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Project Code : RSA5980004
Project Title : Preparation of trimodal porous carbon xerogels from resorcinol, formaldehyde and
cotton fibers for electric double layer capacitors
Investigator : Assoc.Prof.Dr. Kriangsak Kraiwattanawong
King Mongkut’s Institute of Technology Ladkrabang
E-mail Address : kriangsak.kr@kmitl.ac.th

Project Period : 3 years

Abstract

This research is to investigate the influence of trimodal porous carbon xerogels (TCXs) as
carbon electrode for an electric double layer capacitor. The structural and porous properties of TCXs
were studied by synthesis conditions and drying methods. Resorcinol to water (R/W) ratios and
resorcinol to catalyst (R/C) ratio were changed from 0.25 g/cm® to 0.5 g/cm® and from 200 mol/mol
to 300 mol/mol. Cotton fibers to resorcinol-formaldehyde (CF/RF) ratio was changed from 0.00 g/g
to 0.25 g/g. The CF/RF composite hydrogels were prepared under the mentioned synthesis
conditions. The composite hydrogels were cured at 90 °C for a week, cut as thin disks, CF-hydrolyzed
by H,SO,, exchanged by tertiary butyl alcohol, dried by evaporation or vacuum drying, and
carbonized at 1000 °C to obtain TCXs. TCXs were characterized by a nitrogen adsorption apparatus,
a scanning electron microscope, a mercury porosimeter, a Raman spectrometer, an X-ray
diffractometer, and a potentiostat/galvanostat equipment. The evaporation drying gave scaffold
carbon xerogels as macropore wall prohibiting the ion transport, whereas the vacuum drying allowed
sponge-like carbon xerogels as opened microporous wall permitting the ion transport. Sponge-like
carbon xerogels promoted the capacitive performance of TCXs very well in every synthesis condition.
TCXs possessing sponge-like carbon xerogels showed increased capacitance values from 137 F/g
to 317 F/g at 200 mA/g in a three-electrode system as a result of macropore-assisted electrolyte
transfer in aqueous electrolytes. In the future, the improvement of TCXs is very attractive as the

carbon electrode for the supercapacitor to increase the capacitive performance.

Keywords : Templated carbon xerogels; Electric double layer; Macropore-assisted electrolyte

transfer; Vacuum drying; Aqueous electrolyte
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carbon xerogels; TCXs) \dudalWianiueudwivdnivdzgaestu lasaiiuazannuniuzes
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diwleudidninlad luawiaa madiudys Toxs swhaulasnnlugiuzaniniasueaudniven

= a A a Aa a v &
muﬁi:@mmmwamuﬂimmmwmaammmhzfg

Anan : Templated carbon xerogels; Electric double layer; Macropore-assisted electrolyte transfer;

Vacuum drying; Aqueous electrolyte
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3.1 N1Id9LAT12H CFIRF aaalndnlalasioa waz TCXs

TCXs ®13NIDFILATIEA bALlasnIiNda CFs aanain CF/RF aaulwialalasian wnukivad
MILATEY TCXs uaadluguil 1 [1] uazugassnusmesain ndfsuudaives TCXs a93Uf 2 a3addu
il Ae Jwastuaa (Sigma-Aldrich Inc. LNIATLATIEH, 99 wit%), Wasuadlaq (Labscan Asia
Co. , Ltd. 1NTATLATEA 35-40 wi% b 4-12 wt% Lunuaa), Lladsuaisuaiue (C) (Sigma-Aldrich
Inc. LNIATLATIZH, 99.8%) LuaaL39U AT Wug 1w tdulude (CFs) uaztinan (W) s1sazansiees
A 6 v A 6 a Y a 6 ada o v Y A [
Fuoawailadlad (RF sols) pniassumulddadiunissuanziussiimailiuiianannonuli
Tua15199 1 [1] wazan3 199 2 [2] lauTaaiatnaasinuaauNauIFLN LaSUNTANUA LTa? RF
sols pinadlumauiidmniudandiulasuin CF/RF 71 0.00 g/ig udatnailiauaasluglf 1
(a) uaz 0.20 gig (udmatalIsufisuatuaaslugn 1 (b) dandulasluad RF gafnuald
AINN 0.5 molimol aamawlasluans R/C iWRsuA 200 waz 300 mol/mol UazA N UTUBININ
RW fiulariisdi 0.25 glem® Uz 0.50 glem® Tadadnevad TCXs laiumaszylilua1semi 2 TOXx

A A A & | @ ° v & a & A A a o \
(laofl x fia 1, 2 w38 3 Yuegnugas) gniwualiidudSanaersueudlaesieioundanaiu
R/IC uaz RW fiuandariu  msszmsuszmavhukouvugyaimeaiulaioimuadu B ez v
audey daagare (0 wia 20) winefiwdefidudlasaia CF luudaz CF/RF aaulndalalas
s aswanaInazudidinaodu CFRF aanlndalalasiaa Namnglves 9tz 50
A o A A &) A o &

aerLaaldoaduaan 1 Mz 90 asrsaltoaiduianiealonss

a & A A o & A & o o A
A13199 1 F2UUNNTAITD 130U lUMITRIATIEH NANRAAISUAULAZNTRAGD LLUISANTBILNIULNAG

AMTUaUTLIe8 [2]

Sample CF/RF R/W Yield Ardrylwet Arcarbonlwet
(g/g) (8/cm?) (%) (%) (%)
TCX1_0 0.00 0.25 48.82 27.58 48.95
TCX1_5 0.05 0.25 48.90 28.32 48.42
TCX1_15 0.15 0.25 48.81 27.31 48.05
TCX1_25 0.25 0.25 47.60 24.89 46.47
TCX2_0 0.00 0.50 47.76 8.21 36.31
TCX2_5 0.05 0.50 47.77 9.53 35.05
TCX2_15 0.15 0.50 45.80 9.63 36.21

TCX2_25 0.25 0.50 46.21 6.16 34.90




A1319N 2 TTUUNNTAITD 1IaUUNITFIATIEH NANRAAISUAULAZNTRAGA LI TANTEILNIULNAG

AMSUauTLIaa [1]

Sample CF/RF R/W R/C Burn-off Argrylwet Afcarbonlwet
(8/8) (g/cm®)  (mol/mol) (%) (%) (%)
TCX1EO 0.00 0.50 200 52.24 8.21 36.32
TCX1E20 0.20 0.50 200 54.15 8.11 34.89
TCX1V0 0.00 0.50 200 50.64 6.79 35.89
TCX1V20 0.20 0.50 200 51.64 4.68 33.95
TCX2EO 0.00 0.25 200 51.18 27.58 48.95
TCX2E20 0.20 0.25 200 51.03 27.84 47.84
TCX2V0 0.00 0.25 200 51.01 22.74 45.11
TCX2V20 0.20 0.25 200 51.25 8.58 35.53
TCX3EO 0.00 0.25 300 51.59 26.37 46.32
TCX3E20 0.20 0.25 300 52.64 21.58 42.84
TCX3V0 0.00 0.25 300 50.54 9.16 34.74
TCX3V20 0.20 0.25 300 50.77 7.26 32.63
) —
- - -

@ RF hydrogel Treated RF hydrogel ® Treated RF xerogel ® Carbon xerogel
O Shrinkage orientation  Great radial shrinkage
(i) Polycondensation (ii) Dehydration (iii) During drying (iv) Pyrolysis

(a) Carbon xerogel

1,80, 5 O S
dehydration | ."‘ O i
- - i 0000  — _ i
050
CF/RF composite hydrogel Templated RF hydrogel Templated RF xerogel @ Templated carbon xerogel

@ Cotton fiber O Macropore I::> Shrinkage orientation Small radial shrinkage
@ RF matrix hydrogel in macropore zone
(i) Polycondensation (ii) Dehydration (iii) During drying (iv) Pyrolysis

(b) Templated carbon xerogel
Schematic diagram

gﬂﬁ 1 WNBRINIILATBN TCX: a) carbon xerogel Alaidnsle CF uas b) carbon xerogel T templated

wSaunslg CF [1]
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gﬂﬁ 2 MWaWAAAAYAd TCX1_0 precursor (RF hydrogel), TCX1_5 precursor (CF/RF composite
hydrogel) ﬁlﬁé'm’]d’m CF/RF ﬁ 0.05 g/g lLaz CFs: a) RF hydrogel ; b) RF hydrogel ‘ﬁlvl,‘ilimvlasfﬁ’m
H,SO, c) TCX1_0; d) CF/RF aaulnialalasiaa e) RF xerogel talaslagars H,S0, f) TCX1_5; g)
CFs uaz h) CFs utlu H,S0, lasaunauuass i) CFs vUfA3enu H,S80, mulu 1 wifinaz 90 wfl
(MWLAN) [2]



CF/RF aaulndalalasaagnaaduusuingg @nunwdszanm 1 aw) wdaugluingu
CFs lu CF/RF aaulwdalalasanazgnililalasladlan 98% H,S0, (Qrec Chemical Co. , Ltd.
InTeAaaed 98%) 1waan 12 Falusf 50 aseasfasmielinaodn RF muwaalalasias
i 1 RE muwaalalasesanasmsiinswnasasinanasrinsuanid aoudavnasaneiy
dafiauaanazas (TBA) ﬁqmﬂgﬁ 50 adALTalTaaIdnIaN 1 ’S'ul,l,az@iamgmmuﬁﬁ'm TBA lniinn
TN 5 A% maJL‘wa@Lﬁmﬁ]zgﬂﬁﬂﬁuﬁﬂ@Ul‘*ﬁ?%miauuﬁa@ﬁsjmiszmﬂ‘luwnauﬁqm%{]ﬁ 50
adLraLTRLT WA 2 T vﬁaauLLﬁaﬁgtyryﬁmﬂﬁqm%QﬁﬁaoLflunm 1 7% us3asharaena v

A

msensuelwatulwesasl jsaimeadarsdannsivavesiulasiand 200 cm®min lasgampd
Wiuwanngunniivasdu 250 asenimaifoslusan 250 asenimaifoarialus .1 Shunamngd
147 250 sseimadomduna 2 $alus 9niu qm%gﬁauﬁwﬁuﬁﬂﬂ%ﬂu 1,000 aseiTaFuad
250 aarnimaLFuadatalus uazsnumnamnaniliv 1,000 sseaaiFomiduna 4 Salusraufigungi
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2.2 MINANLAAWHNLURA

