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Abstract To improve the methanol electro-oxidation in direct methanol fuel cells(DMFCs), Pt electrocatalysts embedded on
porous carbon nanofibers(CNFs) were synthesized by electrospinning followed by a reduction method. To fabricate the porous
CNFs, we prepared three types of porous CNFs using three different amount of a styrene-co-acrylonitrile(SAN) polymer:
0.2 wt%, 0.5 wt%, and 1 wt%, respectively. A SAN polymer, which provides vacant spaces in porous CNFs, was decomposed
and burn out during the carbonization. The structure and morphology of the samples were examined using field emission
scanning electron microscopy and transmission electron microscopy and their surface area were measured using the Brunauer-
Emmett-Teller(BET). The crystallinities and chemical compositions of the samples were examined using X-ray diffraction and
X-ray photoelectron spectroscopy. The electrochemical properties on the methanol electro-oxidation were characterized using
cyclic voltammetry and chronoamperometry. Pt electrocatalysts embedded on porous CNFs containing 0.5 wt% SAN polymer
exhibited the improved methanol oxidation and electrocatalytic stability compared to Pt/conventional CNFs and commercial Pt/

C(40 wt% Pt on Vulcan carbon, E-TEK).
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2 ZF2rof wal 214+ (Phosphoric Acid Fuel Cells,
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7] B AFAES Wa Fuje] AREE E017] 9
stod Sl AAAE =i on, Saf AAA RN F=
EFAA] A S (Graphite, Carbon Nanotubes(CNTs), Carbon
Nanofibers(CNFs)), &% 4tst&E A E(TiO,, SnO,, Sn-
doped In,O5(ITO), WO,) % =4 polymer #l|Z(poly
(3,4-ethylenedioxythiophene)(PEDOT), polydiallyldimethyl-
ammonium(PDDA), poly(N-acteylaniline)) 5] 7=
029 o)l 5 v BFE W sy 2o viud
g 7HAL Qlom, A sk FYAdEe] s Tt
AL Slo] ARHA Fuf AAAEA e A4S W
AL B3] @2A AE F S2U e H(CNFs)=
& B EAZ (448 mYg), 3 A7) AEE(10°S/em)
dA /318t AT EAS THRAL Qo] Wl &
ARAZHA FHZ SasA A7 AP kY 4o
£9], Kangs< W= FHF =] gX € @&
=AH(PRWCNFS)E 9 A= oiv] i 3HS 40
%= F2AA EHAAL, ©]& 1M CH;0HZ 0.5M

Lot 2 %2 Hr K

Al HehE AEA S 583t 49 A= Sl (Johnson
Matthey, HFE%=: 185 mA/mgp) WH] A ZE PtRu/
CNFs(AFEE: 270 mA/mgp)7F O 53 v|gke 23}
EAS YJEE RS BHE9tt? Sebastian 52 EF
2UEASF AAAE FHHE ol &t Axg H W
= SIS SLAY S o]&ste] Wgo] §AE s
A (PYCNFs) Ad=ZFvlE $/d3H%132, 2M CH;0H
0.5M H,SO& &gt dafjdelA 0.05V-1.1V st
H o9l 20 mV/s2] scan rateE W EE AFEAS =34
st A AT Zw(E-TEK, AFUE: 0.66 mA/cm?)
iH] PYCNFs(AHFELE: 1.71 mA/em?)7} B 93 w|&k
& AEAS Yele AE HAFAL? oj#d 1
o % Ealal, A F7HA] CNFsE AAA R AFRE &
ATEL AGATE AR AR A 9 B A
SR EN W Fujo] EAMS 7= A
= OPA7HA] BArER] i), weba] 2 Al H]
EHAS FIAT717] flste] styrene-co-acrylonitrile(SAN)
olymerg ©]§3td thaAd eBAURARGE T3NS

HA ] g gdav=AdaE FAas] fete] A
1WA 8 A Z A] SAN polymere] TS 0.2 wt%,
0.5wt% B 1 wi%= AAH o= et Agv e
AZAA] Ful2H A8 flste] dE HA e o
4 RS XA S o] g3t W )
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i Euje] AAAR AEEE Thed wavhes

