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In-situ tamp'hte mate~al fo- ¢ reat s kp‘e"caradta" tecmo'bgy. Have we rerat grtuumized mesgrares enabag sigsificaat’ly
Pols'bxane anManced rate pafoimance Na "serarc™caWy ueso-/iMa-gqrao, s caban witwa | k-a™g™ss jface avea fo-

S, percarastars

. s pracgracitars, wNCWNs prgraced by a mew in-situ temp'hte met"od to ex™Wbit a ™igMumesqrore vo'ljme
Hgvena gy deasity

prorotion (66.0%), as we'Was a "hrgeprae vo'ldme to 2.47 am® g’l, aad aa g'lr‘a"‘ig"lugreéiﬁc s rface avea of
312212 g L. PoWsibxane was  sed as aprec so toprod (Cemonraro, s SOC, aad seq ueuﬁa NaOH was

sed to activate SNOC toprod  ce "ig" W prao m carbaa byremowiag sfca aad acvatiag caboa. Hiera-c™icaWy
paro,s carboa C800 ex™whited a "ig wena gy deasity pr to 42 Wkg ™! at aprowe- deasity of 374 W kg™!, and
stMretaaed an exegy deasity of 21 Wwkg™! at a "ig"wprowe deasity of 30 kW kg™l T"e s Jretor rate
peaformance of t"e s prercaracitoSs attNb ted to tmat C800 comtaias armajoNty prgro-tiom of imesgrores wNe™

facfitate fastNoaumigaton d dﬁ'ng "Ngprowe ¢argiag/disc e giag.

1. Introduction

EkctNcity gemerated from remewab® resoces s, ¢ as sobr
ane gy, "wdrgrowe, aad biof ¢k Ns eawsioned to prowe” a greeme”
aad maare s stawaab’® f t,re. Recnageab’k batteNes, egreSaWy 550
batteNes, a'e aae of t"e imost wumrataat eaegy starage dewces
enab¥ag on-site | N¥zaton of t"e kcivcal emargy. S, pr'bmental to
recageab’k batteNes, s "pa“czpadita“s i t"e gar oa tMe enegy
storage scleme wat"s excgrondl prowes deasity [1,2]. In geaedl
s, pracaractass caa be dhssified wato two categaNes: kctNcaldo, -
be-'hye- caracitas (EDLCs) based oa ¢erge stoage at tMe ekctrode/
dkctrolte wateface aad pse, docaracitos t"wo, grevesib’k redox
reactoas [1-3]. EDLCs based om prao,s cabaas ™ave receatl
attracted tremeado, s atteaton d e to tMe "™Ng"wprowe  deasity aad
abuost jaflusited cydk Wfe [4,5]. Howeve, tMe m, c'bw enagy
densities (approximatel 5 Wkg™!) of comme ®aEDLCs Mave "sa-
dered tnew wide aopflications [6—-9]. Owiag to Nts s, pra ™Ng"e s, rface
aea aad kctNcalcoad gcﬁ\h'ty, poo,s caboaNs aa~Ndedhnate~a¥fo-
EDLCs. Geaed'W, t"e pafoaimance of cabaa immateNak<«a EDLCs Ns
"g"W dgreadeat oa tMe uwgratom aad adsopton of Noas waside
naagraes, wichae hrgel detemned by t"e prare st ‘JCt Je of tMe
maateNaP[10-12].
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TraditomaWy, activated caboas Meve beea t"e coice of t"e
dkctrodemateNalia EDLCs. Activated cabaas aeprod ced by &it"e-
prysical o Merkical activaon of carboa Ncwprec rsas [13-22].
Typ<ca acvated carboa mateNak ave pr‘edotiinaltﬂ!r J10 Towo s Yo wo) ¢
rae widt™s <2mm) aad tNe grecific s rface aea cam exceed
30001a? g~1. However, mia-grores ace mot easly accessib’k to hrge
Noas whea e EkctrolteNs argaric arNosic Mg Nd, whicican wark at a
™gNe gre-atiag vo'kage wit™ha "Nghe  eaegy deasity b, t a bwe-
powe” deasity d,e to sbhwe" mass traasfa- [23-32]. Iatrod ucilg
mesgrares [rore widt™s of 2—501um) to proro,,s caboa can prove
effective | tN¥zatoa of t"e poe s, rface aea aad accdbrate rmass
tramsfa~ so as to enaace t"e prowe deasity. Us W <ag-eastag t"e
pae size "kads to tMered , chon of t"e grecific s d“face area~f t"e grecific
pae volime remavas caastaat. To grtuunze poro, s ca-ban mmate~a’k
for raaxwn e effective s rface area, bot"wt"e gredtic s rface avea aad
t"e grecificprore vo'l ime wiWilkiaeed to bevao-eased sum u'iaueo us’!f [33].