TCXs ﬁ]:gﬂﬁmﬁmﬁzﬁ@ﬁUm’%iaaﬁa?mﬁ:ﬁ@m 9 bt MIATUUILANIANBTY N, 7 -196
aamlﬁnmsﬁmahslm%aﬁamsg@sﬁ'uLLﬁ"a"LuIme (BEL Japan Inc. BELSORP-mini) te e ufifin
FUW1Z (Sger) 1083T Brunauer-Emmett-Teller (BET) [3] minszansvasgwuzmaiulonas Usinas
WD (Vines) Uaziafivasiulowad (r,) lauiT Barrett-Joyner-Halenda (BJH) [4] Sadgegauasiadl
WLINOT (Fes, pear) UTH10TI1ATNET (Vi) DNUszifinlanF Dubinin-Radushkevich [5] waz AR
lulaswas (Sye) Muwrmlasds  t-plot [6] Imaa%ﬁamimwa%gn’?msw:ﬂ@Um‘%iaa@@sﬁ'uﬂsaﬂ
(Micromeritics, MicroActive AutoPore V9600) 1a39a314289 TCXs aNATAREUGMIINABIIANTIANE
BLANATOUULULFEBINTIA (SEM) (FEI Company, QUANTA 250) TCXs Qmﬂﬁauﬁwuwamﬁﬁfuwaﬁﬁfu
Wasaasum i Wiasdidnasen TCXs ﬂ'agﬂﬁl,ﬂﬁzﬂmaai”’m@i”’m X-ray diffractometer (XRD,
Rigaku, SmartLab X-ray Diffractometer) L8z Raman anlasalay (Thermo Scientific, DXR

SmartRaman Spectrometer)

2.3 N1 7LATEHEN19LAd WA

Usendamwmand lWwvas TCX Lﬂmg'JVLWW'mﬁuaugﬂﬁmi’]:ﬁmﬂsl@'fizuummg'svlmlﬁw
AU Ag/AgCUAusa KCl (BAS Inc) dutalwihérsdsuazaranaadusalWiuuuiniiaes
382818 KOH 4 mol/dm® fla38uannanIazans 8 molidm® KOH (Wako Pure Chemical Industries
Inc., in30338 8 molidm®) gnldidudianinslad ATnvdszquazanoyszanszualniuazussaulnsih

WULIPANINIATIZRGIL Potentiostat 466 (eDAQ Pty. Ltd) misaamzimaaidlninldvinis
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gﬂﬁ 3 ﬁagﬂﬁ' 5 URAINIIUTINhRERUDAY Hg LLﬂ:ﬂﬁiﬂi:ﬁ]ﬁﬂ@”’;maogwgu [1-2] gﬂﬁ' 3 WAy
;sﬂﬁ 4 ﬁmmﬂﬁmﬂﬁaﬁuﬁugﬂﬁ 5 Taafiald CF uan azlinsshgnguumanlaswaiuaziulanes
I@sgwguvﬁl 2 wfia aghsdoiias ot ﬁwawgﬂﬁ 5 1WDN38TLNINRUISE

gﬂﬁ' 5 uaaamsUSanmazaNaad Hg M TCX3s u,a:msm:mmmm@]gwguﬁvlﬁmﬂ Hg
porosimetry TCX1s Waz TCX2s AnsUSanaiazauvad Hg ARnenl TCX3 afmgﬂﬁ' 5(a) lonnue
WRudua1n 1 psia 1% 10,000 psia Ysumaas Hg 1w TCX3E0 AtRndwdniteaitudsntuysunm
Hg ﬁqﬂ‘grﬂ,u TCX3V0 Wams3suTIdifinin TCX3E0 uaz TCX3V0 Hanlaswesludsunoudnias
USinmazanaas Hg Winduegnaunniiiaanuswindudsuenii TCX3E0 uay TCX3V0 e
wasen n13ld CFs lugnus template azinySumiazanvad Hg lu TCX3E20 annni1 TCX3EO uaz
TCX3V0 meldanusutiasnin 10,000 psia  Wafilaiuaasldidiuinanlaswasuas TCX3E20 o3
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A13197 3 Qmauﬂ'ﬁimaﬁwLm:mwwgmaa TCX [2]

Sample I/l [-] 20[-] Doz sE)acing Seer Vines Vimic Fmes,peak
Al (m?/g) (cm*/g)  (cm?/g) (nm)
TCX1_0 1.056 22.14 4.0118 322 0.25 0.13 3.09
TCX1_5 1.022 22.48 3.9519 424 0.34 0.17 3.52
TCX1_15 1.038 23.48 3.7858 517 0.46 0.20 3.52
TCX1_25 0.983 21.82 4.0699 542 0.56 0.21 4.02
TCX2_0 1.022 23.04 3.8571 479 0.41 0.20 3.52
TCX2_5 0.990 23.38 3.8018 534 0.47 0.22 3.52
TCX2_15 0.959 22.84 3.8904 537 0.50 0.21 4.60
TCX2_25 1.025 22.24 3.9940 537 0.53 0.22 4.60
A5197 4 AMENLALATIFTIUAZAUNTUDES TCX [1]
Sample b/l [-] 20[-] Doo sE)acing Sger Smic Vines Vmic  mespeak  Cg
Bl (g (m¥fe) (cm¥fe) (cm/g) (nm) (F/g)
TCX1EO 1.0222 23.04 3.857 549 408 0405 0.200 3.52 140
TCX1E20  1.0319 3.0 3.864 608 419 0539 0.216 460 140
TCX1VO 0.9891 21.86 4.063 595 402 0572 0211 460 140
TCX1V20  1.0339 21.74 4.085 592 405  0.609 0.209 528 179
TCX2EO 1.0559 22.14 4.012 365 193 0245 0133 3.09 130
TCX2E20  0.9742 22.18 4.005 573 354  0.429 0200 3.52 148
TCX2V0 1.0179 120  4.188 595 409 1266 0.219 1240 217
TCX2V20  0.9981 110  4.207 666 368  1.190 0.234 802 317
TCX3EO 1.0306 22.32 3.980 531 372 0558 0.191 567 151
TCX3E20  1.0095 21.86 4.063 587 357  0.797 0.209 528 134
TCX3V0 1.0576  22.72 3.911 556 279 1429 0219 1432 165
TCX3V20  1.0021 21.52 4.126 615 402 1399 0.214 1432 211
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) TCX1V20

gﬂﬁ 11 7w SEM Jaunslasiginszad TCX1s: a) TCX1EO (60,000x), b) TCX1E20 (2,000x), c)
TCX1E20 finvasnlasnas (60,000x), d) TCX1E20 Inariusnlaswas (60,000x), €) TCX1VO0 (60,000x),
f) TCX1V20 (2,000x), g) TCX1V20 fimikannlaswas (60,000x) waz h) TCX1v20 Indrusnlaswas

(60,000x) [1]
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40,000x) [1]



K

gﬂv“i 13 nw SEM Haiwslasiaindved TCX3s: a) TCX3EO (60,000x), b) TCX3E20 (2,000x), c)
TCX3E20 finitaanlaswas (40,000x), d) TCX3E20 Inaruunlaswas (60,000x) ) TCX3VO (60,000x),
f) TCX3V20 (2,000x), g) TCX3V20 fimikannlaswas (60,000x) waz h) TCX3v20 Insruwnlaswas

(60,000x) [1]
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Carbon xerogels have generally low textural properties compared with carbon aerogels and carbon cryogels
since the gas-liquid interface produces a capillary force in small pores. In this work, the templated carbon
xerogels (TCXs), using resorcinol-formaldehyde (RF) and cotton fibres (CFs) as a hard template, were synthe-
sized by CF removal from CF/RF composite hydrogels by sulphuric acid treatment. The TCX precursors were
exchanged by t-butanol, dried by evaporation drying, and carbonized at high temperature. Scanning electron
microscope images and Hg intrusion data confirm that TCXs possess macropores whose walls are the carbon

xerogel scaffold. Their nitrogen adsorption and desorption isotherms also support that TCXs have micropores
and mesopores. The quantities of micropores, mesopores and macropores are improved with the increase of CF
utilization. X-ray diffraction allows us to know that TCXs have a graphitic structure. The intensity of D to G from
the Raman spectra is also investigated.

1. Introduction

Unlike conventional porous carbons such as activated carbons, the
textural structure and porous properties of mesoporous carbons, such as
carbon aerogels and carbon xerogels, can be changed by controlling the
synthesis procedure [1]. The nanostructure and the surface chemistry
can be designed to overcome diffusional limitations and functional
usages in specific contexts such as catalysis, adsorption, and energy
storage. Microporosity acts to create a high adsorptive capacity of
carbon materials for gaseous molecules, whereas mesoporosity serves as
an adsorbent for organic molecules. Although macroporosity has see-
mingly no importance for adsorption, macropores are indispensable in
the porous carbons to promote the accession of molecules migrating in
and out of the fluid on to the carbon surface. With the invention of
carbon gel in 1989 [2], the sol-gel polycondensation of resorcinol and
formaldehyde (RF) gives rapid progress in mesoporous control and
tunable pore sizes. The synthesis condition is the significant parameter
to determine the textural structure as well as the drying method. The
ratio of resorcinol to catalyst (R/C), the ratio of resorcinol to distilled
water (R/W), and the ratio of resorcinol to formaldehyde (R/F) are
fundamentally used to adjust the mesoporous structure [3]. With the
increase of these ratios, the pore structure of the carbon gel is changed
from the microporous carbon gel to the microporous and mesoporous
carbon gel, the microporous and macroporous carbon gel, or the me-
soporous and macroporous carbon gel [1,4]. However, these carbon

E-mail address: kriangsak.kr@kmitl.ac.th.

https://doi.org/10.1016/j.diamond.2018.12.005

gels (including the carbon aerogels dried by supercritical fluids, the
carbon cryogels dried by freeze drying, and the carbon xerogels dried
by subcritical dryings) are disordered mesoporous carbons containing
the tortuous pores. Among the subcritical drying methods, evaporation
drying without any preliminary treatment is the most attractive method
because it is inexpensive and simple [1]. Therefore, carbon xerogel
having the high surface area can be applied for various purposes, such
as electrodes for electric double layer capacitors [5,6], anode materials
for lithium ion batteries [7] and catalyst supports [8,9].