E A7PIAPE S o8-8t thaat ZFo] AlxEAT 10
wt% polyacrylonitrile(PAN, M,,= 150,000 g/mol, Aldrich)
ol poly(styrene-co-acrylonitrile) (SAN, M,,= 165,000 g/
mol, Aldrich)S Z}7} 0.2 wt%, 0.5 wt% 2 1 wt%® 3
7Fsted N ,N-Dimethylformamide(DMF, 99.8 %, Aldrich)
QFell 5 AIZF F<F WREAIZTE 22 VA &HE 10
mL syringe®l 27! ¥ 23 gauge needleE 33t} &
o] =71 syringeE syringe pump®l] 2t AH U
of £t needlext ZJ Ato]2] AE 15cmE
A5ttt Syringe pump®] feeding rate= 0.03 mL/h=Z
3 3FAL, DC power supplyE ©]8-3le] 13kV At
< 7tete] WALE AT A7EAE & dojAl=
WSS 230 °CollA] 2A17F &< KsE AlFTE L $
1555(99.999 %) A H-917]1= 800 °CollA 247+ &<t
S3AA A gavieAd 1S Alxsielnh oW, 800
°CollA &rslEl= &<9F SAN polymer7} ¥3f WAl 1
AR poreE FAEA Ak Az v Shube
A2 AAH66 % Nitric acid, Junsei)ZF £4H(52 % Hy-
drofluoric acid, Duck-san)2] 1:1 F-3JH]2 &3}% etching
& gl 6AIZF FF wWHTE o] &3l EAkste] whA

=4 E9el -OH, -C=0 ¥ -COOH 4t4 #8715
FAAATE. ol Ak A8TES v Bk
Fo Fdo] & % F&aEE] IxE woFrh?
TS 40 wt% e FUE o Aol 2R
Al717] $AsiA o3t o] SIS ol &-skith A=

>

H O B AUEAERE 300mLe] S/ 1A
oF FE3| EANZIY 1 & L12mM ¥F AFAE

99.9 % H,PtCiexH,0, AldrichyS &8iA17]5L Z33HA|<l
NaBH4(Aldrich)E #7Fet & 1217 &<F wuk Alzt)
kel whgo] ¢kg ¥ wig FHujrp @XE v vy
ARE SHRTE o ¥ AFESH. '9XE Be S
] AkslE WAlEtaL et 54 e SulE
7] 3l =50 °CollX sAAZx A F o2 Hag F
j7F G2 E v sAUEARE ATHoE Alxst
Rk W Sejrb @X " oA e AR FAE
2} ¥ 7] 7 (Field-Emission Scanning Electron Micros-
copy, FESEM, Hitachi S-4800)2} %3} =z} &HulH
(Transmission Electron Microscopy, TEM, JEOL 2100F,
KBSI Suncheon Center)S ©|-8-3l 3 % HEH 4
< T 2E|al Alxd v AR v
1WA S #Es7] 913+ Brunauer-Emmet-Teller(BET,
Micromeritics ASAP2010) #41S 350 °ColA N, gasE
o]-g3te] FaatTt. AH T2 A4S XA IJEEH
(X-ray diffraction, XRD, Rigaku Rint 2500)& ©]&3}%]
3L 260=10~90° 3] LA 1°min®] Hx= 54
stolom, sheha At e B 2AS dotrr] 918l
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Al Ko X-ray source”} 23t X-A #FHAF 3 (X-
ray Photoelectron Spectroscopy, XPS, ESCALAB 250)
< o] &Stk A7Istera AL S A" g
7 potentiostat/galvanostat(PGST302N, Eco Chemie, the
Netherlands)Z o]-&-3lo] =430t AT Al 2}
AA=(0.07 cm?, a glassy carbon electrode), 7158 (Ag/
AgCl, saturated KCI) 2 ZJtHA=(Pt guaze)o = ©|Fo]
A ok Malde 0.5Me] H,80,8F 2M CH;0HS| &
S &dg ARSI Ww SuivF @A E o
2 F-E Nafion(Aldrich)o] Z3E v J3E
B0 297 A JAE AR #AY A5 9
o] Zuj JA=Z F¥ 3 F drying oven SHA 70 °C
2 Azt A3 WEE A5HAE A WEkeo
A7) En) aksk 92 0.2V - 1.0V 2t WA 50
mV/s®] scan rate® =8 -7 H(Cyclic Voltam-
metry, CV)& o] &-3ko] 243tk YA-AFZH
(Chronoamperometry, CAY2 0.5M H,SO,3 2M CH;0H
S FgellA 0.5V Aol 2,000% F<F st
Aok g Az HESH BAE fste] A e
Z (40 wt% Pt on Vulcan carbon, PY/C, E-TEK)$} 9
Fo] EXE W& S (PYCNFs)E 19F 22
WHOoR JAE Az & A7|stsr 54& vl Hrtst
Atk T3 0.2 wt% SAN polymer & ©]-&3fe] |23k
o] GAE v wauiedf(Sample A), 0.5 wt%
SAN polymer & ©]-&38fq A3 BFo] GAE v
A B2y f(Sample B) 2 1 wt% SAN polymer <
o]-§&te] Azt WMFo] HAE v ik At
(Sample C)E ¥]x #4151t}
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Fig. 1(a)-(e) © & Batbesdf, Wgo] X g4
U=d-f, Sample A, Sample B 2 Sample C2] FESEM
olm|z]E YeRdAT} Fig. 1(f)& Sample BS] o]&2]2] &
A Yehdth Fig. 1914 BoAR= AAH, ZE A
Z9o] eiauedfe] F42 gdsHl AxENeH, 7t
7te] AEEe] vl 2732 Fig. 1(a)9] 745 oF
192.03 nm - 199.80 nm, Fig. 1(b)2] A% <F 200.54 nm
-212.31 nm, Fig. 1(c)®] 7% °F 199.65 nm-210.47 nm,
Fig. 1(d)2] 73-% °F 198.09nm-211.88nm % Fig. 1(e)
o] 79 °F 214.76 nm - 222.40 nm=Z FZE ]t} B50]
o] G2 E AU/, Sample A 2 Sample C
o] A, sAav=Af FH A EC] v #EE
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Well dispersion of Pt