Qe guproacd™uto prod, ce mmesqra o, s caboaNs to | se jacoavea-
Noadprec,rsas wit" s t"e ca’nve’nﬁala" acNvaNoa process. Receat'V,
activated grarene syatesized by KOH acvation folbwiagiusa-owave
expraasion was fojad to be "™ig" W imesqrao ¢ wit"sa grecific s rface
aea exceediag 3 00112 g’1 [8,34]. AmotMer approac™s to Satod, ce
paes wit"scontroledprare Size dist~b “ﬁaﬁ s tovateg ate sag~ficia'¥ex-
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situ o in-situ temp'htessato t"e caboaprec, rsos [35,36]. However,

siag an ex-situ saoNfical temphte cmp’icates t"e process aad
Naoeases tMe mmateNa’b cost. AkematveV, prao,s cabaa can be
prod ced fram carboa-forag aWbys o cerarsics wit™sa "omogeneo s
mamost ct,re by sekctivel removag tMe moa-carboa pMases.
Gogots’s go,pr prod,ced cabide de<ved caboas (CDCs) ,suag a
lbrmatoa process wetgrecise controVof tMeproe size, aad s, ccess-
f u'!/ ied MemataNak fa- s pracaracitars [24,25,30] aad Mydrogen
and 1metmane storage [37]. Peaa-Abuso et al sMowed tMat s¥coa
oxycarbide (SXOC) ce-auwics caa be etcmed by "wdrofl  ,aNc (HF) add to
foim pao,s caboan mate~Nadk wWit™w gredific srface aea to
6001 g7 [38]. Ta tMese metMods, toxic cnemica® were | sed to etc”
t"e carboa prec s to prod Jeevaes, wAhCWwil be a coacemna fo-
"hrge scakprod coa.

In t™Ns a“ﬁcylz we rgrat a mew chss of ™werarc™caW imeso-/
s ograo, s cabon mateNak prod ced fram pro'Wsbxane prec sas
US‘"lg a sun'k d'kalae acvaNoaprocess. PoWys'bxaaes Mave "bag beaa

sed as prec rsas to prod,ce SOC caammcs. Uroa pyolsis of
pohbxane, sica and carboa atoms rearange aad pase segegate
“ato a Momogeno, smanosca’k st ct e contaumiag scananodomaias
dgresedvn a grarMenemetwok [39]. Sekctvel ramoviag oae plase
wl geate proes wa tMe st ctre, as demoastrated by Gogotsi’s
go,p [40,41] aad Pana-Abaso et a¥[38]. We extead t"e caacgrt by
USi’lg SKROC to prod,ce cabon mmateNab witwve'y "™8g"ss rface area
amp'byiag an dka%ae activatoa process, aad egreaWysatod u&ng a
vy "hrge imesqrare vo'lime. In compraNson to maun'ly umo-grares wa
tradiNomaPactivated cabon, e grtumzed mesgroresva e ™erare™s-
caW praro, s caboa wa t"™8s wok ac™eved bot™simaxwm jm effectve
s rface area and fastimass t-aasfe-, by bNdgiag tTeumio grares aad t"e
exta1adl eavwranment. T7e va'l e of t™8s carbon imate~Na' wit™s xq, e
pare st ct,rre aad praretes was damoast-ated«a EDLC grp¥cataa.
T"e EDLCs amp'byuag tMe proWs'bxane-desved caboa s"owed a ™vg™
grecific caracitance aad excePbat rate praformance, demoastatiag
bot™W g ena gy deasity and prowe deasity.

2. Material and methods
2.1. Synthesis of polysiloxane-derived carbon

T7e syatTlesis of pohs'bxane-daSved cabaa Ns sclematca®y
VW strated wa Sceme 1. PoWs'bxane hstame” was prgraed by
ad"(’iiﬁanpo'!,unaizaﬁon of vayMeuraated preayhmetyIprdhs'bx-
ane 1')ﬁlg pobnmetWhyd-osbxane (PMHS) as a coss-faka. T"e
p gpose of sekctiag peaylNcgprec, rsa” was to obtata a "wg"scarbaa
coateat aadNuprove tMeprod et We'H. In a typ<calproced je, 20 g of
vayMeuraated preaodhmet Wl poWNbxane (UC252, wWscosity
30001mmPa s, Faxiag Umited Clemrsty, Cwaa) aad 1g of PMHS
(Sigma-AHi~Nc™) were reacted wit™s t7e addiNoa of 15 uL 2 wt% Pt

