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Z5: 7ol A9HAME dee] ¢ 98 A8 Y AADSSO)E B AFE Axd] flste] vy v

EHE(MWCONT) 718k 734 ek} EE Ax3ta, MWCNTS] 4% Aloj7t vl A= @] st
ZA¥ete] HGITE MWCNTO| 24 3dA717] f1ste] Ze|2Eldl 7|wke] 75 85 353AE i ez
TR st MWONTS| #H JHAAZ ARl on, 2dek &n 2719 8-S Fol] 154 vheid
Hol2~ES] 7hgAo] dEE AL AT = AT MWCNTE] 24t A0S 53] o]5 At dFoz =93
DSSCe| 37 HE g&o] IS IAD T AU eH, ol EURS o83 MWCNTE] =24 21he SallA
= AT T AT PR platinum(Pt) WedAkeE BEAE A9, F2 P SRR ¥ 95 s
7FA= MWCNT 7]9F ) A58 AxT F Ud5S gRlsidrh.

Abstract: Multi-walled carbon nanotube (MWCNT) based nano-composite pastes having a high filler content are pre-
pared for the facile fabrication of a counter electrode (CE) of dye-sensitized solar cell (DSSC). A polystyrene-based func-
tional block copolymer is prepared through a controlled “living” radical polymerization technique, affording a surface
modifier for the dispersion control of MWCNT in the paste. Physical dispersion through a ball-milling method addi-
tionally confirms the importance of the dispersion control, providing DSSC with enhanced processibility and improved
solar-to-electricity energy conversion efficiency (77) values. The performances of the DSSCs are further improved through
the incorporation of minor amount of platinum (Pt) nanoparticles into the MWCNT pastes. The DSSC with the Pt/
MWCNT hybrid CE exhibits very high 7 values, which is superior to that of DSSC with the standard Pt CE.

Keywords: dispersion control, surface modifier, multi-walled carbon nanotube, counter electrode, dye-sensitized solar cell.
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< A 4 glo] aiE ARSIt MWCNTS} 5Egtstal
7] 913k Pto] AFAZ+= chloroplatinic acid solution(H,PtClg
8 wt% solution in water AldrichyS A&-3}51th. MWCNTS-
¥ )EAI0] A 7153} poly(maleic acid-co-p-hydroxysty-
rene)-block-poly(p-hydroxystyrene)(HSPM)-2 o] 17-of| A
Hg WhHS met AT HSPME] 793+ A
(M,y& 12000 g/mole| AN 2™ TREAME (M/M, )= 1.23°]UTH
7} A ARselle R 7|7 Ao ® i E9lE] e
Ao g FA QT Ho|2EE A|xs] {3 vRId 2=
ofld AEZQX(EC, olEA] T 48%, AHsIshE 283t
How, Sl o §HE(95.0%, A38E)), o-El 23S
(95%, Kanto Chemical Co., Inc.)2 A §lo] ARE-slSIc}. H]
o el EFE P A IS AERE A% Pt AFARE
chloroplatinic acid hexahydrate(H,PtCl6H,0, Aldrich)E, &
W2 Y 2-Z298(99.5%, AldrichyS ARE3IITH 24
9] UieHkeA)] AFskE 2= TiOy(Ti-20, ENB Korea)s Ab
L3193, 9EE N719(Solaronix, 0.5 mM in A EUER/
AR S, 1/1vvy), 9 A=A 7132 F-doped SnO
(fluorine-doped tin oxide, FTO, 8 Q[1, 57 2.3 mm, TECS,
Pilkington) 2] & ARS-3IATE E=X2E= TiO, 59 74 =
S 98k 3M9] scotch magic tapeS A&-3ISI T F=
I 3 A=) 2HS 98] 25 um FA12] A A (Solaronix
1170-25y8 AR&-31A T

2ol £33 22|18 24
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How, 1 24 <
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o) AFE AZEAIL, 350 °ColA 105, 400 °CollA 2057+
g A2l= sto] C10-400 © Cl0/H5-400 At S A=
3om, 350 °CollA 105, 420 °CollA 20827+ & A&l
C10-420 2 C10/H5-420 7t H=2 A xsIqi). 2 ©]9]¢]
] A= BF 350 °ColA 103, 420 °CollA] 20487+ & ]
gsle] Azsgn). 238 ZAY AREEE vkaaE V)
H4 cmx3 cm, ST 325 mesh, 7 61 pm)S Hojubx] ¢ko
o, FHFe 987t F2E RS T8 B T UEE
AlzkslAdet, vl ooz 2221 Pt A H=S H,PtCl6H,0
SN T 2-Z2REE FHste] TmM EH 0 E Az