Fig. 1. FESEM images obtained from (a) conventional CNFs, (b)
Pt/conventional CNFs, (¢) Sample A, (d) Sample B, and (e) Sample
C. (f) A schematic illustration of Pt electrocatalysts embedded on
porous CNFs prepared using electrospinning followed by a
reduction method.

Ebl 2227 Sample B7} Sample A 2 Sample C
Ho} =& HFHAS 7HA]7] wiEol] Wa Suje] A
dol] el & Aol UEhtA] e7] wiiEeltt. o
sk ¥l Sample A9l 74-F- H7}E SAN polymer 3
ZFo] 7] wiEo] SAN polymerell °J3l &€ 7]F9
o] Sample B 73-¢-Hr} A5 WIhE Sample Co| 73
< A7 SAN polymer o] ol SAN polymer”t
SHE 2 71FS I BEEA Y FAE B
olA ¥}t wEA Sample B ¢ HZslE SAN
polymer &S WERdITH

Fig. 2(a)-(c)= W& ©auidf, Bgo] gGxdE
€ By, Sample BS] TEM ©|u|X]& e}
t}. Fig. 2(a)0lA RoAR= AAE gSAhusdi+= o
Sk contrasts H. oIt} o]F2 BAUNA G skl
O 2 EAshs GdddS onlgitt wigo] H@AE
& Bauedfo] A49-(Fig 2(b), AES o] F2 con-

trastE zte Wa S| FEI} G o2 Y-S contrast

oE o> 18 £ df
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Fig. 2. TEM images obtained from (a) conventional CNFs, (b) Pt/
conventional CNFs, and (c) Sample B.
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A, Sample B ¥ Sample C| A|A|AZ A&+ o}
a9 HIEHAS Hlastr] 9184 BET
S sttt ZHzhe] AAA S| v EHAL 463 mY/
g, 953m?g, 1136m*g 2 923 mY/g= FZE= AL Table
1ol 7HefsAl eIt o]Z 02 Sample B AA]A]
735 WE el Bk 2450 G H|sEEEe] &
FE NS o Sample Co] AA|A| A$ HE &
A= FET 1999 F= vimE A o] SrbekIA
SAN polymer?] &&o] S71ghe] ujg} SAN polymer?t
o] gol dojut & 7155 45 Hlof H7HE SAN
polymer §r#o] Z7F5tSol= Sample B XU} H]3%H
o] e},