cataWst so'} Noa (hta dln(O)-l,B-divilyll,1,3,3-teu“amet"1y'ﬂisi'bx-
ane camp'kx so'l Noawa xybae, Sigma-AH~NcM atroon temprerat fe.
Te a“oss-’lnke(f pobhme was pyolbzed «a a t be fpmace (MTI
Coporation) jade agaa flow. T"e f mace was geate fam roam
tamprarat ;e to 1200 °C at 10 °Citar-angrrrate and Mo'M at 1200 °C fa-
oae Mo “iefor‘e coohag dowa toroam temprea-at e at 10 °C/isiaracr
rate. TNepdbime -ce-amic coave sion was accompramed by 44% weign
'bss (FNg. S2) d e to "bss of "ydrogen, voOht'E "ydrocarboas, aad
sVhaes. TMeres v ed SFOC cerauwic was desigmated as SSOC1200. Te
b,k carprositian of SSOC1200 can be desasbed as KOy oCo » accarduag
to dhmentaPanalysis [42]. SKOC1200 was pr,/Weszed aad usixed wit™s
NaOH patdksw arato of 1:4. Te uwxt, e was p'lhced «a a imckel
boat aad Meated<wa a t, be f rmace to a teryraat ;ewa tMeraage of 400—
900 °C at 5 °C/usin ramr rate and "Mo'H at t"at temprerat e fa one
™o 1 before coolag down at 5 °Ciusiaramprrate ade agaa flow. TNe
Meat treatment temprarat e was selcted wit™wa a raage from 400

t"wo ug"h 900 °C at 100 °Cuateva’kb aad t"e prod (Cls were "hbe’kd as
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mit. TMe s grface aea was cak hted  sag t"e B aa e -Fuwmett-
rf‘e’lr (BET) mnodeVand prare size distsb, Noa (PSD) was deved by a
density f aciona¥tmeay (DFT) inodePbased on t"e iwt-ogea adsorpr-
Noa data. TMe moapobgy was obseved wit™s scammiag €ekctroa
o oscary (SEM, ZEISS S pra 55) aad traasmssion €kctron uma-o-
scary (TEM, FEI Teaaad G2 F30). Thepase camprositan was aaalzed
by X+ay diffractioa (XRD) gﬁng a B “’ka“ D8 Advaace diff-actamete-
wit"h C,-Ka radiatioa. Raman grectra weare coMected | stag a HaNba
maod, 'l Raman system contaisiag an Ol s BX41 uwaroscary, a
diode "hse so rce (wave agt™W 5321, LEO PMotoe’kctNe Co., Ltd,
C™a), a Hoﬁ'%aiHR320 grect-amete, aad a Symarse CCD detectoar.
Xaay potokctan grectra (XPS) were obtataed ﬁ’:éilg aa ESCALAB
250XL X+ ay potoekctran grectrometer.

2.3. Electrochemical test

TycaW, t"e wotiag ekctrode was made of active mate~Na'l
coad, ctive ageat (acetylue bhek), aad prohme biade @EoWteta-
fl 1I'oroet"iy'lne, PTFE) Na a imass rato of 8:1:1, regrectively. AW t7e
above compranaats warermixed weWaad go jad<ato aprastesa amortar
wit"h addion of Nsaprgry ko0l TMea t7e praste was rofed wato

wforra’ly t™wa sMeets (t™ckesses fram 100 to 150 ) and pr ‘ch"led
wato 1 om dhanmete p'htes. TMe p'htes wee dNed at 120 °C fo- 12 ™

nde~ vac,, jm to remove so'Weat, aad pressed oato imcke foanm to
prod,ce t"e wak kctrode. T"e imass 'badiag of tme active mateNa'k
vaNed fram 2 to 2.51mg am 2. The t"wee-ekctrode tests were prar-
formed v tMe €kctoVte of 6.0 M KOH wit™wHg/HgO €e'kctrode as t"e
refe-eace kctrode aad Pt p'hte as tme co,mte- kct-ode. Fa- two-
kctrode test, a CR2032 coua-ceMtypre dewce was assemb’kd usilg a
paw of qie, b dkctrodep'htes saadwic™ag a Watiman sqra-atar aad
1 M tetraet"wWhimwmon yma tet-afl, oroborate/acetositNk (TEABF4/AN)
so'l o as t"e e'bctr‘o’irte. T"e cyc¥c vokammety (CV) imeas ;ament
aad dkctrocnemicalumredance grectroscary (EIS) test wee carNed
o,t an a CHI660 ekctocnemica wakstaoa (SMeagned Clen™ya
Innst yment Co., Ltd.). TMe EIS data we'e obtaiaed at grea C""c:%t
vo'kage wit™s an AC ampt, de of 51aV “a tMe freq, eacy raage of
0.01 Hz—100 *Hz. T"e cMerguag/dscargiag tests wereprerforrmed om a
Macca~ MC16 ™ig upredsion battey testiag system. AWit7e kctro-
Memcaltests ware car~ed ot atroom tempra-at, re.

