (a, b) Fiber500 and Non-fiber500,
respectively, after previous charging—discharging cycles at a higher C-

rate. (c, d) FiberS00 and Non-fiberS00, respectively, after straight
charging—discharging cycles at 0.1C.

28-30 . . .
ure. As a consequence, it was recommended in previous

research studies that for LiFePO, to sustain its performance
under high current rate, a small active particle size and
appropriate carbon-coated material are required.”’ However,
all our specific MF-PVA/LFP composite products for both
porous and nonporous structures exhibited high reversibility,
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PVA/LFP composite products prepared from various carbonization
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even at high current density cycling tests. The porous
composite products (representing as the bolded-lines) exposed
much higher capacities than their corresponding nonporous
composite ones (representing as the dashed-lines) for most
collected C-rates. The highest charge—discharge capacities of
the porous composite products obtained from carbonization at
500 °C (representing as the black bolded-lines) were about
105, 72, 62, 32, and 23 mAh g~' for the charge—discharge rate
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of 0.1, 0.5, 1, 5, and 10C, respectively. Their correlated
nonporous composite products (representing as the black
dashed-lines) delivered much lower charge—discharge capaci-
ties, more than twice, compared to the porous composite
products prepared at the same carbonization temperature as
about 58, 28, 23, 16, and 11 mAh .g_1 for the charge—
discharge rate of 0.1, 0.5, 1, S, and 10C, respectively. Likewise,
the porous composite products prepared from the pyrolysis of
600 °C (representing as the red bolded-lines) expressed higher
charge—discharge capacities than their corresponding non-
porous composite samples (representing as the red dashed-
lines), as of 70, 45, 36, 15, and 9 mAh g_1 for the porous
composite samples and 45, 20, 17, 12, and 7 mAh g71 for their
nonporous composite samples at the charge—discharge rate of
0.1, 0.5, 1, S, and 10C, respectively. In the region of slow to
moderate current density as 0.1, 0.5, and 1C, the superior
capacities of the porous MF-PVA/LFP composites over their
nonporous composite samples may be attributed from the
larger enhanced surface area of the sponge-like porous
structure, in conjunct with the great influence from the
amount of nitrogen moiety. The porous structure with larger
surface area will shorten the Li*-transport pathway through the
electrode—electrolyte interface. In addition, the resident
micropores will provide channels for Li* diffusion.”> Mean-
while, the conductive nitrogen functional group will facilitate
the Li* conduction and improve electrode surface wettability
for the electrolyte absorption. However, at high charge—
discharge rates of 5 and 10C, it is interesting that the
nonporous MF-PVA/LFP composites prepared from the
carbonization of 500 °C (Non-fiber500) could deliver higher
specific capacity than the porous composite carbonized at 600
°C (Fiber600), even though it has much lower specific surface
area. This evidence may support the great impact of the
nitrogen functional group within the carbon coating material,
when operating at high charge—discharge rate.

