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Abstract Well-distributed ruthenium (Ru) nanoparticles decorated on porous carbon nanofibers (CNFs) were synthesized using
an electrospinning method and a reduction method for use in high-performance elctrochemical capacitors. The formation
mechanisms including structural, morphological, and chemical bonding properties are demonstrated by means of field emission
scanning electron microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). To investigate the optimum amount of the Ru nanoparticles decorated on the porous CNFs,
we controlled three different weight ratios (0 wt%, 20 wt%, and 40 wt%) of the Ru nanoparticles on the porous CNFs. For the
case of 20 wt% Ru nanoparticles decorated on the porous CNFs, TEM results indicate that the Ru nanoparticles with ~2-4 nm
size are uniformly distributed on the porous CNFs. In addition, 40 wt% Ru nanoparticles decorated on the porous CNFs exhibit
agglomerated Ru nanoparticles, which causes low performance of electrodes in electrochemical capacitors. Thus, proper
distribution of 20 wt% Ru nanoparticles decorated on the porous CNFs presents superior specific capacitance (~280.5 F/g at
10 mV/s) as compared to the 40 wt% Ru nanoparticles decorated on the porous CNFs and the only porous CNFs. This
enhancement can be attributed to the synergistic effects of well-distributed Ru nanoparticles and porous CNF supports having
high surface area.