Based oa tMe discergiag c rves, t"e grecific caracitance (Cs) fo-
was ca'k U'lated accorduag to tMe folbwiag eq uaﬁa’l:

IAt

Y mAvV (€]

whee | (A)Ss t"e ¢ reaat, AV (V)Ss t"e disc e guag proteatia® clange
mia s e IR drgr and At (s)Ns tMe disca giag time corTegronduag to
AV. m (g)represents tNermass of tMe activermate~ala a siagk caboa
dkctrode.

Te eae gy deasity E (W kg ™!) andprower deasity P (W kg™1) weare
cak u’llted from t"e foMbwiag eq “aﬁalsz

P

£=3C@Y) -
_FE

P=x )

whee C (F g’l) Ns tMe gravmetNc caracitamce, AV (V) Ns greratiag
poteaal and At (MYSs e dscargiag tme.

3. Results and discussion
3.1. Structural features

T"e ixitogen adsoprion/desoprion Nsoteims of tMe samprks ae
sMown va Fg. la, aad tMe coregraadiag DFT prare size distNb, Noas

are s"ownwa [Rg. 1b. TMeNsotMetms of C400 aad HF-etc"ed samp'k can
be chssified as tyre INsotmerm, wNc™ coregraads to usagrao ¢
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mateNa'k, stacermajoNty of tMesitrogen adsapron takesphce at vy
'bw press Je raage (P/Py<0.05) wWa uwmograe filhag. Wat™s t"e
tamprarat ;e Nagreasiag to 700 °C aad 800 °C, t"e adsoprtaa vo'lymes
dramaticaWy <o ease aad tNeSNsot ems s"ow obwo, s feat,res of tyre
IVSsotmem. TMe sigwficant "ysteresis bgr v t"e wsot"e1n s, ggests
tMat tNere ae mesgraes existiagwa C700 aad C800. TMeNsotMerm of
samp'k C900 digr'hys t"e same feat, e as t"at of t7e C800, b “t t"e
adsopon vo'lime begias to deoease. Fo- g, aatitalve andWsis, tMe
gredific s rface aea was da~ved | suag t"e BETimet"od aad t"e gre&ific
pae vo'lime was obtaiaed by ta*wag tMe adsoprton vo'lime atrehtive
press, e dbse to J&ity, sTowna s Tab'k S1. ItNs moted tMat t"e BET
gredific s fface area of C800reaces amaxm n of 31221m® g~! wit™wa
gre&fic prare Vo’ldme of 2.47 aa® g1, Ia addvton, St Mas tMe "igMest
vo'l e prorotion of imesgrares at 66.0% amoag aMie samp'ks. TMe
BET grecfic s, rface avea, gre&ficprare vo'lime, aad mesgrore VO'ldIle
of C800 ae a" among t"e "sgest val es ft’r poogs carbon mate~a'k
receatV rerated as smowasa Tab'k S2.

T"e PSD s"owaa INg. 1b s uggests tMat bot"WtNeuso grae vo'lgue
aad t"e mesgrae volime Nagease as t"e achvaNoa tampre-at e
Simoeases wit™wa tMe ramge of 400-800 °C, aad deaease at 900 °C.
D Nag achvation, t"e tempraat,re Ns a wWtadl factor Suspractiag tMe
forrmatoa of proare st ct,re aad tTe val e of tMe grecfic s rface aea.
Based aa tMe vaNataa of PSD acca-duag to t7e temprea-at e, aprossib’e
mecdaxgn fo- tMe formatNoa of pare st UCt d“eis proprosed. Comprared
to t"e process of HF-etc™uag, mmore prares weae aeated d rvag NaOH
actvatoa d W to tMe etc™ag of bot™s sMca aad cabaa. WMea t7e
acNvaNoa tempreaat ;e was rehtvely 'bw s, c"was 400 °C aad 500 °C,
t"e removal of s¥ca p'hyed a damaaat rdk wit"e “t etc™wag 1 “c"h
carboa so tMat majuNty of tMe oeated prares were W tMe raage of
uRa grae. T™Ns can be coafrimed by t"eres,k tTat t"e average prare
sizes of C400 aad C500 ae sus'h- to t"e size of tMe wwtal $Mca
nasodamaasva KOC [42]. At ardhtvel "™Ngtamra-at Je of 800 °C,
t"e adiceat prares prewo, sV aeated d,e to sWca ramoval wee
comaected as t"e caboa walk wee brokea down, "kadiag to tMe
forrmataa of a "hrgem jube- of imesgrores. Ao mew prares wae kel
aeated on tMe carban wa®b, wicWNs suwbh to t"e achvaNoa
mecangm of most praro, s caboa mate~ak. WMea t"e actvatNoa
tempra-at re f rtMe<maoeased to 900 °C, t"e BET grecific s,y face aea
droppred drastca® to 1646 g™t and tMe prore vo'ldlle g"(pped to
1.33 ana® g1, probabl beca,se tme prare st ct re pra-Nal coMyrsed
ca, sagred, cRom~aprare vo'lme aad s rface aea. ItNsmoted tMat t"e
ca‘ﬂbon skbtan tead to be excessive'V etcned at a "™wg"e- teryrarat re.
Ako, a"™NgMe temprarat e faiitates tNereo gamzaton andrestackuag
of grarMene sMeets, ca, Sag t"e dhmnation of watehye praes.