Most of the porous MF-PVA/LFP composites seemed to
perform better rate capability than the nonporous composite
samples. Especially, the FiberS00 with the highest nitrogen
content even at high C-rate of 0.5 and 1 C could retain
relatively high capacity up to more than 70% of the capacity
collected from the low rate of 0.1C. This improved rate
performance of the porous composite samples may be assisted
by their nitrogen groups and the enhanced surface with the
high void volume of their porous structure that impede the
mechanical aging process of the cathode material during high
charging rate. This evidence was consistent with the observed
rate performance reported in Figure 8, where two groups of
charging—discharging efficiency of the porous and nonporous
composite products were evaluated at the same rate of 0.1C
but conducted after passing different cycling history. Figure
8, a, b (the red and blue bolded lines) represents the charging
and discharging characteristic at 0.1C of the Fiber500 and
Non-fiber500, respectively, after consecutively charged and
discharged at 0.5 and 1C for 8 and 10 cycles, respectively.
Panels ¢ and d (the red and blue dashed lines) are those
reversible capacity characteristics at 0.1C of the same samples
after passing straight charging and discharging at 0.1C for 10
cycles. From the experience, it was quite common that
charging—discharging performance at low current density for
several cycles of the porous composite sample was usually
greater than that achieved from higher current density. It is
worth mentioning that the porous Fiber500 composite sample
that underwent previous several higher current density cycling
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tests of 0.5 and 1C (the red bolded curve), when recharged
and redischarged at 0.1C could perform a slightly higher
capacity than the Fiber500 sample that had been straightly
cycling capacity tested at the same rate of 0.1C for several
cycles. This was interesting why the porous sample which
passed high charge—discharge rate could still perform a little
higher capacity compared to the porous that has been run the
cycling tests at the low rate of 0.1C for the whole process.
Perhaps there might be some intermediate forming during the
cycling test at high current density, which was indicated by the
multi steps of the voltage plateau of the red bolded curve. Also,
somehow the porous composite could maintain mechanical
stability when undergoing the high current test. On the
contrary, when considering the same situation, after passing
several high-current density cycling tests, the nonporous
composite, Non-fiber500, (the blue bolded curve) remarkably
lost its storage performance. The enhanced rate capability of
the porous composite over the nonporous composite one may
be assisted by the combination of its existing nitrogen groups
and the porous structure that composes high surface area and
high void volume. Regarding to the larger surface area, the
porous composite would require more charge—discharge cycles
compared to the nonporous composite for sufficient electrolyte
absorgtion on the porous electrode surface to attain its stable
state.”™** Thus, the observed capacity at an early few testing
cycles might not be the expected steady capacities. Further
cycling tests would tend to provide a higher capacity until
reach the stable state. Moreover, the high porosity structure
would be able to hold up more mechanical stress from the
crystalline distortion during the Li" insertion—desertion
process. In the case of nonporous, Non-fiber500 sample, in
addition to its lower nitrogen content, its smaller surface and
the smaller void volume within the composite structure made
it prone to low mechanical aging tolerance and may make it
more readily mechanically fail during the intercalation process
after several high-rated cycling tests.

Figure 9 demonstrates the cycling performance of the
porous and nonporous MF-PVA/LFP samples prepared from
various carbonization temperatures. The serial charge—
discharge cycles were consecutively performed as the rate of
0.5 - 1 = 0.1 — 1C. Mostly, our targeted N-containing
carbon coated LiFePO, cathode material could sustain steady
discharging capability with great cycle stability. Moreover, the
composite products could recover the correlating high capacity
achieved at 0.1C after performing a serial charging and
discharging processes at higher rate of 0.5 and 1C. The porous
MF-PVA/LFP composite samples, such as Fiber500 and
Fiber600 could deliver higher discharge capacity comparing
to the nonporous composite samples prepared from the same
carbonization temperatures for all proposed testing rates. This
agreed with the previous observation that the porous
nanocomposite products could hold more electrolyte absorp-
tion and better tolerate to the mechanical aging according to
their higher surface area and greater pore volume, combining
with a greater amount of the nitrogen retention. In particular,
the greater amount of nitrogen-containing functional group
found in the porous composite products would support the
storage capability of the targeted cathode composite material
that had been tested at high discharge current density.
Remarkably, after intervening test at low rate of 0.1C, all our
N-doped carbon coated LiFePO, composite samples could
maintain or even deliver higher specific capacity at 1C relative
to those previously collected at the same rate. This promoted
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storage capability may be associated with the nitrogen
functional group, such as pyridinic-N, within the carbo- coated
material that tends to induce lithium-storage sites and support
the cycling stability at high current density cycles.'"*”

The electrical impedance of the porous MF-PVA/LFP
composites obtained from different carbonization temperature
were examined by using electrochemical impedance spectros-
copy (EIS) that was performed in the frequency region of 1—
100 000 Hz. As seen from Figure 10, despite having less than
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Figure 10. Nyquist plots of the porous samples prepared from
different carbonization temperatures

half the specific surface area, the Fiber500 sample exhibited
significantly lower charge transfer resistance than the Fiber600
sample. The better ionic transport of Fiber500 possibly
resulted from its higher nitrogen content, which was more
than twice time of that found in Fiber600. This observation
was consistent with the capacity results in the previous section
that confirm the influence of the nitrogen functional groups
within the carbon coating material on helping ionic charge
distribution along the cathode material, reducing electrode/
electrolyte interface resistance, and promoting electrode
surface wettability. Also, this may be further evidence that
supports the greater impact of the existing nitrogen functional
group over the specific surface area.