Key words electrochemical capacitors, porous carbon nanofibers, ruthenium(Ru) nanoparticles, electrospinning, reduction
method.
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FB AEJ(ECs, Electrochemical capacitors)7} 333  @/Adste] ask= Y25 7FAW high power density %
FES w7 o} g2o] 7|8 AAE(ECs)2] & long cycle life 5] “&-o] JARF pseudocapacitors
72 high power density, rate capability, longer cycle  (200~1300 F/g)¢} HlaglS wf AUjHoz vhe 8850~
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150 Fig)s Yelll= @S 732 Ut} 53] EDLCs
¢ HAFAEZE= graphene, carbon nanotubes(CNTs),
carbon nanofibers(CNFs) 52 F&AE ZH= carbon
based materials®] FZ AFE-E 3 kA0 A 7)3518F A
SHAEI(ECs)®] T} g ZefiQl pseudocapacitorse A=
I Hsd Ato] AL redoxHE--2 o]&3te] H7E &
A7), o]# et W2 Faraday H2loll 9Z}et faradaic
kS0 2 o] FofZIt}, Pseudocapacitors®] AFAl1E 2= T+
Z 344438157 conducting polymer 52 ©|-&3H}, &
SAsEe] 7 FE AREHE 222 RuO, MnO,,
Ir0,, NiO 5ol Slt}h ol& =2 FoA RuO,= e
FetEEd Hlaste] 52 87H-T68 F/g) R 7 A
JIMEEE YERZ] it ASA82 Bol AR-HIL
AT SEAIRF RuO, AMEE] A7PF HiMth= A 2Q &
AL 7L At wEbA A 57t ke olEd HHS
53} RuO, A=9] &8-S Ftistalr] flate, B2
AFAEL AAAE (o, carbon based materials, oxide
based materials, polymer based materials)e] =S A
=aial Yok olyd vkt AXAE S carbon
based materials> 7| EE7} 9=Fatar, okt At
Blof FaAE 7 2 o] FHs7] wiel] 714 o]
AEs FHE 7HA AL Utk 53] carbon?] o F4
Al FSNME  carbon nanofibers(CNFs)y= Z17]WAPH
(electrospinning)S ©]-8-3le] vlwA HA AxT 5 U
JovEAAe] Avks S 7HHAL nh M &)
FHo| B2 A7AES 188 d718ke ATAIE(ECs)
< Azxs7] Y8ty CNFs¥ell Ru =& RuO, Y=¢
22 GAshe ATFES HENUTh o2 E9, Chuang
T FERAAYE o83t 2nme RuO, Hi=YAE
CNFs A|A|Ae] ™o 25 E2FAIA high scan rate
(200 mV/s)ol = oF 155 F/ge] =& &3S veld et
ol 1000 cycleZFAl -5 cycle 2H73(~98.9 %)<
Ztethy Bustdoh'? B3 An 5 A7|HAbE A $
YHE o83l CNFs& AAAZ AM8-51e] Ru-Ag nano-
phase’} B4 € A5S 4FHoE FAsiion o] A
=& A718ker AWAE(ECs)ll A3l o 73t &
Z(~350.0 F/g at 100 mV/s)@ -+ cycle 2H87(~98.6
%)ye HAFI S A 2y XA &
oA, A718te AHAH(ECs)e] &8 =ol7] 9t
ek 5 shE porous CNFsE ARg-gt A= X577t
Al BAER] 5 it wEbA B Aol A= A7PEAL
H} FAHS 53l Ru =Y A7F B4 porous CNFs
g AeHoz Az AxH HAFAE = FESEM,
TEM, XRD, XPSE F3ll +& 4 3393 cyclic
voltammetry(CV)E ©]-&st 7135}8t% 548 #7}st
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Ru Y=U27F Al & porous CNFsE #|Z317] 9
st WA X AA|QJ] CNFs & A7[WAPHE o83l o}
=3} o] A3k} 8 wi% polyacrylonitrile(PAN, Mw =
150,000 g/mol, Aldrich)2} 4 wt% polyvinylpyrrolidone
(PVP, Mw = 1,300,000 g/mol, Aldrich) ZZ2]3. 0.5 wt%
poly(styrene-co-acrylonitrile) (SAN, Mw =~165,000 g/mol)
J#AFE N,N-Dimethylformamide(DMF, Aldrich) <Fell
A5 AIZE B SSAFTE HrbEe] ddetAl &slE
EEHe §do] BEojAH o]AS 23 gauge needle©]
A2 syringe® 271tk Needle?] €2} 17 Al foil
Atole DC power supply(Powertron. Co., Ltd., Korea)E
ol-g3to] ~17kV AYS AI7RIOEA CNFs AXAE Al
Zsl3leh. A7APL o] FojAl= 54t needle €3 £
o Abolo] AdleE O RE ~15emE X313, syringe
pump?] feeding rate 0.03 mL/hE FA3}ATE o] ZA]
HoJA]:= as-spun FENS] CNFs A AAE 230 °ColA] <t
AN T, 7LE(99.9999 %) DA #-917] Sl 800
°CZ carbonization A|AT). ©]%A AZE CNFs X AA|
o Ru WY=9425 "4 217171 8 $ele Sdue
gt 94 AxE CNFs AXAE 2A2KNitric acid,
Junsei)®} E-4H(Hydrofluoric acid, Duksan)] 1:12] 53]
HI2 E3hd ool Qtoll 67 &3 awyksto] of A
713, 3024 3 SFHTE ol&st] AlHT &, —60°C
oA TA7ZR AR ol= $AREgo] - douA 3t
7] 18-S 2 CNFs A AA| £HE] -COOH 28715 A
Ast7] 918 FFoltt. FHo] o FHE XAAE 300 mL
Sl AZE ¢ &3liAl & Ru ATAQ] ruthe-
nium(III) chloride hydrate(RuCl;xH,O, Aldrich)yE %7}
sled  IAI7E B B O of7]o) sodium  boro-
hydride(NaBH,, AldrichyE F7}2 #7}sted 1417 5<t
WS RuE 0, 20, 40 wi%= FAIA7]17] S8zt
Z} 0, 0.56, 1.12mM Ru precursorE A3} 3L, ol&
o 7}7} porous CNFs, sample A, 2|3l sample BZ
T2 Zlolth sz ik vzl AR E 9
A AFe A FL3 o E AXet, FAAX
£ gk o] 100 °ColA 3A17F FRF AxgFo M 9
= A¥Aoz Ru Y=YA7F A E porous CNFs
= A

