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Abstract Ni nanoparticles (NPs)-graphitic carbon nanofiber (GCNF) composites were fabricated using an electrospinning
method. The amounts of Ni precursor used as catalyst for the catalytic graphitization were controlled at 0, 2, 5, and 8 wt%
to improve the photovoltaic performances of the nanoparticles and make them suitable for use as counter electrodes for dye-
sensitized solar cells (DSSCs). As a result, Ni NPs-GCNF composites that were fabricated with 8 wt% Ni precursors showed
a high circuit voltage (0.73 V), high photocurrent density (14.26 mA/cm?), and superb power-conversion efficiency (6.72 %)
when compared to those characteristics of other samples. These performance improvements can be attributed to the reduced
charge transport resistance that results from the synergetic effect of the superior catalytic activity of Ni NPs and the efficient
charge transfer due to the formation of GCNF with high electrical conductivity. Thus, Ni NPs-GCNF composites may be used
as promising counter electrodes in DSSCs.

Key words Ni nanoparticles-graphitic carbon nanofibers, catalytic graphitization, dye-sensitized solar cells, counter

electrodes, Pt-free.
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A7y Ak olejdt o] {2 HToll= WF FWlE o)
A7) $1% tpFer AAEe] BaE k) 53 g
aveRE, 28A 9 g 55 E3ete
aadle AV, 22 A7IAERE B 29 A
gk st T AR la dEE HdHd
Ao FHFoR W A4S W kY I FojA
T 1Y Y= Fxe] eAaub e fr(carbon nanofibers,

CNFsy= W& WERA S22 dajols A 5o 44
o Q&) AT 2AlR Feshe A 28d
YL QoL opH7pA] Mg Fujuth vk Fug &
3 ATE? webr B Aol aEe %
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Hek 885 FIAN77] S8 S5 E8s 2 5
3} 59 A7E AP Yk & Eof Saranya
A7TAPRS o83t TiIC7F WAl Baveidf

st od, WAE Tic7F oA &4
| Al e =g AlFsl 71E g dR/(3.1 %)=k
SE FHS F8(4.5%)S BITE'? 3 Mohamed

A7HAPE S o] 83k] Co%t Cro] H7HE et

g FHst 98327 %) YER
o' 383 Joshi 52 A7AMH A 1& @8l
(1200 °C)& o]83te] SAA B FE AFsI9 e
o, 259 $38 AAjolFEg s WF AHF(6.97
%) SASE FHSE §8(5.5 %) BuE? o2%
AES HFdR e FAHZE 988 AT S8 '
Aol 340 H59st W saveA o] Sds)
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S FAo F83 dFeE RIEA &tk
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Ni U2t fAlE S9d gy idf E3A=
A7GAPH S o] &-atd AxHIAT WA, FAHIE 4%
o] polyvinylpyrrolidone(PVP, Aldrich)2} 8 %<] polyac-
rylonitrile(PAN, Aldrich) ZZ2] 3 nickel(Il) acetate tetra-
hydrate(Ni(OCOCHj3),-4H,0, Aldrich)E N,N-Dimethyl-
formamide(DMF, Aldrichyell 5 A7} 59t &sjste] A7
A} E-B-S 13T o], nickel(Il) acetate tetrahydrate
£ &uitiu] FAMIE 742} 0, 2, 5, 8 %% 78kt

NS 23 gauge ZHIQIE| X vhEo] A2E
¥, A”A gz FEREE 0.03mhE
power supply(Powertron. Co., Ltd, Korea)
£ Q7tete] H7ALE AATERl ol
o, Al &3} vl £ Afele] AZE 15emz 3%
as-spun FEI] YRS 280 °CollA]
PGS F E(99.999 %) A H2171e1A4 800 °C
2 B3IAA Ni ed2a-5dd savesdf E3AE
Azt Axd EA el Ni Al Hrkdel] o
2} 0%% conventional CNFs, 2 %% sample A, 5%+
sample B, 8 %= sample CZ AF 35t}