Table 4 illustrates the electrochemical performance of the
LiFePO,/C composite cathodes that were prepared from
various polymers, as the carbon precursors, combining with
their synthesis method and cost per kilogram. Basically, the

impact of the doping carbon within the cathode composite on
the electrochemical performance relies on its coating
morphology, graphitic structure, and its electrical/ionic
conductive behavior. The thin (on the order of a couple
nanometers) and uniform graphitic carbon coating tends to
support charge conductivity via a short diffusion length.
Meanwhile, the conductive polymers would promote surface
charge transport on the LiFePO, particles. Hence, several
conductive polymers have been extensively employed to
promote LiFePO,’s conductivity, such as polyaniline,”” poly-
(3,4-ethylenedioxythiophene),”® polyacryronitrile,** etc. How-
ever, those conductive polymers are very expensive, hence not
practical for a large scale production to produce cathode
material for lithium ion battery used in electrical vehicles.
Compared to other LiFePO,/C composite cathodes, though
the preliminary obtained specific capacity of our composite
product is moderate, our proposed nitrogen-containing carbon
precursor, such the melamine-formaldehyde, is quite cheap.
This carbon precursor would particular be promising for mass
production. Actually, there is still plenty of room to develop
the electrochemical performance of our primer melamine-
formaldehyde based LiFePO,/C composite cathode for a
practical use in lithium ion battery for electrical vehicles, such
as improving the LiFePO, synthesis procedure to achieve high
crystallinity of LiFePO,, exploring strategy or optimizing
synthesis condition to sustain the nanofibrous structure to
promote the enhanced specific area with high 3D inter-
connected porosity, etc.

B CONCLUSION

In summary, we successfully prepared the porous nitrogen-
containing carbon coated LiFePO, nanocomposite cathode
material (MF-PVA/LFP) with orthorhombic structure by
using the low-cost polymer mixture of melamine-formaldehyde
and poly(vinyl alcohol) as the nitrogen-enriched carbon
coating precursor via electrospin technique, following by
carbonization. The appropriate combination of electrospinning
parameters provided quite uniform and well interfiber
separation electrospun MF-PVA/LFP nanofibers composite
with fiber diameter of about 150—200 nm. However, the high
carbonization temperature ranging from 500 to 600 °C
transformed the as-spun fibrous structure into the sponge-
like porous structure. The results from XRD and XPS indicated
the formation of Li;PO, secondary phase and the conductive
pyridinic-N, pyrrolic-N, and protonated pyridinic-N nitrogen

Table 4. Electrochemical Performance and Synthesis Process of LiFePO,/C Composite Cathode Material Prepared from

Different Polymer Carbon Precursors

carbon precursors
citric acid®®
polyaniline (PANi)*’

poly(3,4-ethylenedioxythiophene) /
polystyrenesulfonate (PEDOT/PSS)**

phenol formaldehyde®

solid state reaction

soft-chemistry method

solid-state reaction
polyacryronitrile (PAN)*’
polyethylene glycol (PEG)*'
polypyrrole (PPy)*>

melamine-formaldehyde/polyvinyl alcohol
(MF/PVA)(this study)

rheological phase reaction

solvothermal reaction

synthesis methods

hydrothermal and wet impregnation

electrospinning the PAN solution mixed with commercial LFP

electrospinning the MF/PVA solution mixed with the LFP
synthesized by solvothermal reaction

specific capéllcity

cost of carbon precursor

(mAh g™) per kg” (USD)
167 (0.1C) 484

165 (0.2C) 192°
135 (0.1C) 11360

146 (0.1C) 189°
140 (0.1C) 3330

146 (0.1C) 46200

145 (0.2C) 6647
105 (0.1C) 68

“Cost was based on the price from Sigma-Aldrich. bCost was based on the price of aniline monomer. “Cost was based on the price of hydroxyl