T"e XRD grecta of t"e sampks are s"owa < Fg. 2a. TNe XRD
grect jm of SKOC1200 s™ows apreak at ao, ad 26.6°, caregronduag to
tMe (002) p'huaes of grar™ite. T7e (101) preakmear 44°Ns vay broad aad
weak, s, ggestagrmsaligament between t"e grarMene "hyes aad a 'bw
degree of grar™itzaton. Sus'br preaks ave fo ad fo- samp® C400,
4o g tMe (002) preak signficaatVy broadem aad s™ifts to a bwe-
aagk at ao ﬂ:ld 23°. S™wftuag of tMe (002) preak coregraads to a cMemge
of t"e grar"ene hye gradiag fram 0.335 to 0.3841mm [42]. Iskel
NaOH activatoa ca sed t"e exraasion of t"e "hyeved si ct ¢
egredaW afte~ tMe grace-filag s¥ca pMase was ramoved. In tMe
XRD prattera of C800, t"e (002) preak abnost disareas aad od'V a
broad (101) preakNs wWsib'k. WMen activated at 800 °C, caboa started to
'bsests avdeed st ct ;e asSt became "5g™ W pao,s d, e to wgao, s
NaOH etc™ag [34]. TTe (002) preak reapprears \a t’g,e XY{D patteta of
C900, s, ggestuiag recoast, cton of t"e si- UCt Je takes p'hce at t"™Ns
temprarat 1?’re. Inewtab'V, aystaMzaNoa of t7e st~ ct,re "kads to -
Smatoa ofprores andred con of tMe gredfic s rface avea, asprewo sV
sMown N tMe plysisaprNon maeas d“ema’nt. T"e Ranan grectra of t"e
mateNa’k are sMowasa Fig. 2b. T7e D baad mear 1340 o' oNguaates
f-aum t"e 6-fo'Hrvag breat™wagimode Whration, w™ic"irs ana'lyprossib’k at
free edges. G baad mea~ 1580 anm™! aNguates fram tMe Sap'hae
stretc™wag mode Whrataa. TRerato of t"e<wateasity of D baad to t7e
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Fig. 1. (a) Netrogen pysisoprion Ssotmeims of pro'ysibxane-deNved caboa; (b) DFT prore size dist~b utim; (c) BET grecific s Jface area aad gredific pae vo'ldue vs. acvaNaa
tempra-at ge (d) Caryrositan of imac-grares, mesgrares, aad g graes vs. achvaNoa teryre-at e

Sateasity of G baad (Ip/1g) Ns cammon | sed to estumate tMe defect
paor Bton o aystaMte size of caboa mateNak [47,48]. TMe Ip/lg
vall es of SKOC1200, C400, C500, C600, C700, C800, aad C900 ae
1.16, 0.84, 0.91, 1.01, 1.10, 1.08, aad 1.09, regrective’y. T"e Raman
res “'l s, ggests tMat carboaswa FOC1200 Mes t"e "™gMest deasity of fiee
edges, a- defects, k"0, gWSOC12004smotprao N at @M Afte-removal
of t"e sMcapease, tMe grarene hya's greaed toreo garize aad tMe
1 ymbe- of defects deaeased, a0 g graes ware betag a-eated at tMe
same time. As t"e acNvaon temprerat, e waoeased, botweo garza-
Non aad attackiag of carbon becameimore sigsficaat, wit"wt"e foime-
Murnates defects wWE t"e "htteprod ced defects. Mare rea-gasiza-
Non tookp'hee d rag t"e formatNaa of C900, wit™w2Dpreak guprears as
anvadcaNoa of stackiag of severalg-areae hyeas.

TMe s rface comyrositoas of C800 aswavestgated by XPS are s"owa
S IRg. 2c aad d. TMe XPS and'Wsisrevedk tMat tMe samrks aremauly
camprosed of C (ca. 89.14 wt%) aad O (ca.9.84 wt%) wat"wa sma®
amo gat of K (ca.1.02 wt%), wnc s« good agreameat wit"nt"e TGA
res,/k. TNe ™igwesod Noa Cls grectjm can be decoavol ted wato
t"wee peaks assigned to tTe C-C/C=C boad (~284.8 é‘V), C-0
(~285.5 eV), aad C=0 (~288.9 eV), regrecively [49-51]. TMe "™wg"e
reso’l Noa Ols grect j can be fitted to two preaks coregraadiag to
C=0 (531.6 eV) aad C=0 (5632.9 eV) [52,53]. T"e abdldantpr‘esence of
O faciond¥ go prs wa t"e prgraed mmateNa’b caan facPtate tMe
wettab¥ity of t"e (ich“ode, "Baduag to an effecNve mmass traasfe.