=l AREE Ho]AE A= N-methylpyrroli-
done(NMP, SAMCHUN) Wjofl A zH MZE3 =24
2 AFE-EE ketjen black(KJB, Alfa Aesar), B}FQIG 2
AH8-%]= polyvinylidene difluoride(PVDF, Alfa Aesar)
g FAHE ZHz 70, 20, 10% H7hste] E3skdch
L TFE Y25 A= ZAEYHS o835t F-
doped SnO,(FTO) =8 /[, Pilkington) #]°l] =
g3k 5 100 °ColM 12417 &<F A=xskirh B3, Ni
25 bR Ao SAS Bl
at7] 913l pure Pt A5 A= AT} Pure Pt A
A= 2-propanol(Aldrich) W el chloroplatinic acid hy-
drate(H,PtC1-xH,O, Aldrichy’} £31¥]o] = &S FTO
TSl 29 ZYT $ 450 °ColA 3027 &4 st
of AzsiAth g AHdFol| AHEE= TiO, #leol=
Ex S5 Well Tio, W=9U72KP25, Degussa)et HIQIT]
2 ARE-E+= hydroxypropyl cellulose(HPC, My =~80,000
g/mol), =AM 2 AFE-E]= acetyl acetone(Aldrich)S 3
74 & &bt AxskAaL, S92 ZURHHE olf
sto] FTO 34 ol =3 3 500 °Col A 1417F
B AAste] et 2 o AlxE PSS
ethanol W 0.5 mM<2] N719(Ru(dcbpy),(NCS),, Solaronix)
7F gajHo] e fHo 2447 B @ dRE H
AX A pRE e 2 FHIE AGASH oSS A
=g oz 2Ysla, 1 Alole]l BMII(1-Butyl-3-methy-
limidazolium iodide) 7]¥+e] 2.2= As|d& FYAA
FEAS HFAAE A Zasint.

FHlE AMEE9 AATRE XA IR (Xray dif-
fraction, XRD, Rigaku Rint 2500)2 ©]-&-3}] =43}
om, 38ty A del= XA BFAA FAPE (X-ray
photoelectron spectroscopy, XPS, ESCALAB 250)2 ©]
gt BT =8, 72 B FE 242 FAK
2} v 7 (field-emission  scanning electron microscopy,
FESEM, Hitachi S-4800)3} 3% 2}& 1] 7 (transmission
electron microscopy, TEM, Tecnai G*)& ©|-&3&}th. A
2 QRS HFAA Y A7)seE 542 50 mVis
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IAE APFFARREA A4S, 7SS (Ag/AgC))
AA=PyeR FAAE 3= AlE"ES B8 34
=AW FH (cyclic voltammetry, CV)S ©]-&-3}o]
A At e 84S HEHA ] W dedae
100 kHz ~ 0.5 Hz®] F3} H9olA 10mVE AC X
£S5 1AL A7 7] (potentiostat/galvanostat, Eco
Chemie, PGST302N)E o] &3] 43813 th dE54-&
A Y] Fd 5L A4 233U 1 sun(100
mA/em’, Am 1.5) 2704 AFE¥ RAPE(solar simu-
lator, HS Technologies, PEC-L01)E ©]-&3}o] #4313t}
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Fig. 1(a)= conventional CNFs®} sample A-C% X-
A 3EEA A3E HoFT Conventional CNFs= ©F
25° F2olA Wi ghkelk 314 935 JER A Qe
o, o= vIRE F2E 7= 549 (002) ¥ (space group
P6smc [186], JCPDS card No. 75-1621)°) aj@3tch. wk
™ sample A-COllA] Ni A7A9] gHfaFo] F7gol o
2t 5949 3 13 Fert HA Frtshet, ole ©
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A3} Zjaze JA4E S92 daedfE vy
BaysdF B 5 AVHEEE 2] i a8
29l Hslolzo] 7Fed 4 Atk E3] whnfieidfo]
S A= 44.5°, 51.8°9)F 76.4%04 AA == face-centered
cubic =9 =% Ni A(space group Fm3m [225],
JCPDS card No. 87-0712)2] 33} AFHTE ©]= Ni
AGA7E el 37g F st dAlelA AkskEo] Nio,
FE YA T, gl Tl "A BELT|6A B
o] FAE Aoz AGHETEY w3 sample A-CollA Ni
A shgo] Z71E4E Ni 1Ay 3 = F77t
golgn, ol B3kl U 2 Ni o FAo] Az =
7¥ete] Bl SAst 7igslE S Qv &
£ Ni 49 &A= Fig. 1(b-d)8] X-A ZAz} FAPY
ZHEHAME g1 4 ST} Sample A-CE] Ni 2p
9] core level Z2HEHL o] vIEZ LF X o
714 ~854.5 eVl ~872 eVol| dFale 1ZES Nit'E
olmlah, Ni o] 2E2 94 FAd Tz FAE0]
~6eV ¥ AFUR|oA vepdth 'O weba XAl 3]
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Fig. 1. (a) XRD results obtained from conventional CNFs and sample A-C and XPS spectra of Ni 2p core-levels obtained from (b) sample