U7 &2 E porous CNFs o] HE|
9 F2EAS AL A2 @r) 7 (field-emission scanning
electron microscopy, FESEM, Hitachi S-4700)2} F3} %
Z} & v] 74 (transmission electron microscopy, TEM, JEOL
2100F, KBSI Suncheon Center)S ©]-&3}o] =8}t
TS SR FREAL XA 3-E A (Xeray dif-
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fraction, XRD, Rigaku Rint 25002 %3l 20 =10~90°
SIS WolA 19ming] S22 S4 k] T8,
AaA59 stehy 23 dHl= Al Ka X-ray sources
A2et XAl 37 A) #-3H (X-ray photoelectron spectros-
copy, XPS, ESCALAB 250y 53l 3=t %17
3}sh4 522 potentiostat/galvanostat(PGST302N, Eco
Chemie, the Netherlands)& &3l o]FoiXt}. ©ol& <8l
el EEZ I} acetylene black, polyvinylidene fluoride
(PVDF) vRRIG & 7:2:1¢] A#H|Z E¢ste] N-methyl-
2-pyrrolidinone(NMP) 1 mL SQtol|A] F4HAIZ JAE A
Z3l ol 283 glassy carbon ZFA= $loll 3 uLel
HdE dIE 23 drying oven SFAAl 70°CE A
A FY 71818 A AFAS, 7IEdS, A
o7 FAE three-electrode systems ©]83F4] 0.0-1.0
V vs. Ag/AgCl(sat. KCl) H<lolA = om 2uf
scan rate> 10, 30, 50, 100, —Z2]3Z 200 mV/sollA 213}
HATE A7 7S5 T2 Ag/AgCl(sat. KCl)
Z Pt wires ARSI oW, AsfEAEZE= 0.5Me H,SO,
TE&AE AREskaTh
3. dzt o nF

Fig. 1= A7|"WAPH} S-S 53l A% (a) con-
ventional CNFs, (b) porous CNFs, (c) sample A, (d)
sample B¢] FESEM°|W|A]& YERHTE Fig. 1614 B
A= AAE BE HEL2 AAZ o2 FU3t fiber 4

= Pt das glsiinh 7 AE9 fiber A4

Fig. 1. FESEM images obtained from (a) conventional CNFs, (b)
porous CNFs, (c) sample A, and (d) sample B.

S 9F 192-227 nm(conventional CNFs), ¢F 195-223 nm
(porous CNFs), ¢F 195-230 nm(sample A), 12|32 °F
197-257 nm(sample B)= #Z= St B3}, conventional
CNFs, porous CNFs % sample A= smoothdt RS
Zr3l Qo) sample B2 7Z-%-=(Fig. 1(d)) 4tz o=
rough?t -3 A S0l FHl| v Yepstth o] CNFs
7F A & Sl= Rudl ol eHAIZE 7] ool &
A olFe 2= Ruol ©A HA £kl RuSiAE 7kl
agglomeration3’do] doju}r] wZolct. ThA] A,
20 wt%7F HA E AE2 H]A smoothdt morphology
& 72 o} 40 wi%Zt BA ® A& roughdt mor-
phology”} UepdT) olelg A4 %713}t A E
(ECs)®] 7713518t EAd & g2 or &g 717
th 2= olds MEES] © AAIgE morphology
S 98] TEM 248 sttt