T"e mopo'bgy of e proWsibxane-deNved carboa mateNa’k as
obseved by SEM aad TEM are s"own wa INg. 2e aad f. SKOC1200
arpreas to Mave anmonraro, suaopo’bgy jade” SEM. Fg. 2f digrhys a
groage-Tremopo’bgy of C800 wit"sab radaatmanmo/imao-grares. TMe
caregrandiag waset of TEM f rt"e revedk tMat several hye's of
ga"iNzed caboa foim tMe twisted o ystaMae domaias coataisiag
'bts of defects [22].

3.2. Electrochemical performance

Inn tMe t"wee-dkct-ode tests, te gretific caracitance was fo jad to be
alaost prarotondlto e greafic s rface aea, aad t"e aeamoadl
Szed grecific caracitasce was aoad 10 pF o™ (Fgs. S5 aad S6).
C800 demaonstrated t™e ™sg"est grecific cara&tance aad s, praNo rate
peafoimance owiag to Sts ™igMest grecific s rface aea and a "hrge
vo'ldlle of imesgrores amoag aMsamprks. TMe cycdlc votammety (CV)
maeas rement of C800 preformed | siag vaNo,s scaarates from 5 to
2001aV/sa vo'kage raage of —1.0 to 0 VNs s"owa<a g, 3a. TNe CV
c,rves s"ow a (,asviectang y'lr sMere at differeat scamsiag rates,
Sadictiag a t}}ﬁca’l%"lu"acte‘i stic of do b'E-hye" caracita~ bemawa aad
a s,pea~a rate carabty. The EDLC was f rt"e tested at vaNo,s
Merguag/dscarguag ¢ grr’alt deasites, s"owna v Kg. 3b. TMe cMer-
guaag/dscnagiag c rves ae dbse to symmet~Nc tNaagk aad sMow a
vay smaWvokage gqﬁ, S Uggesﬁlg a "bw resistaace and tMe effiNeat
do,bk-"hye" cNerge storage. TMe grecific caracitance of t"e mateNa’k
was cdk hted from t7e cNeguiag/dsclergiag imeas ‘J"Elllﬂlts. As
smown s g, 3e, a ™igyrecfic caraditance of 327 F g 'Ns ac™eved
at a ¢ jreat deasity of 0.5 A g1, Even at an h-a™g"ic jraat deasity of
50 Ag'l, t"e grecific caracitanceNs stWas ™ig™as 198 F g'l, \04s. v B
amoag t"e best rgrated prafoimances based aa carboa mateNa’k
[1,54-57]. T"e cychag stabf¥ity of t"e EDLC was tested at 5A g™* fo-
10,000 cycks. Afte” 10,000 cycks, tMe carastaace reteaoaNs siWas
"™g"has 93.9%, s"owiag tMat t7emateNaPas exceMaat stabity.

Tneseres,'ks s, ggest tat te benefidaW ™era-¢™calprae hyo e
of C800 can facitate fastvoaregroase aad erge traasfa-, kadiag to a
S dgra*’crr*ate pefaimance, wNcKs f rtme reveadlked by ekctrocNersca’l
Suspredance grectroscary (EIS) wa g, S8. TMe Nyq, Sst p'bt Sadicates
tMat t7e C800 sMows a mea'l Ndead caradiive bemawa~ wit"wa sma'®
eq Uiva’lnt saNesresistance of 0.40 Q, wcscontavas tNeresistance of
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(b)

Fig. 2. (a) XRD of $$OC-1200, C400-C900; (b) Ramaa grect-a of S$OC-1200, C400-C900; (c) }Fg"il“eso'lgﬁm C 1s XPS grect g of C800; (d) }Fg"il“eso'lgﬁm O 1s grect g of C800; (e)

SEM of S0C-1200; (f) SEM of C800 and TEM of C800 (aset).

tMe active mateNal tMe resistance of tMe €kciroWte and coatact
resstance at t"e <ateface. Im t"e ™igeieq, ency region, t"e smaM
samcrdk Wit a damete of 0.89 Q means a 'bw Merge-traasfe-
resistance ¥ t"e active mateNal A nea’'l vertical shyre at t7e bw-
freq Gy region revedk tTe excédlbat pae accessibility fo- tMe
kctoWte aad fastNaaregromse [9,57,58].