d .
benzene monomer. “Cost was based on the price of pyrrole monomer.
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functional groups within the carbon coating material,
respectively. The electrochemical performance of our as-
obtained porous MF-PVA/LFP cathode composite products
comparing with the corresponding nonporous composite
samples prepared at the same carbonization temperature
were analyzed to investigate the impact of porous morphology
and the nitrogen content within the carbon coating material.
The electrochemical measurement revealed that the superior
rate performance of the porous MF-PVA/LFP composites over
their corresponding nonporous composite samples would arise
from the combination of their enhanced specific surface area
with greater total pore volume and the higher content of
existing conductive nitrogen functional groups. These two key
factors could also support excellent cycling performance at
high current density. In particular, the results also implied the
greater impact of the nitrogen content over the impact of
surface morphology on the electrochemical performance of our
specific cathode composite material. Nevertheless, the highest
obtained preliminary discharging capacity of our cathode
composite products was relatively low as 105 mAh g™' at the
current density of 0.1C. Actually, the essence of this study is to
inform the great impact of the integration between the
nitrogen functional groups within our conductive carbon
coating material prepared from the combination of affordable
polymers as melamine-formaldehyde and poly(vinyl alcohol),
and the nanoporous structure formed by employing electrospin
technique, on the electrochemical performance of the LiFePO,
cathode composite product. These interesting aspects could
make the proposed porous nitrogen-enriched carbon-coated
LiFePO, (MF-PVA/LFP) composite function as a potential
cathode material for high-performance lithium-ion batteries if
their initial fibrous structure can be sustained after carbon-
ization to promote enhanced surface area and high porosity. In
addition, its electrochemical performance may be excelled if a
more effective synthesis method to provide better LiFePO,
crystallinity can be achieved.
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Abstract. LiFePOy is considered as the promising cathode material for a large-scale Li batteries used
in electrical vehicles (EVs). However, a practical use of LiFePO4 cathode is limited by its low ionic
conductivity, resulting in low battery’s power performance. This work, a facile and practical method
to promote ionic conductivity and capacity of LiFePO4 was developed by dispersing LiFePO4
nanoparticles into a porous nitrogen-riched carbon matrix by employing one-pot synthesis approach.
The N-containing carbon porous matrix was prepared by utilizing melamine-formaldehyde (MF)
resin as the N-containing carbon precursor and Pluronic F127 as the porous template. The pseudo
capacitive effect attributed from lone-pair electrons into melamine functional group was expected to
support Li ion transport. After carbonization at 600 °C, uniform LiFePOsnanocomposite clusters
with an average size of about 50-300 nm were obtained. The influence of the molar ratio between
pluronic F127 and melamine-formaldehyde (i.e. F127:MF molar ratio as 0:1, 0.03:1, 0.3:1) on the
LiFePO4 nanocomposite’s morphology and crystalline structure was investigated by using scanning
electron microscope and X-ray diffraction technique. The results show that increasing F127
concentrations support more porous structure formation, leading to a higher surface area but does not
affect the LiFePOs nanocrystalline structure. According to the highest surface area, the N-doped
carbon coated LiFePO4 composite product obtained from the molar ratio of F127:MF as 0.3:1
exhibited highest discharging specific capacity of 158.1 mAh g, at a rate of 0.1 C and also shows
high cycle stability.

Introduction

Nowadays, electric vehicles (EVs) and hybrid electrical vehicles (HEVs) draw considerable
attention due to the pressure from expensive oil price and environmental issue. The operation of such
vehicles requires high-performance energy storage devices with both high energy and power densities.
Though, lithium ion batteries (LIBs) are currently realized as a state-of-the-art technology providing
high energy density, they usually exhibit low power density due to the kinetic complexity of
electrochemical reactions among electrode materials, especially cathode materials. For high power
performance LIBs, the electrode materials must possess high ionic and electronic conductivity [1].

Lithium iron phosphate (LiFePOs), with its olivine structure, has attracted extensive interest as the
potential cathode material for large scale LIBs due to its affordable production cost with relatively
high theoretical capacity (170 mAh g'), quite high operating voltage (3.4 versus Li/Li*), high
stability, and environmental benignity [2-4]. However, the major challenge for a practical use of
LiFePO4 in EVs and HEVs is its inherently poor electronic conductivity (10%-101° S cm™) and slow
lithium-ion diffusion (1074-1071¢ cm? s71) [5].
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Among several methods applied to improve the charge transport capability, such as doping
metal atoms to the crystalline LiFePO4 [6], decreasing the particle size with controlling particle
morphology to minimize the ionic diffusion length [7], Surface coating with electronically
conductive materials, such as carbon, graphene and TiO,, are regarded as the most practical and
affordable method to promote electronic conductivity. [8-9]. Moreover, it also limits the
obtained product’s size by obstructing the particle growth. Recently, many studies have been
reported the improved electronic conductivity and surface wettability of LiFePOs cathode
material by coating with nitrogen-doped carbon whose available lone pair electrons from the
nitrogen functional groups can attribute pseudo-capacitive effect to support ionic transport and
capacity. Yoon et al. [10] and Zhang et al. [11] found that their synthesized LiFePO4 composites
coated with ionic liquid as the N-containing carbon source via hydrothermal process could promote
ionic conductivity. This results in good capacity retention and high rate capability. With similar
trend, Han et al. [12] also explored that the LiFePO4 composite with N-doped carbon prepared
from polydopamine exhibited high discharge capacity, good rate capability and stable cycling
performance compared to the bare pristine LiFePOs. Although those nitrogen-doped carbon
coating could significantly enhance the conductivity and support higher power performance, such N-
containing carbon precursors, as ionic liquids or polydopamine are very expensive and not practical
for using in large scale.