T, 259 x4 10
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Table 1. Compositions of MWCNT Based Pastes with and without Surface Modifier for the Fabrication of CEs for DSSCs

Designation MWCNT HSPM H,PtCl, solution EC o-Terpineol Ethanol
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
C4 4 - - 1 55 40
C4/H2 4 2 - 1 53 40
C4/P1 4 - 1 1 54 40
C4/P1/H2 4 2 1 1 52 40
Cl10 10 - - 1 49 40
C10/H5 10 5 - 1 44 40
MWCNT A AEL s 25 um A9 e AREsle] =3I
Ethanol oh AL T AE o]gste] Ao AFell= 110°C, F H=
e o= 100°CY] ¥ 718 Z=o = M=% Fem P2t
o e " ek HlolokR = {3k =Y o8] ple] 7S ol ¥
<% Sonication10 min 2 DSSC ] H=9] &5 3314, oRIEYEH (acetonitrile,
“:{‘;’SST MWCNT 99.5%, E4ht %ﬂl;ﬂz%‘(valeronimle, 99.5%, AldrichyS
Solvent ;?‘]?::t 85:159] #-Iu|2 &3k &ujjd] 0.7M 1-propyl-3-methyl

l Sonication 10 min Sonication 10 min

3-roll milling 3-roll milling
(a) (b)

Figure 1. Fabrication processes for the pastes through 3-roll milling
(a); additional ball-milling (b) procedures.

3, FTO f8]719ol =331, 400 °ColA 2087+ & 2=
Bl Pt A7A1E SHAAA Azt FAFE Axsh] 9
&, ollgke-2 73] AlZ3 FTO #2713 flol -8
0.15M9] T=Z A|ZF titanium(IV) bis(ethylacetoacetato)
diisopropoxides ¥ FHE T -, 500 °CollA 1087+ A2
E AFT 2§ YeREEA] AFsER] TiO, #l o] 2~E(ENB
Korea, 2% 37]: 20 nm)Z 3 M tapeS ©]-&3lo] FAS %
A, S8 Bgo|=oe® F-s, 500 °CollA 3087
& APsted 12 um FA¢ Tio, AFue ATt oS
T olghg] 05mMe FEE &A1 N719 28
(Solaronix)oll HA|A7] 22, B3k Aef = 60 °C2] %A wHk
71614 3A17F 52t T FE7F TIo S35 skt
d57t F&E AFE e E AF 3k FTO 2] 7130l
HJo = F2E A5E AASIAUTE 04 cm?e] &4 WA ¥
G F YR FEe AAE sl TS eHdsiin A
2 B e A A5 Atelel| space 9 H A H

Zan, #3748 A43, 20133

immidazolium iodide(>99%, C-Tri), 0.03 M iodine(>99.8%,
Aldrich), 0.05M guanidinium thiocyanate(>97%, Aldrich),
0.5 M 4-tert-butylpyridine(99%, Aldrich)S E3tale] 7| %%
A ds FU3 5, S ARgat] Zof AW STSE F
2gko 24 DSSCE $Hdskth

M, A A=e] W A3 4-point-probe(6220 Keithley)
£ o]&3te] 1mAS] AR/ sl 4] g B A=l
BEste] SAsISITE A A5 AEe] 39 ™ 9 A=
ZA W& FAF J A} A vl (field-emission scanning electron
microscopy, FE-SEM, Hitachi, S-4700)2- AM&-3to] #Hals19]
th DSSCOl 54 w1 A At (Voo), AF L= (Use), A
IZHEF), #H W & FH(n)S 2x2 Class A ASTM
E927-05 solar simulator(Newport Co., 150 W Xenon lamp)
S o] g3l mpa= §lo] 1 sun A Si BE AL 7]ES
2 o] S5k