I t"e two-dkctrode testNm symmetNca EDLCs wit"wTEABF,/AN
dkctoWte, t"e CV was meas ;ed wa a vo'kage raage of 0-2.5 V uéilg
vaNo, s scanrates as sTowa ‘{i'g. 3c. TMe CV crves are dbo cbse to
rectaag, B sMeres, s “ggestilg a typNcal EDLC bemawoar. Meaaw™WE,
arguag/dscarguag ¢ rves (sMowa Sa ’g. 3d) digrhy a "NgWy
symmetNe tNang, e sNgre, Nadicatiag an exceMbat EDLC belawar.
As sMownwa INg. ge, t"Me grecific caractanceNs 163 F g’1 at a ¢ rreat
density of 0.5 A g™, andSt grad, @W deaeases as t7e ¢ rreat deasity
Nimoreases. At a ¢reat deasity o‘% 50 A g‘l, e grecific caracitanceNs
abo o 129 F g 1. "TMe cyc® pafoimance of t7e EDLC < tMe ogasic
eket-oWte wasmeas fed at 2 A g™ fa~ 10,000 cycls. At t7e ead of t"e
test, t"e cqradity reteatNon was at 90.3%.

457

TRepeformance of C800Ns camprared to YP50 as s"owmwa [Rgs. S9
aad S10. YP50Ns a'ko armeso- /o grao ¢ maateNalb t wit"a bwe-
gre&fic s rface aea aad a bwe mesgrae volime proratoa (See
Tab’k S1 aad Wg. S3). In t1e orgaxic dkctrolte, C800 smowed 1,
™gNe grawmetNce grecific caracitance aad ako ™wgNe cara&taace
reteaon wa campraNsoa to YP50. TMe res, 'k s uggests tMat a 'hrge
mesgrae volimeNs essaataua fac'”ltatilgﬁan traagrot wit"™ua tMe
Poo,s e'l:ct“o‘ctiemata*a'l TMe fittiag EIS datasa g S8 smow tMat t"e
eq yvabat seNesresistance (ESR) aad t"e ¢"erge-t-ansfa-resistance of
YP%O ae 0.51 Q aad 1.10 Q, regrectively, wichare bot" W™ g e e
tMese of C800, s uggesﬁlg tMat tMereNs a'bwe- &iff, Soaresistaace aad
cMeage-traasfa resistance a C800. To f rtNe” wacease tMe enagy
density, tMe vo'kage wassmaeased to 3V, sMownawa Fg. S10 aad S11,
C800 coatia  ed to demonst-ate exceMbat carattaacereteaon evea at
t"8s "™ig"wvo'kage. A Ragoaep'bt was geaaated fo- tmesemate~a’k aad
sMown wa g, 4a. C800 sMows a maxum i eaegy deasity of
31 Wkg ™! at a prowe denasity of 311 Wkg™" w”en tested at 2.5V,
and a maxenm Jinexegy density of 42 Wkg™! at a prowe deasity of
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Fig. 3. EDLC pre-foimance of C800 tested «a 6 M KOH ekctroVte uéing a t"wee-kctrode config J’aﬁm: (a) cyclc vokammety at vaNo s scaa rates; (b) gaWanostac ¢Negiag/
NscMerguag ¢ Jves at different ¢ Jreat denasites; EDLCprefarmance of C800 testedsa 1 M TEABF,/AN ekctrdlte “silg a two-ekctrode coafig di'aﬁ(lll (c) cyc¥c vokammetry at vaNo ¢
scaarates; (d) gaWamnostatic e giag/discargiag ¢ Jves at diffeent ¢ ﬂrrﬂlt deasitNes; (e) Srecifi

372 Wkg™! whea tested at 3 V. C800 retauas an ene gy deasity of
21 Wkg ™! even at a g wrowe- deasity of 30 kW kg~ wMen tested at
3 V. T"e eaa gy deasity<s ome o-de” of imagsit, de "™sg"e~ tMan tMat of
camnma &V EDLCs, wit"o,t 'bsiag t7e prowe carabi®ity. TMe pefor--
maance of C800 Ns compretitive wen comprared to t"e best val es
receatVrgrated for carboaimateNak | sed<«a EDLCs vdit"hcalpa‘*ag’le
vo'kage raage [10,18,22,50,52,54,59-70]. TNeefae, a "ig" grecific
s rface aea cambuaed wit"wa "ig mmesgrae vo'ljme proraNoa Ns
esseatal fa- a prao ¢ carbon mateNa'l Used <a EDLCs fa ac™ewag
s, peNa pra-foimaace.

