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Abstract Co-embedded graphitic porous carbon nanofibers(Co-GPCNFs) are synthesized by using an electrospinning method.
Their morphological, structural, electrochemical, and photovoltaic properties are investigated. To obtain the optimum condition
of Co-GPCNFs for dye-sensitized solar cells(DSSCs), the amount of cobalt precursor in an electrospinning solutuion are
controlled to be 0 wt%(conventional CNFs), 1 wt%(sample A), and 3 wt%(sample B). Among them, sample B exhibited a high
degree of graphitization and porous structure compared to conventional CNFs and sample A, which GESHESESSE) the
performance improvement of DSSCs. Therefore, sample B showed a high current density(JSC, 12.88 mA/cm®) and excellent
power conversion efficiency(PCE, 5.33 %) than those of conventional CNFs(12.00 mA/cm?, 3.78 %). This result can be
explained by combined effects of the increased contact area between the electrode and elecytolyte caused by improved porosity
and the increased conductivity caused by the formation of a high degree of graphitization. Thus, the Co-GPCNFs may be used
as a promising alternative of Pt-free counter electrode in DSSCs.

Key words dye-sensitized solar cells, counter electrode, Pt-free, graphitic porous carbon nanofibers, catalytic properties.
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3.88% &} 4.32%°] oUAHSEE HAHT) 3
HA As9 S7he E VxR @
AF3 Asjd Ao Astols =3}
Ik 2del= Bk Co YAt
aedfre] ¥4 7 9 AR EEE g
S8 gAY Hee ATt A B
AA| gt 53] B A= Aulge] 987
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T 7100, e oA MH|go g A7} 7}
graphitic Th34 AU HGE ettt gRbdo=s
Eiaa o] 548 A7) graphitization 2000 °C
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graphitic Th2-d ©AUA/E FAEHAAL, ol )
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Graphitic TF38 B+ A7EAPE S o] &3t
o] AxHATE o]= 8] N,N-Dimethylformamide(DMF,
Aldrich) 8ol B4 A9l polyacrylonitrile(PAN,
Mw = 150,000 g/mol, Aldrich)z} A 7]¥AL Alol] oA A
&S 3l= polyvinylpyrrolidone(PVP, Mw = 150,000 g/
mol, Aldrich)S 7}t 8 wt%} 4 wt% F7Fsked k7]
2 5A7F Bt gaslnt. a¥ e g ga ©
S-lof cobalt(I) nitrate hexahydrate(Co(NOs),:6H,0)E

wf tiB] 22} 0, 1, 3wi%s FH7Iste] H7IANE ¢
I NES S TE A RE N5 23gauge Hl=

G2 syringeell 71 &, vl 93 Al X309
A2lE 15emZ A8 syringe pumpd] AX]s}3L DC
power supply(Powertron. Co., Ltd., Korea)& ©]-&3}]
l6kVs S17bstsdnh. ol2A 24 as-spun Wi e
st S sl F7] 9171 stell 280 °C L=olA
2N7F BoF HAEAL 800 °CY] s A He)7) 8t
o|A 2417 Fete] ©al AFS Ty 1 A A
X O F graphitic TFyA BAUYEERE AZSIL
cobalt A-7A|9] g wel 0wt%e= conventional
CNFs, 1 wt%+< sample A, 18]3. 3 wt%+ sample B
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oAl 100°C &% atoll 2A17F B A=A, olnf A
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AA=S AAetdtt o] A=5-2 2-propanolel]l 5 mM
chloroplatinic acid hydrate(H,PtClg6H,0)E 3713+ &Y
< FTO%I°l spin coating WHO=Z FAYE T 450°C
25 &ol| 30 st ATt EHEAT =gk &
AAFE A pastes AZ3H7] 8l S/HF el Tio,