Presently, N-containing phenolic formaldehyde polymers are realized as the promising
carbon precursors for electrochemical electrodes [13-14]. The most common one is melamine-
formaldehyde resin that is synthesized from the polycondensation reaction between melamine
monomer and formaldehyde linkage [15]. The melamine molecule itself contains nitrogen
content up to 66 mol atom%. Due to several available reacting functional groups in the melamine
molecules, the resulting polymers exhibit a highly three-dimensional branching network
structure. Essentially, melamine-formaldehyde resin possesses various advantages, including low
cost, high electrochemical performance, high density, high thermal stability, high tolerance to both
polar and non-polar solvent, and environmental benignity. Lately, it has been considered as a novel
N-containing carbon precursor to enhance electrical capacity and conductivity of supercapacitor
electrodes and lithium battery anode [16-19]. Shen at al. studied the performance of
supercapacitor electrodes made from pyrolyzed melamine-formaldehyde carbon-precursor and
observed a substantial increased specific capacity as high as 210 F.g"![18]. Similar to Shen’s work,
Liu et al. [19] prepared the lithium battery anode from carbonized melamine-formaldehyde carbon
precursor and observed a high discharge capacity up to 917 mAhg™!, with improved cycle life.
Even after 20 cycles, Coulombic efficiency was still over 90% and reversible capacity reached
125 mAhg. This is uncommon for a polymeric carbon. Despite melamine-formaldehyde resin
has been widely studied as an advanced carbon precursor for supercapacitor electrodes and
lithium battery anode, this unique nitrogen containing carbon precursor has not be much applied in
lithium battery cathode materials.

Besides the selection of carbon precursor surface coating material, manipulation of cathode
material morphology is also the key essence to support Li" diffusion. For example, the high porosity,
porous electrode material can promote ionic conductivity via the enhanced electrode-electrolyte
interface. In addition, the porous structure can act as a well, holding more electrolyte and facilitating
higher electrical capacity. The most common approach to prepare a porous structure is the templating
method. One of the practical methods is to utilize the self-organization of block copolymer that will
generate the ordered porous structure after the removal of block copolymer template. Sun et al. [21]
reported the practical one-pot synthesis of the composite electrode material by using pluronic F127
triblock copolymer as a mesoporous template. After removing template, there remains the ordered
porous structure replicating the template. The targeted mesoporous composite has high surface area
and well defined pores sizes.

Herein, we applied the integration of benefit from using nitrogen-containing carbon coating
prepared from melamine-formaldehyde and employing block copolymer template to generate a
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porous carbon coating matrix. The practical one-pot synthesis was employed to prepare the composite
of LiFePO4 nanoparticles dispersed in the high porosity melamine formaldehyde resin nitrogen-doped
carbon matrix by using pluronic F127 as a template. The research focus is to investigate the influence
of the pluronic F127 template concentrations on the LiFePO4 composite material morphology and its
correlation with the electrochemical performance.

Experimental Chemicals

Melamine, Pluronic F127 (EO106PO70EO106), iron (III) phosphate tetra hydrate (FePO4-4H>O) and
oxalic acid were purchased from Sigma-Aldrich. Formaldehyde solution min 37% was purchased
from QREC. Lithium carbonate was purchased from Alfa Aesar. All chemicals were used as received
without any further purification.