Fig. 2= 800 °CollA carbonization o ¥oIZl (a)
convetional CNFs, (b) porous CNFs, (c) sample A, (d)
sample B&] TEM ©]v|X|&S YERATE Fig. 2(a)°lA
HoX]= ZA*E conventional CNFs= 7Y ¢ contrasts
UepRdTE ©]Z& conventional CNFs7} denseSt mor-
phologyE Zr3l -2 vt} Porous$t CNFs9] 7
$-(Fig. 2(b)) conventinal CNFs®] H]|3}o CNFs Alo]A}
olo] AthH o7 8BRS regiong AT 4 Aet oA
2 CNFs ¢t B2 pore7} Z3HE o] &S ofn|sit),
o]#{ gt pore?] S solution A|Z Alo]l o] &F SANS]
7l 7108 EAfE] el SAN JEAR= burn-
out 33 L 39 pore’t FAJE =0 olul] o3t pore}

Fig. 2. TEM images obtained from (a) conventional CNFs, (b)
porous CNFs, (c) sample A, and (d) sample B.
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pore”} ¥ (coalition)*| A1 mesopore HE+= macropore S
AAaL7] wolth® Fig. 2(c)= porousdt CNFse] A
A A S o] &3k 20 wt% Ru Y=PAE @43 A=S
HAFT Fig. 2(c)olM BodX]= ZAAH sample A=
o2 Y2 contrastS zH= CNFs X A|A| 9} g &
02 oF L contrastE ZFe= Ru Yz} FRo=w
TFET & ] el FLsAl B4 J& Ru Y

=R CNFs A ol G4] =oldS-S TEME &
slo] golsk &= Q). o]gd I8 EAMS ECs Als

<

el FFe 71E & ok ATt Fig. 2(d)= porous
CNFs®] AAAE o]&3te] 40 wi% Ru Y=S4A&5 &

Agk A=S HoFEr 53] Ru WeYA} agglomertion
H AL gl & F Uk o]A2 kol FESEM ©]H]A]
o] Aol LA|gt). BgH TEMORAES] 95 Ao
Hol:= ZAAY high resolution TEM ©]H]A]E F3A]
Ru Y=#le] 271 9F 2-4mm 9= & 4 Ak

Fig. 3(a) A% conventional CNFs, porous CNFs,
sample A, sample B¢ XRD 3|4 #4 AH}ES e}
W2 1t} Conventional CNFs % porous CNFse] 73
$ oF 25°J|A] main charactreristic diffraction peak=©|
YR AL, Hgt peakS YERN= 202 Hol &
HE4 Q1 amorphous®] 5748 ZFa Qlth. B sample A
2 sample BY Z4¢% 7|EZ OS2 porous CNFsE A|A]
AR ARSI Q7] el BF oF 25°1A1 main
charactreristic diffraction peak®] ZHZ= 3 St} HHHO|
AZol 2Fshk= Ru Y=YAe] Z717F Ui 2] o
o] XRD®| ®EX|Fo] F7}slal peak intensity”} 7HAs
st A2 02 Ru Y=YAtet AHE peake] 2ol
A et 28 XRDO| 2EF gl Adsh o
ElollA Roix|= ZXHE Ruol Fol(40 wi%) 571
oF 43°]4] Ru peaks &1 = Stk ©] peak (002)
<} (101) planes®l] ad5l= Ru phases®] peaks [JCPDS
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card No. 06-0663]°] a3t} Ru phases= hexagonal
T-Z= space group< P6ymme [194]°]t}. $-2]+= porous
CNFs ¢l &4 € Ru Y=t gt & o gt
3ted AdHE dotrE 7] 918 XPS 4 S HAlS
Tt Fig. 3(b)= sample A2l Ru 3p core level®] XPS
spectrume X33 Q) 53] spectrumol A YERS
peakE-> C 1s line(284.5eV)S ©]83t] RAG3IATH
Fig. 3(b)ollA] Koz 50] ~484.6 eV} ~462.2 V] bind-
ing energylAl Ru 3p;»,2} Ru 3p;s, photoelectrons®]
XPS spectrum®] FHZE YL o)A Ru A7}
Ru(0) states, & metallic RuZ S-S oJu|sic}, FEgk
Ru 3p core level> = *42] doublete= A==t ©]
doublet®] F WA -2 ~488.1 eV} ~466.4 eVelA
2= o]Z1S Ru(0) statesH T} H2 o] o|A] H oA
2 o} o]8 st A= Ru Y=YA7F Ru(ll) states, =
RuO,7} =4S <) ste}'” wabr XPS 23} porous
CNFs 9o &4 ® Ru Y=Y A+= metallic Ru} 3™
o] of7k AFstE Ru0,® FEN7F FAlOl At &
S &4 4 ot weEbd $-8] FESEM, TEM, XRD %
XPSe] A2 o HEHOoE Ru WAl ©A ©
porous CNFs A=& AFH o= Az delsirt