= JRK(P25, Degussa AG), BIRIE 948 3= hydro-
xypropyl cellulose(HPC, Mw = ~80,000 g/mol, Aldrich)
2 Bk 88 Sl= acetyl acetone(Aldrich)E 3 7}sh
T N7ZF 5t EFSIY EHlE AHYHSF paste= FTO
el squeeze-printing WHOZE IHE T H7]|ZolA
500°C &% stoll 1A7F &t 2AHAT. 2™ o
ethanolel] 831A1Z1 0.5 mM N719 dye(Ru-535-bisTBA,
Solaronix) &l 24417 F<F HAAA dyeo] 2=
ZXIAIZ] % ethanol® A& SFaL e 7dxste] FH|st
ATk HAFAHORE A ALE AHAFH AFHATE
sandwich HE|E ZYs & 7 Alo|E Q0T 7|t
AR A HEASE HFAAE STt ol
22 85:15¢] FIH|2 FH|H acetonitrile} valeronitrile
£mo] iodine(l,, Merck KGaA), 1-butyl-3-methylimid-
azolium iodide(BMII, Aldrich), guanidine thiocyanate
(GuSCN, Aldrich) 2 d4-tert-butylpyridine(4TBP, Aldrich)
£ Edste] FRlskdth

o, ofo

¢

o

| 4

z

i ot b

=22



674 QR - Aeld - Aw

oL

A71HAPE S o] 83t A 2% graphitic T
Uiedfe 259 dH, +x % A48 #x
A3l7] 98l FAF HAF #v| 7 (field-emission scanning
electron microscopy, FESEM, Hitachi S-4800), 73} #
2} & w7 (transmission electron microscopy, TEM, FEI
Tecnai G°, KBSI Gwangju Center) ¥ X-A 3484
(X-ray diffraction, XRD, Rigaku D/Max-2500 with Cu
K, radiationyS sttt Ak Adhd=e] d7]skst
2 EAL ®rkel] 98 AR EE 50 mV/sE 3L
At el AT (AU paste7t ZEHE
FTO A=), 71524 (Ag/AgCl A=) 2 AWA=H(Pt wire)
o2 FAE three-electrode system= F3ll cyclic vol-
tammetryS 43I TE E3 SE AEESE B
A8l Wi dodae ACO] IES 10mVE 24T 4
Ejoll Al 100 kHz ~ 0.5 Hz ] =31 H$]ol|A] potentiostat/
galvanostat(Ecochemie Autolab PGST302N, Netherlands)
£ ol&ste] SAHIAT AEASE A B
g EAL global E7FY 1 sun(100 mA/em®, Am
1.5) 271914 solar simulator(PEC LO1 with 150 Watt
Xenon Arc Lamp, Peccell)S ©]-8-3to] 43 = 3T}
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Fig. 12 (a) conventional CNFs, (b) sample A %
(c) sample BS] FESEM ©|v|X|& YA HA7|WARH
© 2 AZ% conventional CNFs= Fig. 1(a)ollA] Hol=
Y wEe 9 S 7= YA/ 3dE a3l
o oF 201~236 nm =7]¢] 7S zh=th 223 sam-
ple A ¥ sample B9 72 ¢F 257~293nm % 286~
330 nmz Ui FTIshs o #FERlen ofgt 4
739 F7h= Co 9] ghrol 711gtt. Sample AS] &
& conventional CNFs¢} ZA ©h22] A #zs=
tl o] Co YA} Yar|2 ol £x=37] of
o2 AtHY AT sample B A9l tE F
AEEH vaLste] gavkeqd i 9o Ao B
F9S YERH= Co =gzt Hdr). oha] delA,
e fr el 23 Codel S7Hdell wet Co
UL A7)8F S A4S JH o S
sttt Ele o A F2 A4S fs TEM &
< FHsATh

Fig. 2= (a) conventional CNFs, (b) sample A %
(c) sample B4 TEM ©|H|X|& HoF3 Ut} Fig. 2
(a)ellA] HogR]= A 7ro]conventional CNFs= 3EH©| wj
1193 contrast’} A O 2 FUgt A o= Hol Tty
Ao R o]FolA UeS & F STt ¥Hel, Co A
A& 2 1wit% 2 3wt% H7ste] € sample A

NI Ty

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

Fig. 2. TEM images obtained from (a) conventional CNFs, (b)
sample A, and (c) sample B. Insert of Fig. 2 shows high-
magnification TEM images obtained from conventional CNFs,
sample A, and sample B.