The molecule transports in straight pores more easily than in the
tortuous pores; thereby, the ordered mesoporous carbons or the tem-
plated carbons comprising straight pores are created. Herein, the tem-
plates used can be classified into two categories: exotemplating (hard
templating) and endotemplating (soft-templating). A commercial silica
(Porasil®) was firstly used as the hard template for the well-defined
macroporous carbon [10]. Surfactant micelles were also modelled as
the soft template [11]. Later, Liang et al. [12] firstly succeeded in
synthesizing highly ordered mesoporous carbon by using polystyrene-
block-poly(4-vinylpyridine) as the soft template. The rapid progress in
the templated carbons has continued to the present day. Various sub-
stances can be used as the template such as MCM [13], KIT [14], SBA
[15], HMS [16], or PEO-PPO-PEO triblock copolymers [17]. Herein,
organic-inorganic composites are prepared prior to prepare the ordered
mesoporous carbons. For the ordered mesoporous carbons, the proce-
dure involves many steps: i) the template synthesis of materials such as
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porous silica; ii) the infiltration of an appropriate carbon precursor and
the polymerization (or resin) in the template pore as the composite; iii)
the carbonization such as the silica/carbon composite, and iv) the
template elimination by a chemical treatment such as HF or NaOH,
respectively. Therefore, the textural properties of a templated carbon
are mainly dependent on the template structure.

Templating is the most powerful technique to synthesize organic or
inorganic materials, giving unique, uniform, and ordered materials with
the desirable macropores simultaneously. However, the complex and
tedious procedure preparing the templated carbons, and the fact that
the textural structure relies on the template structure are the dis-
advantages. Moreover, the porous properties of polymers infiltrated in
the inorganic template cannot be controlled directly, leading to un-
controllable textural properties of mesoporous carbons. Cotton fibres
(CF) are almost pure cellulose and they are renewable, inexpensive and
natural substrates. They possess the linear glucose polymer lined by
1,4-glucosidic linkages or ether bonds [18]. These ether linkages are
breakable by the hydrolysis reaction using diluted acid, concentrated
acid, or enzymes to receive monosaccharide [19]. Furthermore, con-
centrated sulphuric acid (H,SO4) can be used for dehydrating CFs to
saccharide derivatives and then dehydrating those saccharides to
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carbon. Note that CFs can be eliminated by concentrated H,SO,4 and the
by-product exists concentrated H,SO4 corresponding to Fig. 1(i).
Thereby, if CFs are dispersed in the organic-organic composite hy-
drogel, CFs can be eliminated from the organic-organic composite hy-
drogel by reacting with concentrated H,SO,4. For the purpose of this
work, the templating technique will be adapted to propose the facile
sequences in the control of textural structure and the porous properties
of carbon xerogels directly. Herein, the organic-organic composite hy-
drogel is synthesized from an RF sol acting as the polymeric resin and
CFs acting as the template. Therefore, concentrated H,SO, is used for
CF removal from the organic-organic composite hydrogel by the de-
hydration reaction. Later, the remaining templated RF hydrogel is ex-
changed by tertiary butyl alcohol (TBA) and dried by evaporation
drying. The dried gel is carbonized to become the templated carbon
xerogel (TCX). The textural properties are analyzed by nitrogen ad-
sorption apparatus and the macroporous structure is observed by a Hg
porosimeter and a scanning electron microscope (SEM). Raman spec-
troscopy and X-ray diffraction are also characterized.

Fig. 1. Optical images of a TCX1_0 precursor (RF hydrogel), a TCX1_5 precursor (CF/RF composite hydrogel) with CF/RF ratio at 0.05 g/g and CFs: a) a RF hydrogel;
b) a RF hydrogel treated by H,SO4; ¢) TCX1_0; d) a CF/RF composite hydrogel; e) a RF xerogel treated by H>SOy; f) TCX1_5; g) CFs and h) CFs immersed in H>SO4
suddenly and i) CFs reacted with H,SO, within 1 min and 90 min (inset). (For interpretation of the references to colour in this figure, the reader is referred to the web

version of this article.)
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2. Experimental
2.1. Synthesis of templated carbon xerogels

2.1.1. Synthesis of CF/RF composite hydrogels

TCXs can be started from the CF/RF composite hydrogels. The de-
tails have been described in previous works [20,21]. The CF/RF com-
posite hydrogels were synthesized from an RF sol and CFs dispersed in
glass vials. Here, the reactants used in the CF/RF composite hydrogels
were purchased as follows: resorcinol (Sigma-Aldrich Inc., analytical
reagent grade, 99 wt%); formaldehyde (Labscan Asia Co. Ltd., analy-
tical reagent grade, 35-40 wt% stabilized by 4-12 wt% methanol); so-
dium carbonate (Na,CO3) (C) (Sigma-Aldrich Inc., analytical reagent
grade, 99.8%) as a catalyst; commercial CFs, and distilled water (W) as
a diluent. The average length of CFs is about 1.2 cm (ranging from
1.0 cm to 2.4 cm as shown in Fig. 1(g) and their diameters vary in the
range of 12 um to 18 pum, respectively. The molar ratio of resorcinol to
formaldehyde (R/F) and the molar ratio of resorcinol to sodium car-
bonate (R/C) were fixed at 0.5 mol/mol and 200 mol/mol, respectively.
In this work, the mass concentration of resorcinol to distilled water (R/
W) was set at 0.25 g/cm® and 0.50 g/cm®. The mass ratios of CFs to RF
(CF/RF ratio) were changed at 0.00, 0.05, 0.15 and 0.25 g/g, respec-
tively. The samples prepared are named as listed in Table 1. Initially,
CFs were filled into the glass vial in the vertical direction. Then, the RF
sol was prepared and poured into the glass vial. After the mixtures had
been gelated at room temperature. The RF sol became a solid en-
wrapping CFs as the CF/RF composite hydrogels. The CF/RF composite
hydrogels were cured at room temperature for one day, at 50 °C for one
day, and at 90 °C for seven days, respectively.

2.1.2. CF removal from CF/RF composite hydrogels by H,SO, dehydration

The CF/RF composite hydrogels were sliced into thin wafers (ca.
1 mm thickness) and immersed in distilled water before the water was
discarded. These composite hydrogels thus contained a small amount of
water on the inner and outer surface. Later, the CF/RF composite hy-
drogels were soaked in 98% H,SO,4 (Qrec Chemical Co. Ltd., analytical
reagent grade, 98%) for 12 h at 50 °C. Note that hydration is a rapid and
exothermic reaction, but H,SO, diffusion in the CF/RF composite hy-
drogels may be an obstacle. Therefore, a long time and a mild tem-
perature were used here. The CFs were decomposed to be saccharides
and even converted to carbon. Then the residues (templated RF hy-
drogels) were washed in distilled water many times to remove the acid
and any dissolved substances from the templated RF hydrogels. Since
the vapour-liquid interface makes for pore shrinkage during any sub-
critical drying, the templated RF hydrogels were exchanged by TBA at
50 °C for one day to suppress the pore collapse before the evaporation
drying [22]. Then fresh TBA was exchanged daily 5 times in total. The
templated hydrogels were dried by evaporation in an oven at 50 °C for
two days to become the templated RF xerogel. To receive TCXs, the
templated RF xerogels were carbonized in a quartz reactor with ni-
trogen flowing through the quartz reactor at 200 cm®/min. The

Table 1
Nomenclatures, synthesis conditions, carbon yields and radial shrinkage of
templated carbon xerogels.

Sample  CF/RF(g/ R/W(g/  Yield (%) Arun/fwer  Afcarbon/Twer
) am®) (%) %)
TCX1.0 0.00 0.25 48.82 27.58 48.95
TCX15 0.05 0.25 48.90 28.32 48.42
TCX1_15 0.15 0.25 48.81 27.31 48.05
TCX1_25 0.25 0.25 47.60 24.89 46.47
TCX2.0 0.00 0.50 47.76 8.21 36.31
TCX2.5 0.05 0.50 47.77 9.53 35.05
TCX2_15 0.15 0.50 45.80 9.63 36.21
TCX2_25 0.25 0.50 46.21 6.16 34.90
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temperature was increased from room temperature to 250 °C at a rate of
250 °C/h, and it was maintained at 250 °C for 2 h. Next, the temperature
was raised to 1000 °C at 250 °C/h, and it was kept at 1000 °C for 4 h
before the samples were cooled down in the quartz tube. Note that the
temperature is controlled correctly by the programmable controller.

2.2. Characterization

The N, adsorption and desorption isotherms were analyzed at
—196 °C by the N, adsorption apparatus (BEL Japan Inc.; BELSORP-
mini II). The Brunauer-Emmett-Teller (BET) method was reckoned to
estimate the specific surface area (Sggr) from the N, adsorption iso-
therm [23]. The Barrett-Joyner-Halenda (BJH) method [24] was uti-
lized to calculate the mesopore size distribution, the mesopore volume
(Vimes), and the mesopore radius (rp). The highest peak of the mesopore
radius (fmes,peal) Was used as the representative of an average mesopore
radius. The Dubinin-Radushkevich method [25] was utilized for the
micropore volume (V). The structures of TCXs were analyzed by
scanning electron microscopy (FEI Company, QUANTA 250). The
macroporous structure was analyzed by mercury porosimetry (Micro-
meritics, MicroActive AutoPore V9600). TCXs were also characterized
by an X-ray diffractometer (XRD, Rigaku, Smartlab X-ray Dif-
fractometer) and a Raman spectroscope (Thermo Scientific, DXR
SmartRaman Spectrometer). The carbon yield was determined by the
remaining weight of TCXs obtained from the carbonization compared to
the weight of TCX precursors (templated RF hydrogels). The carbon
yield is listed in Table 1. The radii of dry xerogels (r4ry) and the radii of
hydrogels or wet gels (ry.) were utilized to observe the radial
shrinkage of drying on the macroscopic scale (Argry/Twer). Likewise, the
radii of TCXs (rcarbon) and rye were used to investigate the radial
shrinkage of carbonization (Arcarbon/Twer). Note that the Arg,y/Tie and
Afcarbon/Twer Values were figured from the ratio of the radius change
(the difference in radius between rg;y and rye and the difference in
radius between rcabon and rye) to Iye. Their radial shrinkages were
reported in Table 1.