ECsell AH&-3l7] 913k Ru Yi=dA7F 4] € porous
CNFs A=¢] H71skeh4] 548 #3371 flste] cyclic
voltammetry(CVs)2 ©]-8-3}4t}. Fig. 4(a)-(d)= conven-
tional CNFs, porous CNFs, sample A, sample B<]
CVsE HojErh A2 0.0-1.0 Vo] A flolA
10, 30, 50, 100, 200 mV/s9] scan rateS.Z ZIPE O
o, A2 0.5 M H,80, 5848 ARS8l T) &g
RE AMEZE9] & (capacitance)S T2 2S5 o] &3}

of AskT

3
T

C=(q.*q.)/(2mA V)

m Sample A-Ru3p
-—
5 / - s
‘“. 36 42 45 48 =_ 3p1l!
~— Sample B| (g
o ~—

3 " Sample A | >»
c Porous CNFs | ¢f)
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- ooz [ PureRu | &
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10 20 30 40 50 80 70 B0 20 490 483 476 469 462

20

Binding Energy (eV)

Fig. 3. (a) XRD data obtained from conventional CNFs, porous CNFs, sample A, and sample B. (b) XPS spectra of the Ru 3p core levels

for sample B.
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Fig. 4. Cyclic voltammograms (CVs) of (a) conventional CNFs, (b) porous CNFs, (c) sample A, and (d) sample B characterized using
three-electrode systems at scan rate 10, 30, 50, 100 and 200 mV/s in the range 0.0-1.0 V (vs. Ag/AgCl). (e) Cyclic voltammograms (CVs)

of all the samples evaluated at scan rate of 10 mV/s.
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Fig. 5. (a) Specific capacitances of the electrodes as a function of scan rate from 10 mV/s to 200 mV/s. (b) Cycle performance obtained

from conventional CNFs, porous CNFs, sample A, and sample B.

2 AAM g0k ge= 22 anodic ¥ cathodic <<
chargesE 973}, m3} AVE A%} potential HS =
A Ert Fig. 4e)= A9l B2l 0.0-1.0 V(vs. Ag/AgCl)
oM 10mV/isZ SHE ZE AZ9 CVsE YR 9
t}. Fig. 4(e)°lA EoR|= Z* ™, conventional CNFs
9} porous CNFsi= electrical doulble-layer capcaitance
(EDLC)E YeRdtl. EDLCE carbon-based Z1=ollA] &
HHA o 2 Uehw Z)7ke] CVsEYge] §4olt). o] wt
3le] sample A%} sample B= 0.4-0.6 V °llA] pseudo-
capacitance &< |73 redox peakse] ZHE HU
o} 10mVe| scan rate]A] 2% conventional CNFs,
porous CNFs, sample A, sample B9 &35 747}
322 Flg, ~105.0 F/g, ~280.5 Flg, ~253.2 F/go|t}. 3],
BEE AME o sample A= 7Y g §50] &2 5
Stk & 9A] FEA, sample A= conventional CNFsk.
o} oF 8.74l, porous CNFsH.T} ¢F 2.6H] &2 83|