Weprgrose a q, a¥tativermodelof<Sonumgraon to exria wy t"e
"aarccad Wy 1meso-/imagraro, s carboa mateNal wit™s grtiesized
mesgrares enab’ks to praform “'Ir*a"!ig"lu“ate caprability, wa coatrast
w a sV uwagroo ¢ carbon mateNal to preform bwe rate
carabiiity. In a so®V umogroo,s caboa mate~al| t"e average prare
WAdtNs 1ot 1 uc"h'h"ge“ e e ddamete of t"e so'Wated Noas of

tetraet"Whiumon ju (TEA™) o tetafl ua‘*oba“ate (BF4). As s"owna oa
tMe "kft of g. 4b, tyyscalraro, s carbonimateNalcoatauas ™Ng agrect-
rafo slt-typre pares wicwae degr aad marow. D Nag cNergiag/
discNerguag, co jater<oas umgrate towards/away from tMe cMerged
s rface t"wo, g™ t"ese degr-aadiaarow umograes at a umted
vebcity. At a ™8g" arguag/discNarguag rate, tMe mwgraNoa of co -
te-Soms wa tMe uwograres 'hgs be™ad tMe cMerge flow /ot of t"e
dkctrode, "Badiag tored, coa of tMe caracitance. A'ko, tNeuwa grares
tead to trap co-‘ialsi1§‘gie tMeprares, ca, sag tMered ‘Jctial of tMenet
Merge deasity aad t"e cara&tance [71]. In comtrast, wMeammesgra-es
ave aeated by comnectiag neig"boiag Mo grares as s"lowa oa tMe
NgMt of Fg. 4b, tMe dgrt™sof tMe umagraes<s greatVred uc:ed. Toas
mngratiag WAt t"™Ns meso-/umo groro, s st ct,re exraNaace m M
'bwe" resistaace aad caa travelfram/to tMe cMeaged s rface qui'
A'ko, tMeprossibity of co<aas betag trappredvaside seTbwura groes

o esgrarUes NS 1 Uc"ﬂ_u r‘edgced. Therefae, tMe caracitaace wa t™8s
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==~ YP50 2.5V
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Fig. 4. (a) Ragoaep'bt of C800 aad comme &aPYP50 as s #’J‘a‘czpadtu“ kctrodeswn organic €bctro'Vie,wa compra~son toreceatWrgroted val es (Note: Ol va'l es fi-ara EDLCs,N.e.,

Y Y

moima’jo coatNb uﬁon framprse Udocepa&talce, wit"a vo'kage windowao wide~ t"ea 3 V were sekcted o tme Wterat ,J“e); (b) CormpraNsoa ofSonr traagrotNa o groo ¢ andimeso-/

TP Tomos Yo uo) ¢ mate~ak.

1eso-/ima grao, s st ct ;e can be retamed evea at a vey "™8g™
Mergiag/discNarguagrate. got"ha g ena gy deasity aad a ™8ggrowe”
deasity caa be ac™eved sun “'laneo us’& WAt e 11meso- i argrao ¢
st ctge prarosed.

4. Conclusions

In s jounary, we deve'bpr amew Chss of pro'Wys¥bxane-desved caboa
mateNa’b wit"va "hrge imesgqroe Vo'lgune aad a vey "™Ng"us rface avea
comt~b ted by Sts "Wera cne’ imeso-/uma grarosity. Different frorm
coaventvonal actvated carbon mateNa’k wit™ha ™g" grecific s ,J‘face
aea b Ut most’V usmograres, prodhsbxane-deNved carboa mateNak
coatauarmostWimesgrares. TMe s¥camanodomadiasta e SOC caawic
de~ved fram pyoWss of poh'bxane p'hy as aa in-situ temrhte to
forrm esgrores wa tMe fiadl cabaa prod,ct. PotearaWy, t7e proe
st ct,re of t"e fiaa¥ carboa prod ct can l‘ge td’ned by ta'biag t"e
forim *1 of tMe prdls'bxane prec rsa. Te " a¢ebimeso-/iimao-
paostty facitates fast trangrort of mmd'ke, ks aand Noas betweea t"e
Sateal s rface aad o tSde eavwromment, maxumzag t"e effecNve
s rface area of t"e mateNal<a va~o,s apPcaNoas. Owiag to Nts
mesgrorosity, probhsbxane-desved caybal dg'hyed s preNa rate
pefoiance a2 EDLCs wit™h aa argasic kctobte. %I:le gredific
caraGitance at a ¢ yreat deasity of 50 Ag~! was 80% of tme grecific
caracitance at a ¢ dT‘ﬂlt deasity of 0.5 A g1, The poWsbxane-desved

carboa ac™Weved a maxum Jiu eaergy deasity of 42 Wkg™! and a
maxm ju powe” deasity of 30 5W kg™, wNcw were sigsificantl
"™g"e taa tose of tMe camme &aPYP50 acvated caboa.

In additNom, we vesfied tMat t"e NaOH actNvatoa process caa be
exteaded to ot"e” prols'bxane mateNakb. Usiag a sun'b processiag
protocod caboa wit™s tMe same "Ng"™ greific s pface aea aad "™Ng™
mesgrae vo'l e wasprgrared from a sagk-comproaeatprohsibxane.
We aaticyrate tMat t™8s chss of prdlsibxane-desved carboa imateNa’l
wilbe apromisiag additon to e praro ¢ carbon mateNa'k famdl to
f ,J‘i"“,a“ axance tMemateNakb prafoimance wamany gplcaNoas.
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