AL o ==

2 AglA] A A= Az flste] F8lE Flolx
Eo] 242 Table 19 B3l vie} . Aabde] 348 ¢
ste] #Ho]2E U] MWCNTS] S 10 wi%ZHA] AL57A|
A Hokth” HSPME 2|W &tz 3o = =4 /st
of, Hlo]AE U] MWCNTE] #4He 918t s}eh2] i 7|12
A2 ARSIATE ! AZRE #Ho]AE Woll= vRRIT|EA] EC
o} HSPM 52| f718l3tEo] EAlslEZ, o]e] 74l A
AL fet @ A 24e = Ao Basith. HSPMe] 4
+, A & F3ll= 300 °C 2ol A dojupAgt 38 & #3l
£ 400~500 °CollA] dojub | ECE= 300 °Coll4], MWCNTE
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Table 2. Sheet Resistance of MWCNT Based CEs and the Photocurrent-voltage Characteristics of the DSSCs

748 1k A8 A Ae] Azl Qlop Bk Aole] &3 473

Designation” Thermal0 treatment  CE thickness .CE sheet Ve J , IT)F 077
(°C) (um) resistance (CV/sq) V) (mA/cm®) (%) (%)

Dec1o3s0 350° 1.87 7.87 0.759 12.4 54.8 5.2
Decioms-3s0 350° 2.78 7.29 0.757 12.4 58.9 5.5
De1o400 350-400° 2.30 7.93 0.754 12.3 56.7 53
Deioms00 350-400° 2.94 7.48 0.754 12.1 62.7 5.7
Dec1o420 350-4207 1.59 8.46 0.759 12.5 55.5 53
Deioms0 350-420¢ 2.78 8.49 0.756 12.4 73.7 6.9
Dy, - n.d.’ 8.88 0.759 13.4 73.4 7.5

“To denote the designations of samples, please refer to Table 1.°The CEs from the pastes were thermally treated at 350 °C for 20 min. “The CEs
from the pastes were thermally treated at 350 °C for 10 min followed by 400 °C for 20 min. “The CEs from the pastes were thermally treated at

350°C for 10 min followed by 420 °C for 20 min. “Not determined.
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Figure 2. [-V characteristic curves of the DSSCs employing various
CEs.

oF 500 °C o)dollx & wali7F AlFETES 2 Aela= 9
O|2EE 3002 500 °C AtolollA & 22| E gho =M, H o]
2E Ylo] §71E4S a8 02 AATH A9 MWCNT
o] dell gt &S FHAasketarat sisit.

AF02 & F A Ao =& 739 7] A=AZE
Zh= 3] A= A7) Qlstd e, A7) Axxet H7)88H
24 F83 IS Shs MWCNTE] ol 23t &3-S
A3 {78 9HE] A AV B
g, IFA do|xEe] Ao Hh Ade d A2 =
7o) Axo] HQ3At. o], & Atox= 350 °CE 7]+
O F 4007 420 °C & M 27E Frlshe 29 € A=
WS A=k AojRE A W2 A A& 4-point
probe® 2745} Table 20 VFERAATE. MWCNT 7|9+ %
O W52 7.29~849 QUsq W99 W A3 3he YeEpHLS
2M, Pt 5 Ath AF2] 8.88Q/sq Bl AthHo® Yok
t}h ol ol 4 Az ZANA 7] SFEES] AA7} o

L A A0 F o|FoH S-S onlgit). 1 S
o) AFE o]gsle] A3 DSSC A W3k 545 2k
KW (Table 2, Figure 2), &5 Pt 3 Al d=50=2 44
DSSCe] 71 3k(7.5%)pl Hlet] w2 p 3he Hof FATHS5.2~
6.9%). °l= T2 2 FF gel 71018te 5oz, & A
Fol= mFFe] {71 shgHEe] 1Este] DSSCY| @x17]s)st
A wkgol Aoz Agstar Q7] wiEgl A= AetEct.
ol B} 2 € A 2718 483 73-9(350-420, Table
2l o AR F71E] AATL o] FAXA, dH o=
O =2 FF 35} 7 32 Hole AFM= & 5 Aith
ZE 420°C o)A & H2ld 79, MWCNTe| Qojl
o3t Afo] WAt FAlo] T 4= glglor, ol u}
2}, 350 °CollA 103, o]ojA] 420 °CollA] 20%-7F 29HA|2 &
AEshe AL iE 207 AAS AT