3. Results and discussion
3.1. Structural properties of templated carbon xerogels

Fig. 1 exhibits the optical changes of TCX1_0 and TCX_5. In the case
of the TCX1_0 precursor, Fig. 1(a) unveils that the RF hydrogel without
CFs has a reddish-brown colour whereas Fig. 1(b) demonstrates that the
RF hydrogel immersed in the H,SO, solution becomes black in colour.
Noticeably, the remaining H>SO, solution becomes a light-yellow so-
lution after the acid treating process. The gel-colour change might
occur after dehydration as the unreacted hydroxyl group remains on the
RF hydrogel. The final product, TCX1_0, is shown in Fig. 1(c). In the
case of other TCXs with CFs, for instance the TCX1.5 precursor,
Fig. 1(d) shows that the CF/RF composite hydrogel also has a reddish-
brown colour. Afterwards, the CF/RF composite hydrogel which has
passed through the H,SO, dehydration step becomes black like the
TCX1_0 precursor as shown in Fig. 1(e). TCX1_5 is the final product
shown in Fig. 1(f). Noticeably, the temperature of the H,SO, solution is
raised by the dehydration and the remaining H>SO4 solution turns to be
a dark-brown solution. Fundamentally, H,SO,4 can decompose CFs and
H,SO4 can also dehydrate sugar, producing the carbon form as ex-
hibited in Fig. 1(h)-(i). Therefore, carbon particulates may be sus-
pended in the H,SO, solution making the dark-brown colour. Table 1
reports the carbon yield, the Argry/Twe: value, and the Arcarbon/Twer Value
of TCXs. The TCX1 and TCX2 series have carbon yields of about
48 + 1% and 47 * 1%, respectively. From the radius change, the
Argry/Twer value and the Arcarbon/Twer value of the TCX1 series are
greater than those of the TCX2. These data imply that the change of
synthesis condition has little effect on the mass loss, but it does influ-
ence pore shrinkage and the change of textural properties.
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Fig. 2. SEM images revealed structure of TCX1_0 (a, b); TCX1_5(c, d); TCX2_0 (e, f) and TCX2_5 (g, h) at 2000 times (a, c, e and g) and 40000 times (b, d, f and h) of

magnifications.

Fig. 2 shows the SEM images for the textural structure of TCXs
prepared under the R/W ratios at 0.25 and 0.50 g/cm®. Without CFs
applied, Fig. 2(a) and (e) demonstrates the smooth surface of TCX1_0
and TCX2_0 magnified 2000 times. Meanwhile, Fig. 2(b) and (f) reveals
the coarse surface of TCX1_0 and TCX2_0 magnified 40,000 times. The
SEM images indicate that a greater R/W ratio provides a packed
structure of nanoparticles [26]. When CFs are utilized as the template in
the TCX synthesis, the textural structure of TCXs is changed as shown in
Fig. 2(c) and (g). For the low magnifications of 2000 times, the surfaces
of TCX1_5 and TCX2_5 unveil the various-shape channels, the macro-
pore structure, and the smooth surface as displayed in Fig. 2(c) and (g).

12

For the greater magnifications at 40,000 times, Fig. 2(d) and (h) illus-
trates the textural structure at the channel wall of TCX1_5 and TCX2_5,
respectively. The images show that the textural structures of TCX1_5
and TCX25 are created from interconnected nanoclusters like the
textural structures of TCX1_0 and TCX2_0, respectively. Moreover, the
channel walls of TCX1_5 and TCX2_5 indicate the scaffold structure or
the dense morphology as illustrated in Fig. 2(d) and (h). This scaffold
structure can be found in previous research studies in various features.
For example, the “mille-feuille” structure, another scaffold, is in-
vestigated in the preparation of phloroglucinol and glucose poly-
merized by the sol-gel method and dried by freeze drying [27]. The
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authors assume that this structure is related to the freeze-drying step.
Without the organic-solvent exchange, water in the gel becomes ice
during the period of gel immersion in liquid nitrogen. However, the
mille-feuille structure disappears when the phloroglucinol and glucose
gel are dried by the supercritical fluid with CO,. Another carbon
cryogel scaffold of dense morphology is coated by ammonia borane
(AB) [28]. The carbon cryogel scaffold acts as the substrate and AB
forms a sheet or a thin film coated on the carbon cryogel scaffold.
Furthermore, the carbon cryogel scaffold also appears in the synthesis
of carbon/carbon composite cryogels which have previously been re-
ferred to as “dense rings” [21]. Although the exchange with TBA eluded
the volume expansion during pre-freezing, the slight volume shrinkage
during the freeze drying can pull the RF matrix apart from CFs forming
the carbon cryogel scaffold as the macropore wall. In this work, the
macropore within the TCX structure is sealed by the carbon xerogel
scaffold as a thin pore wall, as confirmed by Fig. 2(d) and (h). This is
because the gas-liquid interface induces the nanoclusters to contract
together, forming the carbon xerogel scaffold. In addition, for example,
Di Maio et al. prepared the scaffolds with tubular/isotropic bi-modal
pore structures by gas foaming and the fibre templating was dried by
evaporation drying [29]. Therefore, not only freeze drying can produce
the scaffold structure, but evaporation drying is also another method to
design the scaffold texture. Herein, the carbon xerogel scaffold looks
like hollow carbon-based CFs (CCFs) [30]. For CCFs, the inner diameter
and the thickness of their hollow section are about 3 um and 1.5 um,
respectively. The macropore diameters are generally greater than 5 um
and the dense texture consists of packed nanoclusters. Therefore, the
carbon xerogel scaffold is coated and acts as the macropore wall since
the CFs were removed by the dehydration reaction.

Fig. 3 depicts the Raman spectra of TCXs with the various CF
quantities templated in the carbon xerogels. All TCXs possess the first-
order dominant D and G peaks at around 1340 cm ™! and 1590 cm ™ as
drawn in Fig. 3(a) and (b), respectively. The broad D band at
1340 cm ™! contributed to dangling bonds and the defects of the pre-
pared carbon structure and the broad G band at 1590 cm ™ is attributed
to the in-plane vibrations of carbon atoms strongly coupled in the
graphene sheet [31]. The intensity ratio of the D to G band (Ip/Ig) is
widely known as the degree of imperfection of crystallinity of graphite
[32,33]. The Ip/Ig value of TCX1_0 is about 1.056 and that of TCX2_0 is
about 1.022. This result is like the previous works in that the intensity
of the D band derived from the carbon xerogel is greater than the in-
tensity of the G band [34,35]. The Ip/Ig ratio trends downwards to
0.983 and 0.959 for the R/W ratios at 0.25 g/cm® and 0.50 g/cm?, re-
spectively, as reported in Table 2. The existence of a uniform structure
in the composite materials can decrease the I/I; value, as is the case
for single wall nanotube-carbon aerogels [35]. Here, the scaffold
structure is the uniform structure existing in TCXs and increasing the
proportion of perfect structure to disordered structure. Therefore, the
degree of imperfection of crystallinity decreases due to the existence of
the scaffold structure created in TCXs.

Fig. 4(a) and (b) demonstrates the XRD patterns of TCXs for the R/
W ratios at 0.25 g/cm® and 0.50 g/cm?, respectively. All TCXs possess
broad peaks and their peaks are centred at 20 about 23 = 1° and
43 =+ 1° which correspond to the 002 and 100/101 reflection planes of
graphite, respectively. The 26 of each TCX is reported in Table 2 and the
interlayer spacing (d spacing) is calculated using Bragg's law. Their
peaks are very broad and shift since TCXs are amorphous structures.
These XRD patterns of TCXs are like those of carbon xerogels prepared
by the sol-gel process in a water-methanol-inorganic salt solution [36].

3.2. Textural properties of templated carbon xerogels

Fig. 5(a) and (b) demonstrates the N, adsorption and desorption
isotherms of TCXs at —196 °C for the different R/W ratios: 0.25 g/cm®
and 0.50 g/cm?>. All TCXs are type IV by IUPAC classification, con-
taining the micropores and the mesopores. In Fig. 5(a), at 0.25 g/cm?® of
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Fig. 3. Raman spectra of TCXs prepared by using various CF/RF ratios and the
two R/W ratios: a) R/W = 0.25 g/cm® and b) 0.50 g/cm®.

Table 2
Structural and porous properties of templated carbon xerogels.

Sample  Ip/Ig [-] 20 [-] Dgo2 SgET Vimes Vmic Tmes,peak
spacing (mz/ (em®/ (em®/ (nm)
[A] ) ) )
TCX1.0 1.056 22.14 4.0118 322 0.25 0.13 3.09
TCX1.5 1.022 22.48 3.9519 424 0.34 0.17 3.52
TCX1_15 1.038 23.48 3.7858 517 0.46 0.20 3.52
TCX1_25 0.983 21.82 4.0699 542 0.56 0.21 4.02
TCX2.0 1.022 23.04 3.8571 479 0.41 0.20 3.52
TCX2.5 0.990 23.38 3.8018 534 0.47 0.22 3.52
TCX2_15 0.959 22.84 3.8904 537 0.50 0.21 4.60
TCX2 25 1.025 22.24 3.9940 537 0.53 0.22 4.60

R/W, the porosity of TCX1s can be impressively developed by the in-
crease of CFs utilized. The greater the CF/RF ratio, the greater the
amount of nitrogen adsorbed on TCX1s during the low partial pressure
and the larger hysteresis loop. On the other hand, at the higher R/W
ratio (0.50 g/cm3), the nitrogen amount adsorbed on TCX2s can be
slightly increased during the low partial pressure and the hysteresis
loop as revealed in Fig. 5(b).

Fig. 6 illustrates the mesopore size distribution reckoned by the BJH
method to the nitrogen adsorption branch of TCXs. Fig. 6(a) reveals the
mesopore size distribution curve of TCX1s. The Imespeax Value of
TCX1_0 is about 3.09 nm as reported in Table 2. For TCX1s, the area
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Fig. 4. XRD spectra of TCXs prepared by using various CF/RF ratios and the two
R/W ratios: a) R/W = 0.25 g/cm® and b) 0.50 g/cm®.

under the mesopore size distribution curve implying the Vs value is
least. By gradually increasing the CF/RF amount from 0.05g/g to
0.25g/g, the rmespeak values and the areas under the mesopore size
distribution curves of TCX1s increase step-by-step as well. Fig. 6(b) also
shows the mesopore size distribution curve of TCX2s. When the CF/RF
ratio is increased, the I'iyes peak Values and the areas under the mesopore
size distribution curves of TCXs are increased gradually. Although the
mesopore structure is moderately improved, the CF utilization for TCXs
helps to suppress the pore shrinkage resulting from the gas-liquid in-
terface from the evaporation drying. These results support that the
mesoporous structure of TCXs can be developed by an increase in the
CF/RF ratio. Table 2 reports the textural properties for all TCXs. All
textural properties are increased with the increase of CF addition. Not
only is the Sggr value improved, but the Vs and V,;. values are also
interestingly increased with an insignificant change of rpes pear. Herein,
SBET, Vmes and Vp;. values are gradually augmented with the CF utili-
zation in the R/W ratios of 0.25 g/crn3 and 0.50 g/cm3. The Sget, Vines
and V. values for TCX1s are enhanced by about 68%, 124%, and 62%,
respectively. On the other hand, the Sgpr, Vies and Vi values for
TCX2s are merely increased by about 12%, 29%, and 10%, respectively.
The textural properties of TCX2s prepared at the R/W ratio of 0.50 g/
cm® were slightly improved. However, these results suggest that the
beneficial development of textural properties for TCXs should be pre-
pared with a low R/W ratio such as 0.25 g/cm® or less. This is because
the void inside the TCX2 series is small. When the evaporation drying
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Fig. 5. N, adsorption and desorption isotherms at —196 °C on TCXs prepared
by using various CF/RF ratios and the two R/W ratios: a) R/W = 0.25 g/cm*
and b) 0.50 g/cm® (open symbols = adsorption; closed symbols = desorption).

approach is used, the textural properties of the TCX2 series are less well
developed than the textural properties of the TCX1 series.