4 sample B= Wil FiH o8 o] F¢ Co W=YA}
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S7FEFE Co UegAEe] A719F sk id7e] 3
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F4:9] catalytic graphitizationol] 71213} 280 °C
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Al =i, 25 A 7917] kel '3t 74800 °C)
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Fig. 3. (a) XRD data of conventional CNFs, sample A, and sample
B. The reference line of pure Co phase is shown in the bottom
(JCPDS card No. 15-0806).
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ATk EFF 55 Co YiedAke] Shirae] F7hetel o
2} 9 39| o]Fo] 25.6° (sample A)olA 26.0° (sample
B)Z W35l olA2 graphitic 37F A} SRS
Uebdth? o3 dde Co &) F£9 catalytic
graphitization®]] £]3F A3}Z graphitic BAVAR7T &
A= 07] wiZolt}. o] A3+= hexagonal graphite1-322]
graphite (002) plane(space group P6smc [186], JCPDS
card No. 75-1621)7 dx|git}, itz o= ezl 214
&, graphitic carbong /37| SlEAE dide= o
2 FAo] daFo B AFE Fal A2 ekt
ZA71APEE o] 831 graphitic Thad BAUE/5
AEAor AAE 7 AUk o] FA AAE graphitic
oy gAaued-f= YA 2 conventional CNFs H
=~

e FAE 7 At =g e FE
34 v3E 442° 9 51404 #Z HJEd, ole
face-centered cubic(FCC)7-%2] Co (111) plane <} (200)
plane(space group Fm3m [225], JCPDS card No. 15-
0806)S 3 L3It o] A= v dFE A%tst
7] 918 &3t Ao A dojute ghdnkgol 93] Co
Ui A7 IAEHASS & T AUth

Fig. 4= conventional CNFs, sample A % sample
Bé] i =og2M o H7|steh 548 Hrtelr] Sl
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tammetry, CV) Aot} ojuf v|wiAlS 93 ot
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Fig. 4. Cyclic voltammetry curves of pure Pt, conventional CNFs,
sample A, and sample B.
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Fig. 5. Nyquist plots of symmetrical cells fabricated with pure Pt,

conventional CNFs, sample A, and sample B.
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Fig. 5% conventional CNFs, sample A % sample
Bo® AAtE FL3 F o] AUASE olgste] vhE
symmetrical cellsS 7FX2Z 10mVe] ZF3 100 kHz
~0.5Hz ¢ F35 HeolA SAE YolHLE Aol
th. Fig. 5ollAl HegA|= o] F4dol= F2 FTO A=A
71#e] WA g JgFS W= FHA IR, series re-
sistance) 9} Fol =3 Hafjd Atole] A e] s}
ol 5o IS W= F3lolsE A3HR,, charge transfer
resistance)°] EAIEHCE. ojuf A|xE FHAFES] R,
o] A¢] Zpo] W}A] 7] wjitol] HEZHEE EEFHA
B8 544 A 9FS VA gerg yes)
A ek wEkA ol gl kg w
o] M3lel= Ry #e PlAFoR AJid=Se] v
AE BrHe ol S Whgol mESTSE 1
Al Yepdth YelAXE Axoa] Hojz|Ro] M5 R,
t 27 1636 Q/em® (pure Pt), 33.20 Q/cm’ (conven-
tional CNFs), 23.40 Ycm® (sample A) 2 20.60 QYcm?’
(sample B)E WERATE Z##H 02 sample B conven-
tional CNFsE.T} %73k Suj54S Bolom, ol &
A el poree] EAE QI3 W FWA] Iy
ool Bl WSE 9T site AFe] WO of
£ /1R BanbeAfl e EUiEEE nsa o
2749 BFaAe 45 F9e o + ik