B AFoA HSPME, Il W37 59| nn 28-S 5
o MWCNT®} 7etaA = Pg st vl 23S st
= 33} Aol ? p-hydroxystyrene”1 2 A E AEALESS
ote] Ho]=ES] &uje} xIsdo] JEF AAEAY. &
3], & AFoxe 2T 59 HolAE YA B} &
gk MWCNT®] #4Hs l5ted, dubAQl o H Z23U]E 7]t
o] Hlo|2Eo| oF 40 wt%2] ofehe-S A7t} orHIEY
Ul g-2] gl 8= QAF - 19.0 MPa'?0] 1, of|e-2-<] 3h
Al gale SR} ZHe 26,6 MPa?O. 2| o] S oF 50:402] H|&
2 ZAstoZH, of 224 MPa'*& Zt= Fo|2E &8 A
zZ8 = AL Poly(p-hydroxystyrene)2] 3Hill &= <1
2} ko] 24.6 MPa'Ql o2 HdstAd], M= - 233
gl B QIAF 3hS 7RIS EMN, FAdo] e £ &
o] 719ke] Hlo|2ES A|ZE 4 S Aoz FAEITh A
AZ Table 1914 RSl vRe} Z+0](C10, C10/HS5 in Table 1),
MWCNTS] $HFS 10 wt%ZHA] ZEAANARE 754 0] $-
et Fo]2EE AxT & ANoH, oF B3] MWCNT
o] Babgo] 93 e B3t Ho|2EE AT = U2
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-
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& 7 AATE ok wE APEEE RO N, e
ST 2] HsE Haslsle Zlo] ekt

ol g Hal Aloje] gt AxH A HAFEL] REZ
A S FEAE SR 4 AT Figure 300 747k &
A2 A AzE o) A=) U FHe] REEX
£ FE-SEM2 T3] st 495 A2lstth. MWCNT
kS ARESle] AZ3E C10 AIE(C10-350, C10-400, C10-420
in Figure 3) At A=¢] 7-9ell=, & A2l 2700 #Aglo]
Azl U FL ZREHA] &2 ZHS RIT F U=
" (Figure 3(a)), HSPMS: 53l #4F 0¥ MWCNTE A}
-5l A|Z3F C10/HS AE (C10/H5-350, C10/H5-400, C10/
H5-420 in Figure 3)¢] At =52 W3 £H 25 vl
LA A8 7HEASS ERIE  AUATK(Figure 3(b)).
ol AA3k gull A = HSMPO| ¢]&le] Z&el MWCNT
o] Ake] Ao =M G IFH FHo|RES] Tl
P, o] Tl Bl 73 237 2y FHo| 7}
581925 oJulgit}. w3k C10 Al¥3} Cl10/H5 Al 242t
) A=) FAE 9lsle] RR(Table 2), C10/HS AlE <)
FAZY 2.78~2.94 pmzA, C10 ALL] F721 1.59~ 2.30 um
Hoh o FAL A& ¢ F Aok o= HSPME] =90l ¢
sle] 2 EAbE MWONTS] 2371 & A2 Fol= HEH
Azz ke

MWCNTZ} Zlo]2E ol 10 wt%® FEH¥E C10 AY

C10-350

C10/H5-400

E5 ol&3td Az Ao d5S 483 DSSCe] 75l
%, HSPMO 2 <1k s}8h% 4k 535 #2d 5 AUtk
(Table 2, Figure 2). HSPM©] H7Fe Deous 9 29,
HSPMe] H7Fe]A] 942 Dy 3 ¥InE o, & A7 =4
off IAIgIO] 10~30% ©1’d 7WAE FF 3tS 2o F. o]
23t FFe| 712 &l n 3= 7 & A 22004, Doy &
o] Hlate] 6~30% ©17d =AUt 53], Doy A2 735,
n %ol & A7l 271 ¥isle] mep F xjo|E Holx| eFUA
T, Deions AIG ] Aole 4 A2 279 Wl ujel 2
Z0 2 FF #o] = &2 £ AAth 53], Deigmsan
o] 7% FF. %ol 73.7%=Z Dp2] FF. 3tel 73.4%¢°] Z &3k
Tl 7hS Wo] 9tk 2, HSPMOI 2]3le] MWCNTS] &
23 Hlo]2E L] Thgdo] dA8] AAAEHAM R, HA sk
A A2 FHel 2Jsled MWCNTS] 97 &4bo] H4ske v
F7181E S0 adHo 7 AARE o] Aozl Aoz
A=k AAH o g, d A7l 2710] HASE Deigmsan
o] A% 6.9%2] 5 FS BHYOZH, HSPMo| H71HR] o
Deioan®] 1 71 5.3%00 Hste] F7 M3k 50 30% ©]
S AE R AT

ol2igk MWCNTe] 4k Alo] 235 R flst], &
U S Flo] BEjFog BAo] ddE MWONTE
olgsle] Ho|2ES FAEl, 1 a¥E H|lw ASsl] B
itk B9 7158 98kd C10 AIY(MWCNT 5% 10 wt%)