Fig. 7 illustrates the Hg cumulative intrusion in TCXs and Fig. 8
reveals the pore size distribution estimated from the Hg porosimetry.
Fig. 7(a) and (b) shows that Hg penetrates in TCX1_0 and TCX2 0 to a
small extent at very low pressures less than 2 psia. The Hg volume is
increased by the outer surface. After that, their Hg cumulative amounts
are almost constant when the pressure applied increases up to
30,000 psia. These results hinted that TCX1_0 and TCX2_0 contain the
poor macropores associated with the pore size distribution in Fig. 8(a)
and (b) and the SEM images in Fig. 2(a) and (e). Hg intrudes once in
TCX1_0 and TCX2_0 when the pressure is applied from 35,000 psia to
60,000 psia. At the higher pressure applied, the Hg intrusion from the
macropores into the mesopores of each sample corresponds to Fig. 8(a)
and (b). Fig. 8(a) and (b) confirms that TCX1_0 and TCX2_0 have the
mesopore structure according to Fig. 6(a) and (b). When CFs are used in
the TCX preparation, the Hg quantity is gradually increased with the
increase of pressure to almost 400 psia, and the Hg quantity reaches a
constant level as shown in Fig. 7(a) and (b). These results suggest that
the TCX1 and TCX2 series possess the macropore structure corre-
sponding to Fig. 8(a) and (b). Fig. 7(b) also demonstrates that the Hg
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Fig. 6. Mesopore size distribution by JBH method of TCXs prepared by using
various CF/RF ratios and the two R/W ratios: a) R/W = 0.25 g/cm® and b)
0.50 g/cm>.

cumulative intrusion is sequentially enhanced by the CF utilization.
Note that the Hg cumulative intrusion of the TCX1 series does not have
the same order as the Hg cumulative intrusion of the TCX2 series. It is
possible that the TCX1 series is more easily broken than the TCX2
series. It differs from the C/C composite cryogels prepared at the R/W
ratio of 0.25 g/crn3 reported in the previous work [22]. Even though the
C/C composite cryogels have greater porous properties than the TCX1
series, C/C composite cryogels can avoid the pore collapse from Hg
intrusion better than the TCX1 series. It is probable that the C/C
composite cryogels contain carbon fibres reinforcing the mechanical
strength whereas the TCX1 series does not have such carbon fibres.
Fig. 8(b) reveals that the macropore structure is developed with the
increase of CF utilization in the TCX2 preparation. The area under the
macropore size distribution curve of TCX2_5 is greater than the area of
the macropore size distribution curve of TCX2_ 0. Note that the area
under the macropore size distribution curve corresponds to the mac-
ropore volume. The areas under the macropore size distributions of
TCX2_15 and TCX2_25 are also greater than the area under the
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Fig. 7. Mercury cumulative intrusion of TCXs prepared by using various CF/RF
ratios and the two R/W ratios: a) R/W = 0.25 g/cm® and b) 0.50 g/cm®.

macropore size distribution curve of TCX2_5 and the smaller macropore
sizes of TCX2_15 and TCX2_25 can be created as shown in the inset of
Fig. 8(b). For TCX2_25, the macropore diameters of about 500 nm are
formed. The more the CF utilization in the TCX2 series, the smaller the
macropore sizes created. Therefore, the CF utilization of the TCX pre-
paration allowed the formation of the macropore structure.

4. Conclusions

TCXs were synthesized by the H,SO, treatment of CF/RF composite
hydrogels. The CF/RF composite hydrogels were prepared from a
mixture of CFs, resorcinol, and formaldehyde, with sodium carbonate as
the catalyst. The CF/RF composite hydrogels were gelated at room
temperature and cured at room temperature for one day, at 50 °C for
one day, and at 90 °C for seven days, respectively. Then, the CF/RF
composite hydrogels were dehydrated and hydrolyzed by H,SO,, ex-
changed with TBA, dried by evaporation, and carbonized at 1000 °C to
become TCXs. CFs were varied with the CF/RF ratio from 0.00 g/g to
0.25 g/g. Their carbon structure was observed using a scanning electron
microscope, an X-ray diffractometer, and the Raman spectroscope. The



K. Kraiwattanawong

3.0
a) R/'W=0.25 g/cm’
0.25
— 2.5 A
= =TCX1 0
E £ 1-TCX1_5
2201 |5, |+TCXIT1S
E 2 |-TCX125
Z 1.5 - éo.w g
o =
- Z0.05 1
1.0 -
= 0.00 . ‘
% 100 1,000 10,000 100,000 1,000,000
05 | Pore size diameter (nm)
0.0 !:'ga_‘».‘}.‘.&.
1 100 10,000 1,000,000
Pore size diameter (nm)
3.0
b) R/W =0.50 g/cm?
2.5 - o
=2 =TCX2 0
E %, ~TCX2 5
g2-0 1 s +TCX2 15
= 202 ]
215 - £
e 9
£ §01 1
210 1
= 0.0 - h
% 100 1,000 10,000 100,000 1,000,000
O. 5 Pore size diameter (nm)
0.0

1 100 10,000 1,000,000

Pore size diameter (nm)

Fig. 8. Pore size distributions from mercury cumulative intrusion with mac-
ropore range (inset) of TCXs prepared by using various CF/RF ratios and the
two R/W ratios: a) R/W = 0.25 g/cm3 and b) 0.50 g/cms.

textural properties of TCXs were estimated by N, adsorption and des-
orption apparatus and the Hg porosimeter. The conclusions of this work
were derived as below.

(a) TCXs, synthesized by the H,SO, treatment for CF/RF composite
hydrogels, have micropores, mesopores, and macropores. The
carbon xerogel scaffold acts as the macropore wall.

(b) The macropores are created by CF removal from the CF/RF com-
posite hydrogels.

(c) The greater the CF utilization in the CF/RF composite hydrogels,
the greater the improvement in their textural properties: micro-
porosity, mesoporosity, and macroporosity. The increase of their
textural properties is also related to the starting synthesis condi-
tions. A low R/W ratio is preferable, such as 0.25 g/cm>.
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Capacitive performance of electric double layer capacitors is influenced by specific surface area, while pore
structure also promotes electrolyte transfer inside a carbon electrode. Organic electrolytes require macropores,
whereas aqueous electrolytes operate best using mesopores for electrolyte transfer. Templated carbon xerogels
(TCXs) were prepared from resorcinol and formaldehyde with cotton fibers as a hard template containing
macropores, mesopores and micropores as the carbon electrode. Results suggested that macropores (> 50 nm)
were contiguously created and connected with mesopore diameters (2-50 nm), leading to convenient ion

transport inside the TCXs. Vacuum drying formed sponge-like carbon xerogels that permitted electrolyte
transfer. Despite the insignificant change of porous properties, TCXs possessing sponge-like carbon xerogels
showed increased capacitance values from 137 F/g to 317 F/g at 200 mA/g in a three-electrode system as a
result of macropore-assisted electrolyte transfer in aqueous electrolytes.

1. Introduction

Pseudocapacitors and electric double layer capacitors (EDLCs) are
promising energy storage devices. The former rely on the Faradaic re-
action from a heteroatom such as nitrogen, oxygen and phosphorus in a
carbon electrode [1,2], while the latter are based on electrostatic
phenomena on the surface of a carbon electrode. Normally, pseudoca-
pacitors have high capacitance values and energy densities but suffer
from low power densities, poor cycling stability, and inferior electrical
conductivity that lead to practical problems [3]. Unlike pseudocapaci-
tors, EDLCs offer quick charging time, high power density, environ-
mental friendliness, high coulombic efficiency and long cycle lifetime
[4]; however, they encounter lower capacitance values and lower en-
ergy densities. For pseudocapacitors, the capacitance of an N-doped
porous carbon film prepared by electrospraying was recently reported
as high as 446 F/g at 1 mA/cm? [1]. For EDLCs, mesoporous carbon
materials prepared from resorcinol (R) and formaldehyde (F) as carbon
xerogels [5,6] or carbon spheres [6] contained micropores for ion
physisorption and mesopores for ion transport. Using CO, activation,
the capacitance values of carbon xerogels and carbon spheres were
developed from 8 5F/g to 251 F/g (at 100 mA/g and 81% burn-off) [5]
and from 95 F/g to 360 F/g (at 500 mA/g with %burn off not reported),
respectively [7]. Nevertheless, increase of galvanostatic capacitance
(Cg) of EDLCs via the surface-area increment inevitably requires mass
loss.
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The electrochemical performance of EDLCs depends on efficient
electrolyte transport, high surface area, optimized pore size, straight
pore structure, and electrolyte size [4]. Hence, porous carbons have
been extensively studied as suitable EDLC electrodes including acti-
vated carbons [8], ordered mesoporous carbons [9,10], carbon nano-
tubes [11], porous carbon spheres [7,12], and activated carbon gels
[5,7,9]. Theoretically, the capacitance values of EDLCs should have a
proportionally linear correlation with the total surface area; however,
tortuous pore effects result in poorer electrolyte transport than straight
pores. Many previous experiments have confirmed that capacitance
values are not only related to the surface area but also depend on the
pore structure that promotes or interferes with electrolyte transfer in-
side the carbon electrode. Therefore, attempts to design a pore structure
that enhances electrochemical performance with unnecessary change of
specific surface area have examined straight mesopore channels in an
ordered mesoporous carbon [9], size of monodispersed carbon spheres
[12], graphitization of porous carbon spheres [6], mesopore size of a
carbon aerogel (dried by evaporation) [13], and carbon tunnels inside a
carbon/carbon composite cryogel [14] to increase capacitance values
under controlled specific surface area by improving electrolyte trans-
port in the mesopore structure. Generally, the mesopore structure of
carbon electrode is always concentrated; nevertheless, no previous re-
search has investigated the effect of macropore structure on EDLC
performance. Carbon/carbon composite cryogels containing carbon
tunnels have high capacitance because of their high surface area [14].
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In lithium-ion and sodium-ion batteries, tunnels in the cathode and the
anode are developed to promote ion transportation [15-18]. In this
study, electrochemical enhancement was proposed by the macropore
structure.