Fig. 3) & W8 Tafeilf, o
g4, Sample A, Sample B Sample C<J
XRD 3d #4 435 vepieh gk fo] 749
Wi Vet peakE UER T ZO0E Hol dubxQl H
qa7zs] 54 T ek T2l of 2504 5
d 34 peakE°] YER=H, 0152 graphite CNFs€]
(002)H-g Yepdeh, g d G5 Ae ZE S
A 39.7°, 46.2°, 67.4° 2 81.3°9] 20 FolA WMF Aol
t-&-3k= (111), (200), (220) 2 (3112l XRD &
H®¥o] #2E T, o] Face-Centered Cubic T-Z(FCC,
space group Fm3m[225]) (JCPDS card No. 04-080)%
UehAT) T3 Scherrer equationS ©]-&-3fe] W Zn
ARte] ANE e o] ALt 4 Aok

al

o] HAH HE&

ok

D = 0.91/(Bcosb)

o] 2Jo|A 6= Bragg angle, A= X-A 34, B=
AL on]gitt. 9] F2lel sl wWao] IAE W

e

Table 1. Summary of specific surface area(Sggr), total pore volume, average pore diameter, and pore-size distribution data for conventional
CNFs, porous CNFs containing 0.2 wt% SAN polymer(Sample A), porous CNFs containing 0.5 wt% SAN polymer(Sample B), and porous

CNF's containing 1 wt% SAN polymer(Sample C).

Pore size distribution (%)

T .
conventional CNFs 463 0.219 2.16 82.4 17.6
Sample A 953 0.494 2.04 82.0 18.0
Sample B 1136 0.549 1.93 83.2 16.8
Sample C 923 0.477 2.07 78.5 21.5
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Fig. 3. (a) XRD data obtained from conventional CNFs, Pt/con-

ventional CNFs, Sample A, Sample B, and Sample C. (b) XPS
spectra of the Pt 4f core level obtained from Sample B.
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~71.2 eVollA #ZEITE o]AL Prt 5402 EX)
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Fig. 4 (a) Cyclic voltammetry (CV) data obtained from commercial
Pt/C, Pt/conventional CNFs, Sample A, Sample B, and Sample C,
which characterized using three-electrode systems at a scan rate of 50
mV/s in the range —-0.2 V-1.0V (vs. Ag/AgCl). (b) Chronoam-
perometry(CA) of the samples performed at a fixed potential of
0.5V for 2,000 sec.

A€t} o]# 3 PtOS} Pt(OH), 722 Pt oxide statest
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peak®} backward peak® 1}F o] YERAT} Forward peak
+ anodic current densityE ©]V7| 3}, backward peak=
CH,OH, CHO, HCOOH &2 CO% Z+S intermediate
species®} A€t} Forward peak= ~0.68 VollA YER}
™ backward peaks ~0.45 VoIl YepdTh? wgke 2+
354 2] 79 anodic current density9} T forward
peak’} S7HEFE -3 S s S4S dEpdoh
w2bA Sample A, Sample B 2 Sample C ] 7% 7}
Z} current density@t> 373.12 mA/mgp, 524.09 mA/mgp
2 418.60 mA/mgp, ©| #S YERH=H Sample A 7
- wFo] PR Mg eAved39] current densityZt
314.86 mA/mgpoll HI3] G&°] S/} o), e W
= Z1](40 wt% Pt on Vulcan carbon, PY/C, E-TEK)<]
current densitydt 405.10 mA/mgp®l] Hl&| S S &
4 Stk AR Sample B2 7% 524.09 mA/mge] 7}
F =2 current density?tS 7HAEZ A8 wiF Zuf
Bt o =& current density?rS 7HItE = thA] Ha
A], Sample B2] 73-%- current densityZt= A& ¥WiF =
ufj e} Wlarsted 1.3uH, wigo] EAE HE A
of vlaste] 1.79) F7tetAnh ol g s e W
= Fui7F o ZEA FAEJA7] we] dsjdte] H
SHAE FHA Sl 2§ F7HE A8 9
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