C10/H5-350 10 um

panas

e e e T

10 pm

10pnﬁ 7

C10/H5-420

(b)

Figure 3. FE-SEM images of CEs prepared from non-modified MWCNT (a); MWCNT modified with HSPM (b): Each of left images, side

view; right images, top view.
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Table 3. Effect of Ball-milling Procedure on the Performance
of MWCNT Based CEs in the DSSCs*
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Table 4. Effect of Pt and HSPM on the Performance of CEs
and the Photocurrent-voltage Characteristics of the DSSCs’

CE sheet

CE sheet

Designation  resistance o Jse 2 . Y Designation resistance o Jie 2 FE 7
Oy V) mAem) (8 (%) Oy V) (mAlm) (%) (%)
D,y 8.12 0.560 14.7 41.4 3.4 Dy 8.12 0.560 14.7 41.4 34
Deymn 6.90 0.785 11.5 66.1 6.0 Deup 8.30 0.772 13.6 73.2 7.7
Dy’ 7.17 0.773 13.1 62.6 6.4 Deypiim 7.35 0.783 13.6 73.4 7.8
Deyrpan’ 7.17 0.780 13.2 68.3 7.0 Dy, 8.88 0.759 13.4 73.4 7.5
Dp, 8.88 0.759 13.4 73.4 7.5 “The CEs from the pastes were thermally treated at 350 °C for 10 min

“The CEs from the pastes were thermally treated at 350 °C for 10 min
followed by 420 °C for 20 min. “Ball-milled samples.

Al C4 AIE (MWCNT S5 4 wt%)2] Ho|RES A %31
=, ol EY #4d T MWCNTY] 555 YUEo2H
MWCNT®] At 5 vpghz]slA] gk §0kg-8 FHAslstar
=4 24t EJJ@ Ho} BrshA d#e s

= 7] wfZolth. A de] vwE 9t S9-S5t
2] ere C49 HSPM X9 71&A71 H7Fg C4/H2, 18]l
29 343} BEo] HSPM ¥4 /NEAI= 7K C4/H2-BM
Ho|AE 52 AZ3IoH, o]52] DSSCY #H EAHES
Table 30l 2J3I3Ac}. C4/H2, C4-BM, Z2]3L C4/H2-BM 4
o) Ao © A 22t 6.90, 7.17, 7.17 Q/sq2 E4F Ao
7F HA] 282 C4 AT A= | A3 8.12 Q/sqell HlEH
AR 8] e AL AL I 174 > =84 B 3t
A B 2 Bl Al A=A 7R o] -3
Eo] Ax7t 7Fssl u o] & &3t
MWCNTZ} Bt} 443t 289 A d59] A=x7t 7Fs
X7 oz e o]zt *oﬂi ASES 484
71 DSSCY] FH W3 §8-8 Ay Al Aloje] a3t
O EHeA Yebsth =, Deyin, Dessn 3 Dearnan® 77
e 7t} 6.0, 6.4, 1.0%%2 De,) 374 H3E 989 3.4% B
T 4535 5o S HYS & A o5 3o

Zl MWCNT #| o] 2E

sled MWCNTZF Hoh #ds ZHE o) 152
oS24, DSSCO] 715184 Aol 7hAasl7] WEo = ¥
5tk MWONTZ 38H8 o2 BAbE Dyl 739 <
6.0%2] Fd W3t §8S HYo =N MWCNTZ}F 2|40
2 22 Deypn 6.4%00 thgahsk 71S Bgjon

S B0 S w0 BY B4S BY 209 Bo| ©
F A8 Desnsn® 7B, 17 #0] 7.0%=2 FoisHEOEA,
B2k 20 40}&1 Be} S ) A AR A=

¥
O
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