In 1989, organic aerogels were synthesized by sol-gel poly-
condensation from resorcinol and formaldehyde (RF) [19], while re-
search concerning organic gels and carbon gels increased. Carbon gels
offer designability in various forms and methods including the con-
trollability of pore sizes and particle sizes, high porous properties, ease
of preparation under various synthetic conditions at mild temperature,
and high electric conductivity. Therefore, carbon gels were extensively
applied for carbon electrode applications [20-22], aqueous adsorption
[23], catalysis [24-26] and gas storage [27]. Conventional carbon gels
(aerogels, cryogels, and xerogels) are used as carbon electrodes, since
they have both micropores and mesopores. It is widely believed that
EDLCs require micropores for ion physisorption and mesopores for ion
transfer. However, under various synthesis conditions and methods,
conventional carbon gels containing micropores, mesopores, and mac-
ropores (trimodal pore structure) have been sparsely studied [28-31].
The significance of macropores in increasing capacitance values has not
been investigated. Fortunately, templated carbon xerogels (TCXs) con-
tribute to such trimodal pore structure [32]. Briefly, TCXs can be pre-
pared by the elimination of cotton fibers (CF) from CF/RF composite
hydrogels by H,SO,4 dehydration, exchanged by tertiary butyl alcohol
(TBA), and then dried by evaporation and carbonized under inert at-
mospheres. Here, macropores were prepared through TCXs to study
their influence on capacitive performance. Despite the existence of
mesopores, low charge and discharge rate, and aqueous small electro-
lyte, the macropores connected with usable surface area to significantly
enhance the capacitance values. This study demonstrated the essence of
macropores enhancing electrochemical performance and energy density
without suffering a shorter life cycle and lower power density. Three RF
sols were used in the preparation of CF/RF composite hydrogels, and
two different subcritical drying methods as evaporation drying and
vacuum drying were investigated. Pore structure was characterized by
mercury porosimetry, nitrogen adsorption and desorption techniques,
and scanning electron microscopy. TCXs were also observed by an X-ray
diffractometer and a Raman spectroscope. Cyclic voltammetry and
charge-discharge analysis were used to monitor the electrochemical
performance of TCXs.

2. Experimental
2.1. Synthesis of CF/RF composite hydrogels and TCXs

TCXs can be synthesized by CF removal from CF/RF composite
hydrogels [32]. The schematic diagram of TCX preparation is expressed
in Fig. 1. The starting materials are listed as resorcinol (Sigma-Aldrich
Inc., analytical reagent grade, 99 wt%), formaldehyde (Labscan Asia
Co., Ltd., analytical reagent grade, 35-40 wt% stabilized by 4-12 wt%
methanol), sodium carbonate (C) (Sigma-Aldrich Inc., analytical re-
agent grade, 99.8%) as a basic catalyst, commercial CFs, and distilled
water (W) as a diluent. First, the RF sols were prepared under different
synthesis conditions and drying methods as reported in Table 1. The RF
sols were poured into glass vials for CF/RF mass ratio at 0.00 g/g as the
blank sample as shown in Fig. 1(a), and 0.20 g/g as the comparative
sample as shown in Fig. 1(b). The R/F molar ratio was fixed at 0.5 mol/
mol. The R/C molar ratio was changed at 200 and 300 mol/mol, and
the R/W mass concentration was also varied at 0.25 g/cm® and 0.50 g/
cm?®. The TCX specimens are listed in Table 1. TCXx (where x is 1, 2, or
3 depending on the recipe) was designated as the templated carbon
xerogel prepared at different R/C and R/W ratios. Evaporation and
vacuum drying were assigned as ‘E’ and ‘V’, respectively. The last
number (0 or 20) refers to the CF mass percentage in each CF/RF
composite hydrogel. The mixtures were solidified to become CF/RF
composite hydrogels at room temperature, and then cured for one day,
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at 50 °C for one day and then at 90 °C for one week.

The CF/RF composite hydrogels were cut into thin disks (ca. 1 mm
thickness) and soaked in distilled water. CFs in the CF/RF composite
hydrogels were dehydrated by 98% H,SO,4 (Qrec Chemical Co., Ltd.,
analytical reagent grade, 98%) for 12 h at 50 °C to become the tem-
plated RF hydrogel. Then, the templated RF hydrogels were washed
several times with distilled water. The vapor-liquid interface during
subcritical drying renders enormous pore shrinkage; therefore, the
templated RF hydrogels were exchanged by TBA at 50 °C for one day
and subsequently replaced by fresh TBA daily five times. The templated
gels were dried using two subcritical drying methods as evaporation in
an oven at 50 °C for two days or vacuum drying at room temperature for
one day. The templated RF xerogels were designated by these sub-
critical dryings. TCXs were achieved from the carbonization of tem-
plated RF xerogels in a quartz reactor with nitrogen flow rate at
200 cm®/min. The temperature was increased from room temperature
to 250 °C at a rate of 250 °C/hour and then kept at 250 °C for two hours.
Next, the temperature was increased again to 1,000 °C at 250 °C/hour
and held at 1,000 °C for four hours before the TCXs were spontaneously
cooled in a quartz tube.

2.2. Characterization

The N, adsorption and desorption isotherms were measured at
—196 °C by an N, adsorption instrument (BEL Japan Inc.; BELSORP-
mini). The N, adsorption branch was used to analyze the specific sur-
face area (Sggr) by the Brunauer-Emmett-Teller (BET) method [33]. The
N, adsorption branch was also used to calculate the mesopore size
distribution, the mesopore volume (Vyes), and the mesopore radius (rp)
by the Barrett-Joyner-Halenda (BJH) method [34]. The highest peak of
the mesopore radius (rmes peax) Was estimated as the representative of an
average mesopore radius. The micropore volume (V,;.) was evaluated
by the Dubinin-Radushkevich method [35] and micropore surface area
(Smic) was calculated by the t-plot method [36]. The macroporous
structure was analyzed by a mercury porosimeter (Micromeritics, Mi-
croActive AutoPore V9600). The structure of TCXs was observed by a
scanning electron microscope (FEI Company, QUANTA 250). Here,
TCXs were sputtered by platinum to promote electron conductivity.
TCXs were also characterized by an X-ray diffractometer (XRD, Rigaku,
SmartLab X-ray Diffractometer) and a Raman spectroscope (Thermo
Scientific, DXR SmartRaman Spectrometer). The Dgo, spacing corre-
sponding to the graphitic reflection of the 002 plane was calculated
from the 26 centered peak using Bragg’s law. The radii of wet gels
(rwet), the radii of dry xerogels (r4ry), and the radii of TCXs (rcarbon) Were
used to investigate radial shrinkage by the drying methods (Argry/Twer)
and radial shrinkage by carbonization (Ar¢abon/Twer) ON @ macroscopic
scale as shown in Table 1.

2.3. Electrochemical analysis

Electrochemical performance of TCXs as the carbon electrode was
analyzed under a three-electrode system with Ag/AgCl/saturated KCl
(BAS Inc.) as the reference electrode and a gold wire as the counter
electrode. TCXs were carefully prepared in disk shapes and used as the
binder-free electrode, avoiding interference from tetrafluoroethylene as
the binder. A 4 mol/dm® KOH solution prepared from 8 mol/dm>® KOH
solution (Wako Pure Chemical Industries Inc., research grade, 8 mol/
dm?®) acted as the electrolyte medium. The sample was placed in the
electrolyte solution, and the air inside the sample was removed using a
vacuum desiccator. The galvanostatic charge/discharge method and
cyclic voltammetry were analyzed by a Potentiostat 466 (eDAQ Pty.
Ltd.). The electrochemical measurements were analyzed in the room
with an air conditioner at 25 °C to 27 °C. The scan rate for cyclic vol-
tammetry ranged from 2 mV/s to 20 mV/s with the voltage window
from —1.0 V to 0.0 V. Current density for the galvanostatic charge/
discharge analysis was varied from 200 mA/g to 1,000 mA/g between
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Fig. 1. Schematic diagram of TCX preparation: (a) carbon xerogel without CF utilization and (b) templated carbon xerogel with CF utilization.

Table 1
Nomenclatures, synthesis conditions, carbon yields and radial shrinkage of
templated carbon xerogels.

Sample CF/RF  R/W R/C Burn- ArgryTwer (%) ArcarbonTwet (%)
(g/8) (g/ (mol/ off (%)
cm®)  mol)
TCX1EO 0.00 0.50 200 52.24 8.21 36.32
TCX1E20 0.20 0.50 200 54.15 8.11 34.89
TCX1V0O  0.00 0.50 200 50.64 6.79 35.89
TCX1V20 0.20 0.50 200 51.64 4.68 33.95
TCX2E0 0.00 0.25 200 51.18 27.58 48.95
TCX2E20 0.20 0.25 200 51.03 27.84 47.84
TCX2VO0 0.00 0.25 200 51.01 22.74 45.11
TCX2V20 0.20 0.25 200 51.25 8.58 35.53
TCX3EOQ 0.00 0.25 300 51.59 26.37 46.32
TCX3E20 0.20 0.25 300 52.64 21.58 42.84
TCX3VO0 0.00 0.25 300 50.54 9.16 34.74
TCX3V20 0.20 0.25 300 50.77 7.26 32.63

0.0 V to 1.0 V. The galvanostatic charge/discharge method and the
cyclic voltammetry method were used to estimate the capacitance va-
lues, and the results were almost identical [13]. Therefore, here, ca-
pacitance values were evaluated by the typical galvanostatic charge/
discharge method from the discharge trace. The galvanostatic capaci-
tance, C,, was calculated from the discharge curve using equation (1):

_IAt
"IN @

where C; is the galvanostatic capacitance (F/g), I is the constant cur-
rent, At is the time interval, m is the TCX weight, and AV is the potential
difference.

3. Results and discussion
3.1. Divergence for TCX pore structure by subcritical drying methods
Fig. 2 demonstrates the cumulative intrusion of Hg in TCX3s and

pore size distribution derived from the Hg porosimetry. Note that
TCX1s and TCX2s also contribute to Hg intrusion behavior similar to

TCX3s. From Fig. 2(a), when the pressure increased from 1 psia to
10,000 psia, the amount of Hg intruded in TCX3EO also increased
slightly, similar to the amount of Hg intruded in TCX3VO. Results
suggested that TCX3EO and TCX3VO0 had small quantities of macro-
pores. The amount of Hg increased drastically with pressure increase,
suggesting that TCX3EO and TCX3VO also contained mesopores. With
CF utilization as the hard templating, the amount of Hg intruded in
TCX3E20 increased more than for TCX3EQ and TCX3VO0 under a pres-
sure of less than 10,000 psia. This result implied that the macropores of
TCX3E20 were slightly developed by CF utilization. Fascinatingly, the
amount of Hg intruded in TCX3V20 proportionally increased with in-
crease of pressure less than 10,000 psia. This result suggested that the
macropores of TCX3V20 can be continuously created to form meso-
pores by vacuum drying coupled with CF utilization. Fig. 2(b) shows the
pore size distribution of TCX3s. Results confirmed that TCX3EO and
TCX3VO0 had few macropores, while TCX3E20 and TCX3V20 possessed
macropores because CF removal permitted their occurrence. Especially
for TCX3V20, macropore diameters were contiguously generated to
mesopore diameters as shown in the inset of Fig. 2(b).