A, (c) sample B, and (d) sample C.
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Fig. 2. FESEM images of (a) the conventional CNFs, (b) sample
A, (c) sample B, and (d) sample C.
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Fig. 2= (a) conventional CNFs, (b) sample A, (c)
sample B ¥ (d) sample C2] FAAAEARA o|v| A&
Uepdch AR O 2 A ZE conventional CNFs=
Fig. 2(a)0llA RoA % mj11)e 1S zhe Y
s Bl 229246 nme| 7S Zheth 2E|a v
£ M=o FAL oF 281-348 nm(sample A), °F 312-384
nm(sample B), F 355-418 nm(sample CO)Z F7}sl= A
o BAAU. oled A7 Frke NiTAY B
o <18} Z7HR AP goe] BEST S0 R
o7 AGHATE” AP}, sample A-Ce BAtkeA6 W)
of iAo e g9& YeRle Ni WedArt #
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Fig. 32 (a, €) conventional CNFs, (b, f) sample A,
(c, g) sample B ¥ (d, h) sample C2] FaHAAW|H
o|nA S HoET} Fig. 3(a)olA] HoIX= conventional
CNFs= 3E¥o] mzgal #9sF He-g vepl L Sl
O|Z1 S F MO} conventional CNFs7} @ Fo g o]Fo]
A YS5S & & Jdu WHHY sample A-CE U5l
FHA o2 o2 HUS H= Ni =dakso] gy
H, 159 Z7]= sample A 7d-F- 14-92 nm, sample
B] 7%~ 15-103 nm, sample C¢] 2% 16-125nmz &
Zret. olgjgk A7) F7h= Ni A7A A7FEe] S
of we} YAl JH&ste AxE duEny g
sample A-C= HIZHE g siddshe B2 FE3 =
ATl Ptz o T2 o] FAl HEET, 59
A W Ni AA ol

=
[e)
S 2 3l @ & Atk

& SuiS4% Ni vheg Aol A8 Sujurge] o)
AAE 59Y Bavheife] $4E AstelE S

o5 HEAHE YRR FHS 54 o] ZIdiHTh
Fig. 4= L/I AFsisbed A 2"lox SH € Pure Pt,
conventional CNFs2} samples A-C A=) 3%}
AR FAES Jehdn. Iz A87hs HdA
B FEHAGARTH FAHAA F g Askek
z

7)
3 Iy +2¢ BH3} 3L+2e < 2,9 ¥He-S ofm) 3t
ok 53], /1 AAseAntg-S ovlse 9% e A
A o)EEHEE 9Jn|Sk= peak-to-peak separ-

i s £

Fig. 3. TEM images obtained from (a, e) the conventional CNFs, (b, f) sample A, (c, g) sample B, and (d, h) sample C.
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Fig. 4. CV curves of pure Pt, conventional CNFs, and sample A-
C measured at a scan rate of 50 mV/s from —0.3 to 1.1 V.
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Fig. 5. Nyquist plots obtained from all the samples with an AC
signal of 10 mV in a range of 100 kHz to 0.5 Hz.
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Fig. 6. Photocurrent density-voltage(J-V) curves of DSSCs
fabricated with pure Pt, conventional CNFs, and sample A-C.
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impedance spectra, EIS)S AA|IStl Fig. 5 F=
FTO Fgx=e] mAge)] JakS W= 2EA-3HR,, series
resistance)?} AT A F Alo]e] AlHoA 9] s}
ol gl ¥FS W= HatolEA Ry, charge transfer
resistance)©] EA|SH= UolFALE Aot} o, A2
H AAd=sS 593 AA%E 2= FTO #3845
AREste] YsE Rgks Holal ok SHARF Ry pure
Pt7} ~15.16 Qcm?®, conventional CNFs7} ~31.80 Qcm?,
sample A7} ~25.40 Qcm®, sample B7} ~18.60 Qecm®
sample CE= ~14.02 Qcm’® #+S YUERIth £3], sample
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Fig. 6= pure Pt, conventional CNFs¢} sample A-C