& =AU g5 Avd= AL sample B 45 &
A4 Al A% Ru precursor®] o] sample AXE.T} 24
slal 7R B S =]l o5 CNFs
A A fle FA ® Ru Y=Y27F dLsHAl E4kat
A B3}3L agglomeration 31/30] Lojytr] wjFolt}, o]
2 Qlsled capacitors®] -&FFo] 7233t wWebA| porous
CNFs®?lell Ru W= YAEe] HAstd Fo] A= A
71818t ASPATE(ECs)e] 5ol w9 T8 8471 2
T 3tk 8o 2 ATl E 20 wt% Ru Whiedd
27t GA] € porous CNFs7} 718 £2 d5S YeEh
At

Fig. 5(a)= Fig. 4(a)-()E T3l 4 & =& AE9
scan rate®] WE &% FAES HAFI UTh 100 mV
ol|4] conventional CNFs, porous CNFs, sample A, sample
Bo] &3& ~21.8F/g, ~90.3F/g, ~177.0F/g, ~1352F/g
= yepdch 7 AZEL 10mVe] 27] £3HT} 56 %,

T2 2w
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70 %, 44 %, 36 %] FA&S HAFI Sty dwH o
2 RE AELS scan rateo] S7HETE AH ¢ 22
& A& HoA =t o]AL high scan rate &=
A3l Ml d} AFAE 7F o]9] H2do] "olx)7] of
ot 53], o]xe] ATl BoyX= AXH pseudo-
capacitance 54> ZH= Ru0,2] A& 9 ¥ &
F fAAES By sy ok Joxs Bsty B o
T4 2] sample A9} sample B= HZog £2 &
& FAES Hol=t o]A2 porous CNFs A XA &5 AL
431971 wliZolt} Fig. 5(b)= conventional CNFs, porous
CNFs, sample A, sample B2 cycle A% HI°JHE
ERdT) oo By ® ZAH RuO, A= cycle T
o] Z7Ml et F4e & gAas Bk 2y 2
=ollA ASE sample A9t sample B9 7%~ 300
cycleZ7}A] &% Ha7F A9 glo] dAg &3S g
t}. o]gfgt 54L& porous CNFs A A A ¢l Ru Y=
A7F 2 24 =71 wiiEolth. Altk7t porous CNFs A
AA o] EoZ dsted A HA cycledlA 50 cycleZ7HA]
ARAQ &7 F7H7F Hol=H o2& CNFs®| porous
S0 Qate] A= Asid A ASAEe] &
5% (wettabiliy)o] Z7Hgel W HEHA ] F7pF 2
olfd Aow F=Hrh"” AR OZ 20wt% Ru W=
AR7F @A @ porous CNFs A2 H-¢- 73+ &3,
high-rateol| 4] £2 & FA&, 95 cycle 5 Y
ettt meba 2 AelA s dSAES] Y2
JEE A58 AWAE(ECs)e] AxE 7Fssl & A
olt}.

4. 2 B

2 AFoX = H71sket ASATE(ECs)dll -&317]
Sk Ru Y=4A7F @A E porous CNFsE 7| WAPH
2 AHS o] 835t AFHezE AR 4 pore
7} A|oJ¥ porous CNFs= conventional CNFsk Tt} -
HIEHAS 7R3 7] wiiel o 53 7]35}8H4
54E vehdS g1t B Yozt porous CNFs A
A A FA F Ru W=dAke] kel wE x713)st
2 EAS vwshz] 913l porous CNFs?loll RuE 0 wt%
(porous CNFs), 20 wt%(sample A), 40 wt%(sample B)
2 Alojsidar, 7+ MEY 724, shehE 9 x7)3)st
] E£4& FESEM, TEM, XRD, XPS % CVsE 53
AT 2 A3 20 wi% Ru Y=dx7F 24 €
porous CNFsol|4] 7} £ 8-%(capacitance), high-rate

171 - 9

oAl £ &% A &(high-rate performance), 53t
cycle A5 (cycle stability)s= 2l 3} th

LAl 2
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