Fig. 3 depicts the N, adsorption and desorption isotherms of TCXs at
—196 °C, while Fig. 4 illustrates mesopore size distribution estimated
by the BJH method from the N, adsorption branch. The N, adsorption
isotherms of TCXs suggested that TCXs consisted of micropore structure
and mesopore structure. Their porous properties are illustrated in
Table 2. For microporosity, amounts of nitrogen adsorbed at 0.2 of the
P/P, ratio were equivalent to the TCXs as shown in Fig. 3(a)-(c). These
results implied that every TCX had micropore surface area with V.
values as reported in Table 2. Fig. 3(a) shows that the amount of N,
adsorbed on TCX1EOQ and its hysteresis loop was smaller than the other
TCX1s. This result suggested that the mesoporosity of TCX1EO was
poorer than the other TCX1s. By the drying method, TCX1VO and
TCX1V20 gave higher amounts of N, adsorbed than TCX1EO and
TCX1E20. The mesopore size distribution of TCX1EQ also expressed
more pore shrinkage than the other TCX1s as shown in Fig. 4(a). For
low R/W ratio, TCX2s contributed similar results to TCX1s as shown in
Fig. 3(b) and 4(b), while TCX3s also provided the same tendency as
shown in Figs. 3(c) and 4(c). Furthermore, TCXs dried by the vacuum
drying also had higher Vs values than TCXs dried by evaporation
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Fig. 2. Mercury cumulative intrusion of TCX3 with and without the CF utilization dried by the evaporation and the vacuum drying: (a) Hg intrusion and (b) pore size

distribution.

drying. These results disclosed that vacuum drying can alleviate me-
sopore shrinkage since the vapor-liquid interface method was better
than evaporation drying related to mesopore size distribution (Fig. 4).
The Sp; values of TCXs changed insignificantly. Furthermore, vacuum
drying prevented mesopore shrinkage increasing the Spgr values of
TCXs to a certain extent, as exhibited in Table 2. These results

concurred with a previous study concerning the preparation of carbon
xerogels dried by subcritical drying [37]. Carbon xerogels dried by
vacuum drying allowed greater porosity than carbon xerogels dried by
evaporation drying, possibly because of the different drying conditions
and their drying features. Since TBA was gradually removed from the
templated RF gels by evaporation drying, the capillary force was still
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great. However, TBA was quickly removed from the templated RF gels
by vacuum drying under low pressure of almost 0.001 bar, possessing
small capillary force. Therefore, vacuum drying allowed better meso-
porosity of TCXs than evaporation drying; however, vacuum drying
increased the specific surface area to some extent under the same
synthesis condition.

Besides the mesoporosity, vacuum drying also influenced the pore
structure of TCXs with CF utilization. Figs. 5-7 show the pore structure
of TCXs prepared by evaporation drying and vacuum drying under
three different synthesis conditions. The pore structure of TCX1s pre-
pared by R/W ratio at 0.5 g/cm® is exhibited in Fig. 5, while pore
structures of TCX2s and TCX3s prepared by R/W ratio at 0.25 g/cm? are
presented in Figs. 6 and 7, respectively. Without the cotton fibers, TCXs
prepared by evaporation drying (Fig. 5(a), 6(a) and 7(a)) show

morphology similar to TCXs prepared by vacuum drying (Fig. 5(e), 6(e)
and 7(e)), respectively. Therefore, vacuum drying did not change the
pore structure of TCXs without CF utilization. With CF utilization, the
macropores were dispersed inside TCXs as demonstrated in Fig. 5(b),
6(b) and 7(b) (for evaporation drying) and Fig. 5(f), 6(f) and 7(f) (for
vacuum drying), respectively. When evaporation drying was applied to
prepare TCXs, scaffold carbon xerogels were formed that acted as a
macropore wall (Fig. 5(c), 6(c) and 7(c) (located in the black rectangle
in Fig. 5(b), 6(b) and 7(b)). The SEM images confirmed that the scaffold
carbon xerogels were comprised of densely packed nanoparticles. These
results implied that the scaffold carbon xerogels contributed to poor
porous properties compared with the mesopore-structure phase near
the scaffold carbon xerogels. On the other hand, under vacuum drying,
the scaffold carbon xerogels seemingly disappeared in TCX1V20

Table 2

Structural and porous properties of templated carbon xerogels.
Sample In/lIg [-] 26 [-] Doo> spacing [A] Sper (m*/g) Smic (m*/g) Vines (cm®/g) Viie (em®/g) Tmes,peak (M) C, (F/g)
TCX1EOQ 1.0222 23.04 3.857 549 408 0.405 0.200 3.52 140
TCX1E20 1.0319 23.00 3.864 608 419 0.539 0.216 4.60 140
TCX1VO0 0.9891 21.86 4.063 595 402 0.572 0.211 4.60 140
TCX1V20 1.0339 21.74 4.085 592 405 0.609 0.209 5.28 179
TCX2EOQ 1.0559 22.14 4.012 365 193 0.245 0.133 3.09 130
TCX2E20 0.9742 22.18 4.005 573 354 0.429 0.200 3.52 148
TCX2VO0 1.0179 21.20 4.188 595 409 1.266 0.219 12.40 217
TCX2V20 0.9981 21.10 4.207 666 368 1.190 0.234 8.02 317
TCX3EO 1.0306 22.32 3.980 531 372 0.558 0.191 5.67 151
TCX3E20 1.0095 21.86 4.063 587 357 0.797 0.209 5.28 134
TCX3V0 1.0576 22.72 3.911 556 279 1.429 0.219 14.32 165
TCX3V20 1.0021 21.52 4.126 615 402 1.399 0.214 14.32 211
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Fig. 5. SEM images revealed structure of TCX1s: (a) TCX1EO (60,000x), (b) TCX1E20 (2000x), (c) TCX1E20 at a macropore wall (60,000x), (d) TCX1E20 near a
macropore (60,000x), (e) TCX1VO0 (60,000x), (f) TCX1V20 (2000x), (g) TCX1V20 at a macropore wall (60,000x), and (h) TCX1V20 near a macropore (60,000x).

(Fig. 5(g)), and the scaffold carbon xerogels in TCX2E20 and TCX3E20
turned into sponge-like carbon xerogels in TCX2V20 and TCX3V20
under low R/W ratio at 0.25 g/cm3 as shown in Fig. 6(g) and 7(g).
These sponge-like carbon xerogels were only found in TCX2V20 and
TCX3V20. It is possible that TCX1V20, prepared at high R/W ratio,
affected the high stiffness of its nanoparticle interconnection. Change in
macropore wall was not observed. Unlike TCX1V20 prepared by R/W

ratio at 0.50 g/cm>, TCX2V20 and TCX3V20 were synthesized at lower
R/W ratio; therefore, they contributed to lower stiffness of their na-
noparticle interconnection. The macropore walls of TCXs can be
changed from scaffold carbon xerogels by evaporation drying to
sponge-like carbon xerogels by vacuum drying. Sponge-like carbon
xerogels required low R/W ratio of about 0.25 g/cm? for vacuum drying
used for TCX preparation with cotton fibers. Furthermore, this evidence
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Fig. 6. SEM images revealed structure of TCX2s: (a) TCX2EO (60,000x), (b) TCX2E20 (2,000x), (c) TCX2E20 at a macropore wall (60,000x), (d) TCX2E20 near a
macropore (40,000x), (e) TCX2VO0 (50,000x), (f) TCX2V20 (2,000x), (g) TCX2V20 at a macropore wall (40,000x), and (h) TCX2V20 near a macropore (40,000x).

suggested that vacuum drying led to macropore-wall change of TCXs.
Fig. 8 demonstrates the Raman spectra of TCXs prepared by eva-
poration drying and vacuum drying. The D and G peaks were prominent
at around 1340 cm ™' and 1590 cm ™, respectively. Intensity ratios of
the D to G band (Ip/Ig) derived from the Raman spectra are reported in
Table 2. This intensity ratio is notable as the imperfection degree of
graphitic crystallinity [38,39]. For TCX1s, CF utilization increased the
intensity ratio by evaporation drying and vacuum drying. Diversely, for

TCX2 and TCX3 (low R/W ratio at 0.25 g/cm3), the intensity ratio
decreased using CFs for evaporation drying and vacuum drying. This
consequence implied that the defect or the imperfection of TCXs can be
reduced by CF utilization for R/W ratio at 0.25 g/cm® under vacuum
drying and evaporation drying [32]. Fig. 9 shows the XRD spectra of
TCXs. The XRD patterns of TCXs were broad since TCXs are mesoporous
carbon materials and give XRD spectra obtained from the partially
uniform structure. The Dyg, spacing, corresponding to the graphitic
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Fig. 7. SEM images revealed structure of TCX3s: (a) TCX3EO (60,000x), (b) TCX3E20 (2000x), (c) TCX3E20 at a macropore wall (40,000x), (d) TCX3E20 near a
macropore (60,000x), (e) TCX3VO0 (60,000x), (f) TCX3V20 (2000x), (g) TCX3V20 at a macropore wall (60,000x), and (h) TCX3V20 near a macropore (60,000x).

reflection of the 002 plane, and the 20 centered peak are listed in
Table 2. The XRD spectra indicated that TCXs from evaporation drying
generally have smaller Dy, spacing than TCXs prepared by vacuum
drying. It is possible that the Dy, spacing is related to the arrangement
of interconnected nanoparticles of mesoporous carbon gels. When the
nanoparticles of TCXs are packed more tightly with shorter distance
between the nanoparticles, the X-ray can be diffracted at higher 29,

thereby decreasing the Dgo» spacing. Dense nanoparticle interconnec-
tion also leads to reduced porosity and small pore diameter. Therefore,
TCXs prepared by evaporation drying and containing dense nano-
particle interconnections have small Dy, spacings. Conversely, vacuum
drying allowed greater porosity of TCXs than evaporation drying,
contributing to greater Dgo, spacings as reported in Table 2. The change
of Dgo2 spacing may lead to higher porosity of mesoporous carbon
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Fig. 10. Cyclic voltammograms and of C/CO and galvanostatic charge/discharge characteristics of TCX2V20 in 4 mol/dm® KOH aqueous solution for three cell

electrodes.

materials. When the CF utilization is combined with vacuum drying at
low R/W ratio (0.25 g/cm®), the interlayer spacing is increased, cor-
responding to great porosity as found in TCX2V20 and TCX3V20.