2 Azxd 4878 gAY AFUE-ALI-V) F4
S HojFH, 349 JWgk 542 Table 19 2.9k
o} AES BlFRA] oUREZE & (power conversion
efficiency, PCE, 1) thx 21 ol&ste] Axted 4= 9l
1:]_.24)

PCE(%) = (Jsc X Voc x FF)/P;, x 100 %

] 2ol A Jgc(short-circuit photocurrent density)=
FAFIYE, Voc(open-circuit voltage)= 7N}, FF(fill
factor)= S &, P(intensity of incident light)= A}
H o] A& oujdtt}. Conventional CNFs= S
S| EA O Z A3 Voe(0.68 V), Js(11.88 mA/cm® ), FF
(463 %) ¥ PEC(3.77 %) A¥7t bh& AEE H} 4
Aoz g} AT sample A CE Z4E Voo
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Table 1. Parameter summary of photovoltaic performances for the pure Pt, conventional CNFs, and sample A-C as counter electrode and

resulting data from CV and EIS.

Electrodes Ve (V) Ji (mA/cm?) FF (%) N (%) E,, (V) Ry (Q cm?)
Pure Pt 0.71 13.83 63.7 6.31 0.42 15.16
Conventional CNFs 0.68 11.88 46.3 3.77 0.46 31.80
Sample A 0.71 11.67 529 438 0.42 25.40
Sample B 0.72 13.00 582 5.47 0.37 18.60
Sample C 0.73 14.26 64.5 6.72 0.32 14.02

7V AzF F7veke S HolH, ol A= &
W 5Ado] PgEo] L/ NS vt U1l w
2} Aa) 2 <] potential levele] x}o]7} A7l ZAzjolr) 20
T3 Jo¢F FFE sample A7} 11.67 mA/em?$} 52.9 %,
sample B7} 13.00 mA/cm®$} 58.2 %, sample C7} 14.26
mA/em’e} 64.5 %= Ni A4 H7hgel] S71d45 &
A= 3, o] %3] sample C(PCE =6.72%)7} sample A
(PCE = 4.38 %)%} sample B(PCE =5.47 %)l Xt} -
3l A3l §8-8 HojET}h 3] sample Co] W3S &
&2 pure Pt ANAFET} 75 Ao sFair, o]
H3t A5 gaveda U EA8kE Ni U=y
2He] et Zaj S S AR Sdstel] e
e Hslelwe] = sl FaE Halols ARy
5402 A9d 4 Jlrh webA Ni =ga-Sdd g

= 9878 HEFAA Y] PEES 9
g el AidFoz §-835H AME 4 ok

Ad B BAIE AEH R Alxeien, 1
9] B 885 FINII7] S8l Skl el A
7FE]= Ni AFAE 0 wt%(conventional CNFs), 2 wt%
(sample A), 5wt%(sample B) ¥ 8 wt%(sample C)=
sk 1 A3, 53 ol Ni A2 ghegol
S7HE Ni edzbke] o] Hap S7hsiler, o]
2 Q&) g3t #F 7 SA3t Fjart F3HY S
4 gavhed R GAEAT B3, e
2 A71skshA e s EAY A= Ni AA
gteo] 7Fg & sample Colld 7AE AslolsAS &
B vesten, ol B9 ol EAs= Ni e
YAk ¢k SS9 s fol Y
H Astels 549 a3 BT F AUtk AHFH L
Z, sample C= U2 MIEHT =2 Vo(0.73 V), Jg¢
(14.26 mA/cm?), FF(64.5 %)S BoH, o33 Aie
pure Pt U1 F(6.31 %)t ¢3¢ FHIF T8(6.72
%)ell aigsteh. wEbd Ni e Yah-594d davieyd

i

F BRAE 958 FNEHS ATY 5 Yo) 42B
& Bane] AgHT i P ANATE AT 5
S Heroz Aokd 4 9t
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