Synthesis of LiFePO4 nanoparticles dispersed in Melamine-Formaldehyde porous matrix.
Based on one-pot synthesis approach, Pluronic F127, melamine (M) and formaldehyde were mixed
together in DI water and stirred for 1 h at 70 °C. The molar concentration ratio of F127 to melamine
was varied as 0:1, 0.03:1, 0.3:1. Subsequently, the stoichiometric mixture of FePO4-4H,0, Li,CO3
and oxalic acid were added to the reaction mixture and further stirred for 2 h. The yellowish-green
solution mixture was slowly evaporated at room temperature for about one day, or until all water is
completely gone, and then dried in vacuum oven at 80 °C for 12 h. The obtained dried composite
product was heated at 350 °C with a heating rate of 3 °C.min"! for 4 h under Ar atmosphere by using
a tube furnace to remove the F127 porous template. Then, the obtained template-free composites were
further carbonized at 600 °C for 4 h at a heating rate of 3 °C.min"! to obtain the LFP/CN composite
product. The LFP/CN composite samples prepared from different concentration ratio of F127 to
melamine (M) were labeled as LFP/CN-OF, LFP/CN-0.03F, LFP/CN-0.3F, corresponding to the
F127:M molar ratio of 0:1, 0.03:1, 0.3:1, respectively.

Characterization

The crystalline structure of the synthesized cathode composite materials was characterized by using
X-ray powder diffraction (Philips: X’Pert). The morphology and elemental composition of the
obtained cathode composite products were observed using scanning electron microscope equipped
with an energy dispersive spectrometer (JEOL JSM-7600F). Surface chemical were investigated by
X-ray photoelectron spectroscopy (Kratos Axis Ultra DLD).

The electrochemical characterization of the LiFePO4 composite products were investigated using
Swagelok-type cell. The cathode was prepared by mixing the synthesized LiFePOs4 active material,
carbon black and polyvinylidene fluoride (PVDF) in a weight ratio of 8:1:1 in NMP. The slurry was
casted on an aluminium foil and dried in vacuum oven at 80 °C for 12 h. The cells were assembled
by using the lithium metal as anode, Celgard film as the separator and 1 mol.L"!' LiPFs in the mixture
of EC, EMC and DMC (1:1:1, v/v) as the electrolyte. The targeted cells were charged and discharged
between 2.5 and 4.2 V at different current densities by using Neware BTS-4000 electrochemical test
instrument. The cyclic voltammetry measurement using Autolab PGSTAT101 was performed at the
scan rate of 0.5 mV s over potentials ranging from 2.5 to 4.2 V.

Results and Discussion

The XRD spectra of all synthesized LFP/CN are shown in Fig. 1. The diffraction peaks can be well
matched with orthorhombic olivine-type structure LiFePO4 (JCPDS #40-1499). However, the XRD
spectrums indicate some secondary phase of Fe;O» and Li,O; (their important X-ray diffraction peaks
are specified by circle and triangular symbol). In particular, various concentrations ratio of F127 to
melamine do not affect either crystalline structure or crystal size of the obtained LiFePO4 particles.
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Fig. 1. The XRD spectra of the synthesized LFP/CN.

Fig. 2 illustrates the SEM images of the synthesized LFP/CN samples before and after
carbonization. Fig. 2a-2c represent the composite LiFePOs cathode material with varied
concentration of F127 to melamine before carbonization, while Fig. 2d-2f correspond to the
LiFePOs composite after carbonization. Before carbonization, it is obviously seen that the
LiFePO4 particles agglomerate and are coated with chunks of F127 copolymer. After
carbonization, most of F127 template is removed, then generating more porous structure.
Increasing F127 concentration tends to generate higher porosity. The particle size of the
LFP/CN composite was in the range of about 50-300 nm. More porosity forming from the
agglomeration of smaller sized LiFePOj particles will shorten Li" diffusion path and increase the
contact area between electrolyte and electrode material.

500 nm

Fig. 2. The SEM images of the synthesized LFP/CN, before carbonlzatlon (a) LFP/CN 0.3F, (b)
LFP/CN-0.03F, (c) LFP/CN-0F and after carbonization: (d) LFP/CN-0.3F, (e) LFP/CN-0.03F, (f)
LFP/CN-OF.

The EDS mapping images of Fe, O, P, C, and N elements are shown in Fig. 3. It reveals the uniform
distributions of Fe, P and O into the synthesized composite cathode matrix. Furthermore, the presence
of dispersed C and N elements confirm the homogeneous dispersion of N-containing carbon layer in
the cathode composites. However, the nitrogen content dramatically decreases after carbonization.
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Fig. 4. The XPS spectra of: (a) the synthesized LFP/CN, (b) N Is.