Fig. 6= conventional CNFs, sample A % sample
B =S ol &3 FHW(V)AF(Q) A& HER
H, 259 #7148 542 Table 19 2oF=Art. &
S8 B E] oA HEE & (PCE, power-conver-
sion efficiency) THS 2o o8] Aatg 5= ok
PCE(%) = (Jsc X Voc x FF)/Py, x 100%

] 2o A Jgc(short-circuit photocurrent density)= T
FHFEE, Voc(open-circuit voltage )= 7N, FF
(fill factor)= % &, Py(intensity of incident light)=
AARGe] Al7]e|t}. Conventional CNFs®] 74-¢- CV ¥
EIS Ao A Bl AAY @2 Fuf 54o= Qs
S Vi(0.68 V), Jsc(12.00 mA/em?), FF(46.0 %) 2
PCE(3.78 %)& HATE URHC R, Voce A5-3E H
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—a— Pure Pt
—a— Conventional CNFs
3F —o—SampleA
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'l L L 'l 'l L l“(.
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Fig. 6. Photovoltaic properties of DSSCs fabricated with pure Pt,
conventional CNFs, sample A, and sample B.

Current density (mAIcmz)

Table 1. Parameter summary of photovoltaic properties for pure Pt,
conventional CNFs, sample A, and sample B.

Samples  Voc (V) Jsc (mA/em®)  FF (%) PCE (%)
Pure Pt 0.71 13.83 64.75 6.33
Conventional
CNFs 0.68 12.00 46.00 3.78
Sample A 0.69 12.13 53.61 4.47
Sample B 0.71 12.88 57.85 5.33

SR o] wieA| 4kslEo] fermi leveld} 21822l formal
potential®] x}o]E 2w ch!® F|v A z2H AEA-S
Y HFAA = A= 545 vaEAstr] flste]
2e AJAFH AsdS ARtk 2l ® et
3L Fig. 59} Table 1914 RoX]5o] gyt W
of $HirE Co Wi=izte] &fol S7kstel wet Voo 7F
=7} (sample B2] A% 0.71VY)) 3= o= Ao
9] Fuf EAo] E L/ gl gk Ry
7t Zrolel uwhg} sl de] formal potential®] 5713171
o o) oh 20 BESE Jo9} FF2] ¢l 12.00 mA/em’
2 46.00 %14 sample BS] 12.88 mA/cm® 2 57.85 %
2 PEE AL g9l sislnh oA Bl W
o] % Co W=dx=9] ol 75 poredl 9%
FHA S7ER Qlste] Fulet Hafjd Atole] F7H
SHAf wE PdE o0 S WS Al catalytic
graphitization= 13l /¥ graphitic B2 &
do=z sk sk ArIdERe 7] oy s A
2 sample B2 AZtd 9485733 HIHAAE S
R.E ¢13}ed 378 %2] conventional CNFs THH] 2F 40
%HE FdE 533%°] AR 888 Helth
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2} FAEE Co UedRte] Z7] 2 eafiedgol 3
740] Z7Fskth. 53] sample A9} sample B2] 73-9-9]]

< §AaYUY=ARE 8] Sl Bl 47‘4"‘1]"1 =&
Co W =YA}ol| €]3t catalytic graphitizationE 53l |5
ol pore7} A713L graphitic BHALR=Ad-R7F FAEQICE 2
A3} sample BS 73%- 286-330 nme] 7, Yo &
AHE 24-72nm 9] Co U=YA ¥ v +25 84
St ol & 7wt ® A ZH sample B 7d-F-, con-
ventional CNFs tH] Z3lo]s ARy FAaZ Qs
A71skerA B4 s HAoH, 0.71 VO Voc, 12.88
mA/em®e] Jsc, 57.85 %2 FF % 533 %< PCET -5
gt F71de 545 JEdTh olgg A 34
¥ poreoll g FHA FI7IE g FHvjel dajd A
ol F7FH HEHA wE FE Lol sk vt
53 & catalytic graphitization® <13}l F4J¥ graphitic
e R 58 AriAERe 71Q1s Ae=w 3
T webr e 371348 5A4S Hol= graphitic
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