3.2. Electrochemical performance of TCX pore structure by subcritical
drying methods

Fig. 10 depicts the cyclic voltammogram and the galvanostatic
charge/discharge characteristics of TCX2V20. Note that the character-
istics of the other samples gave the same features as presented in Figs.
S1-S6; therefore, the cyclic voltammogram and the galvanostatic
charge/discharge characteristics of TCX2V20 were representative. In
Fig. 10(a), the cyclic voltammogram was almost rectangular for the
potential scan rate at 2 mV/s. Noticeably, there was no redox peak;
therefore, the electrolyte was adsorbed and desorbed reversibly to form
an electric double layer on the TCX2V20 electrode. The increase of a
potential scan rate changed the cyclic voltammogram from a rectan-
gular shape to a rugby ball shape. Results supported that TCXs showed
high performance at the low scan rate, and reduced ion-stored perfor-
mance with increasing scan rate [7,11,13-14]. In Fig. 10(b), the current
density varied from 200 mA/g to 1000 mA/g. Results showed that in-
crease in current density decreased the charge/discharge time. This
characteristic indicated that the electrochemical performance of TCXs
reduced under application of rapid charge and discharge rate.

Fig. 11 shows the capacitance value of TCXs at various current
densities. As current density increased, capacitance value decreased as
shown in Fig. 11(a)-(c). Moreover, TCXs prepared by evaporation
drying (TCXxXEO and TCXxE20) possessed capacitance values similar to
TCXs prepared by vacuum drying without CF utilization (TCXxV0). For
example, TCX1EO, TCX1E20 and TCX1VO0 had C, values of 140 F/g at
200 mA/g. These results were not surprising since the Sgrt, Smic; Vines,
and V. of these TCXs were almost identical (Table 2). Theoretically,
the capacitive performance of EDLCs frequently depends on the inter-
facial surface area between the porous carbon materials and the elec-
trolytes. Surprisingly, TCX1V20 using cotton fibers prepared by vacuum
drying had the greatest capacitance values throughout the current
density range, while SggT, Smic, Vines, and Vi of TCX1V20 were similar
to the other TCX1s. Therefore, the necessity of pore structure plays a
crucial role in capacitive performance. Although the RF synthesis
conditions varied (TCX2s and TCX3s), TCX2V20 and TCX3V20 still
recorded the highest capacitance values compared to other TCX2s and
TCX3s as demonstrated in Fig. 11(b) and (c), respectively. The Ragone
plots of TCXs are also presented in Fig. S7. The Ragone plots supported
that the energy density of TCXxV20s increased with constant power
density, while the other energy densities changed slightly with constant
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power density.

To understand the influence of drying methods and CF utilizations
on the capacitance value, the plot of C; gains (or Cq losses) compared
with TCXXEO under the same recipe in each current density is depicted
in Fig. 12. For TCXxE20 dried by evaporation, CF utilization did not
enhance the Cg value, with lower C, values in TCX1E20 and TCX3E20.
With vacuum drying, TCX1VO prepared by high R/W ratio at 0.50 g/
cm? lost C, value; however, TCX2V0 and TCX3VO0 prepared by low R/W
ratio at 0.25 g/cm?® successfully gained Cg value. The capacitive per-
formance of TCX2V0 and TCX3VO0 possibly developed because of the
increase of Ve from 0.245 ecm®/g and 0.558 cm®/g to 1.266 cm>/g
(five times) and 1.429 cm3/g (three times), respectively. However, the
mesopore size of TCX2V0 and TCX3V0 were very large (increased from
3.09 nm and 5.67 nm to 12.40 nm and 14.32 nm, respectively). The
electrolyte radii of K™ (aq) and OH ™ (aq) were reported at about 1.38 A
and 1.33 A, respectively [40]. Ruiz et al. stated that very narrow mi-
cropores as small as 5 A could form an electric double layer [41], while
Huang et al. suggested that mesopore sizes ranging from 2 to 5 nm
contributed to high capacitance for an aqueous electrolyte [40].
Therefore, C; gains of TCX2V0 and TCX3VO can only be increased by
about 87 F/g and 14 F/g at 200 mA/g, respectively. At high current
density, the C; gains of TCX2V0 and TCX3V0 become nearly equivalent
to TCXOEO at 1000 mA/g. These results suggested that the Cg gains
were unstable throughout the range of current densities. Capacitance
values cannot be developed at fast charging and discharging rates.
Moreover, Zeller et al. investigated the relationship between pore
structure and electrochemical performance by carbon xerogels in aqu-
eous and organic electrolytes [42]. The C; values of carbon xerogels
were directly based on S,;c and Sgrr, and changed insignificantly at an
almost constant surface area. Their results showed that macropores
were seemingly ineffective to increase C,; in the aqueous electrolyte.
Fascinatingly, despite the fact that the Sggt, Smic; Vines, and V. values
were nearly equal to those of TCX2V0 and TCX3VO0, the C; gains of
TCX2V20 and TCX3V20 were developed at about 187 F/g and 60 F/g at
200 mA/g, respectively. Moreover, the C; gains of TCX2V20 and
TCX3V20 were still more than TCX2EO and TCX3EO (and even TCX2V0
and TCX3VO0) for the range of current density. Thus, it can be concluded
that C; gains of TCXs can be successfully obtained by vacuum drying
with CF utilization applied at low R/W ratio (0.25 g/cm3). Besides,
TCX2V20 had mesopore sizes between 2 nm and 5 nm, and greater than
TCX3V20 as demonstrated in Fig. 4(b) and (c). Therefore, TCX2V20
allowed more Cg gains than TCX3V20 with more suitable mesopore
sizes.

The SEM images (Figs. 5-7) show that the macropore walls of
TCX1V20, TCX2V20 and TCX3V20 were different from the macropore
walls of TCX1E20, TCX2E20 and TCX3E20. Macropore walls of
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Fig. 11. Influence of current densities on capacitances values of TCXs prepared by various synthesis conditions and drying methods: (a) TCX1s, (b) TCX2s and (c)

TCX3s.

TCX1E20, TCX2E20 and TCX3E20 revealed scaffold carbon xerogels,
while the macropore walls of TCX2V20 and TCX3V20 disclosed sponge-
like carbon xerogels. Note that Fig. 5(f) did not show sponge-like
carbon xerogels as macropore walls but also did not disclose scaffold
carbon xerogels as macropore walls. Furthermore, the proportions of
scaffold carbon xerogels in TCX1E20, TCX2E20 and TCX3E20 were
comparatively small in proportion to the mesoporous carbon xerogels
(the mesopore phase). The proportion of scaffold carbon xerogels in
TCX1E20, TCX2E20 and TCX3E20 may be nothing more than the pro-
portion of the sponge-like carbon xerogels in TCX1V20, TCX2V20 and
TCX3V20. These results showed that the differentiated structure was
not crucially influenced by changes in specific surface area since the
scaffold carbon xerogels contained tightly packed carbon nanoparticles
(Figs. 5(c), 6(c), and 7(c)) leading to non-macroporous or very small
pore walls. This consequence suggested that the macropores were in-
effective because electrolyte transfer resistance passing through the
macropore walls was greater than the electrolyte transfer resistance
along the mesopores. Astoundingly, no scaffold carbon xerogels were
found in TCX1V20, TCX2V20 and TCX3V20. The sponge-like carbon
xerogels allowed the opened pores to connect with the mesopores inside
the TCXs (especially TCX2V20 and TCX3V20) directly. The straight
mesopores in ordered mesoporous carbons enhanced electrolyte
transfer better than the tortuous mesopores in disordered mesoporous
carbons [9]. Here, the sponge-like carbon gels connected between the
straight macropores created by CF removal and the carbon surface.
These sponge-like carbon xerogels in TCXs promoted the mass transfer
of electrolytes migrating from the bulk electrolyte to the interfacial
surface. Consequently, the sponge-like carbon xerogels of TCX2V20 and
TCX3V20 played a crucial role in increasing the capacitance value,
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despite an insignificant change in their porous properties. In addition,
only vacuum drying for preparation of TCXs using the cotton fibers
permitted the sponge-like carbon xerogels. Furthermore, the sponge-
like carbon xerogels occurred using low R/W ratio at about 0.25 g/cm®
or less.

4. Conclusions

The electrochemical performance of EDLCs was enhanced without
decreasing cycle lifetime and power density. TCXs were synthesized to
reduce mass transfer resistance inside the carbon electrode since they
comprised macropores, mesopores and micropores. The TCX precursors
were prepared by H,SO, dehydration of CFs in CF/RF composite hy-
drogels, solvent exchange, and drying. TCXs were obtained from TCX-
precursor carbonization. The micropores and mesopores of TCXs were
derived from RF resin, and the macropores dispersed in TCXs occurred
by CF removal. These macropores allowed easy electrolyte transfer into
the carbon surface. TCXs were analyzed using a Hg porosimeter, N,
adsorption equipment, a scanning electron microscope, an X-ray dif-
fractometer, a Raman spectroscope, and galvanostat/potentiostat
equipment. The following conclusions were drawn.

(a) The macropores of TCXs can be contiguously created from macro-
pore diameters to mesopore diameters. The macropores of TCXs
desire vacuum drying together with CF utilization for TCX pre-
paration. Unlike evaporation drying, the macropores of TCXs are
created discretely.

(b) Vacuum drying can alleviate mesopore shrinkage better than eva-
poration drying. Hence, mesopores of TCXs prepared by vacuum
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drying were greater than mesopores prepared by evaporation

drying.
(c) Vacuum drying combined with CF utilization in TCX preparation
led to the formation of sponge-like carbon xerogels. These sponge-
like carbon xerogels also required a low R/W ratio at about 0.25 g/
cm® or less. On the other hand, evaporation drying combined with
CF utilization for TCX preparation allowed the formation of scaffold
carbon xerogels.
The electrochemical performance can be increased by TCXs syn-
thesized by vacuum drying combined with CF utilization since the
macropores of TCXxV20 or sponge-like carbon xerogels decrease
electrolyte transfer resistance. TCX2V20 recorded high capacitance
value at about 317 F/g for current density at 200 mA/g. Suitable
mesopore sizes between 2 nm and 5 nm also enhanced electro-
chemical performance.
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