XPS is an effective technique for determining surface elemental composition of a material. Fig. 4a
shows the XPS spectra of the synthesized LFP/CN that reveals the nitrogen moiety (N 1s) on the
surface of cathode composite product at the peak spectrum around 400 eV. As can be seen in Fig. 4b,
three N Is XPS peaks at 398.5, 400.2 and 401.6 eV correspond to the C-N, C=N and N-O bonds
respectively. These three bonding functional groups related to the conducting nitrogen functional
groups as pyridinic, pyridinic-N-oxide, and quaternary nitrogen, respectively. These kinds of nitrogen
functional groups can impact the specific capacity and improve electron transfer at high current
loadings due to the positive charge. The positive surface will promote hydrophilicity and wettability
of carbon material product.
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Fig. 5. The CV scan of LFP/CN-0.3F at a scan rate of 0.5 mVs-1 in the potential range of 2.5-4.2 V
(vs. Li+/Li).
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Cyclic voltammetry (CV) was used to monitor the intercalation/deintercalation kinetics of Li" ion.
Fig. 5 shows the CV profile of LFP/CN-0.3F at a scan rate of 0.5 mV s’ in the potential range of 2.5~
42 V (vs. Li"/Li). The anodic and cathodic peaks at 3.6 and 3.25 V vs. Li/Li’, respectively,
correspond to the two phase charge/discharge reaction of the Fe**/Fe*" of LiFePOs. Its high current
density and sharp CV peak profile indicate a high electrochemical activity and strong lithium
intercalation and deintercalation reactions. The small difference between anodic and cathodic peaks
reflects the effective Li" diffusion ability and high reversibility with low degree of polarization.

The charge/discharge profiles at the rate of 0.1 C between 2.5 V and 4.2 V of LFP/CN
composite products prepared from difference F127 concentrations are shown in Fig. 6. The
characteristic voltage plateau at the range of 3.3-3.5 V correlates with the two-phase nature of Li"
extraction and insertion reaction between LiFePO4 and FePO4. At the rate of 0.1 C, the LFP/CN-
0.3F shows highest specific discharge capacity of 158.1 mAh g’!, while the samples with lower
F127 addition, LFP/CN-0.03F and LFP/CN-OF, exhibit lower specific discharge capacity as 140.8
and 143.1 mAh g, respectively. This is consistent with the observed morphologies of cathode
composite prepared from various concentration of F127 addition. Higher concentration of F127
addition results in higher porous structure formation, leading to greater material's specific area.
The enhanced specific area and high porosity will better support ion transport and capacity.
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Fig. 6. The charge/discharge curves of LFP/CN at 0.1 C rate.

Charge/discharge tests of LFP/CN-0.3F at various current densities were performed to further
investigate power performance of the LFP composite product (shown in Fig. 7). It was found that,
the LFP/CN-0.3F can deliver discharge capacities of 158.1 mAh g'!, 1382 mAh g' and
124.6 mAh g at the C-rate of 0.1 C, 0.5 C and 1C, respectively, within the reaction potential range
of2.5t04.2.
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Fig. 7. The charge/discharge curves of LFP/CN-0.3F at various rates.
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This is impressive that even at the C-rate of to 1C, our prepared LiFePO4 composite cathode
(LFP/CN-0.3F) can exhibit a specific capacity as high as 124.6 mAh g\,

Cycling performance of LFP/CN at various rates is shown in Fig. 8. All the samples were
cycled at 1 C rate for 10 cycles and 0.1 C rate for 2 cycles. The result reveals that the composite
LiFePO4 products could sustain excellent charge and discharge rate with great cycle stability.
All samples exhibit stable discharge capacity up to around 120 mAh g during the discharging of
1 C rate and once the discharging rate was changed to the rate of 0.1 C, the correlating high
capacity could be resumed.
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Fig. 8. The cycling performance of LFP/CN at various rates.

Summary

In summary, we successfully synthesized mesoporous N-doped carbon coated LiFePO4 via a
simple one-pot synthesis method by utilization of pluronic F127 and melamine formaldehyde as
the template and nitrogen-containing carbon coating material. The particle size of the obtained
LiFePO4 cathode composite material is in the nanometer scale which can help shortening Li*
diffusion length. The increased concentration of F127 in the polymer mixture could support the
higher porous structure formation within the targeted cathode composite. The high porosity will
enhance the specific surface area of the material, increasing interface between electrolyte and
electrode material. Regarding to more porous structure generated the sample with higher
concentration of F127 added in LiFePO4 material exhibits greater capacity and rate performances
than those with lower F127 concentration addition.
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