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Abstract — In this study, we present an excellent approach for easily and uniformly immobilizing Pt, Au and bimetallic PtAu
nanoparticles (NPs) on a multi-walled carbon nanotube (MWNT)-coated layer through dry plasma reduction. The NPs are sta-
bly and uniformly immobilized on the surface of MWNTs and the nanohybrid materials are applied to counter electrode
(CE) of dye-sensitized solar cells (DSCs). The electrochemical properties of CEs are examined through cyclic voltammogram,
electrochemical impedance spectroscopy, and Tafel measurements. As a result, both electrochemical catalytic activity and
electrical conductivity are highest for PPAuU/MWNT electrode. The DSC employing PtAu/MWNT CE exhibits power
conversion efficiency of 7.9%. The efficiency is better than those of devices with MWNT (2.6%), AUNP/MWNT (2.7%)
and PtINP/MWNT (7.5%) CEs.
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7FsdE 7HEA L Qlo] A Bl FAA 2 F 58 vk QlTH1,2]
A7 B FA] = A5 = (working electrode), “3 T3 =} (counter
electrode), ¥ &.(dye), X3l 2 (electrolyte) 2 T3 =] 7} F+AFE
FHoE A58y HFdR Y &3-S st vkt A7t
3] Ay 31 QITH3-6]. 531, 2> 7] A== 2} iodide/triiodide
2beh-3hd S St i Te] =2 Svl Y EE 18 s A8
3 gloFA) 9] A|ze) 9loir] F st ool dA) =] %
o %ﬁit @JTZL(P'[)O] 7h¢ ol AREE 31 gl ], WiE-S Ful 4]
kAL, 2 AVIHEEE 7RItk o] SiIRE 7 o]

HIMAL, A2 @ @ & Agl|olle)] 15 & 74, A5 Higo] Akl o]
Ful7)5-2] Ul o] dojrivks ©o] Qe 7,8]. o] &gk ¥ o]



VEE DB HordAA S o)e vha

Rt hro)

S Bk FA Qe T AAIE diAlsE A5 Ee)
%l ] ZF U5 H (carbon nanotubes, CNT)&=
F 7128 53[12] W =2 WS 7, skekA o 2 qHy
of 7] wWiel Fulags S/ AlZIed & 237} )tk [13].
ke gt He] 7HA Ao HolA 1, 2 & Hald
2] QA1 Wk 0. 2 ARFRE B FAE AT 02 ARE-

le:

#* Dao 5~ FTO, PET/ITO, 189, tha® BHAL - H (multi-
walled carbon nanotubes, MWNTs) 5-2] S of W L} -] 25
A7) St AAH o)1 e A A2 EEkel AT HS
By Pri16]. A EEk=r S o Z e Wa YaejiRE
A8t AR HFA ] a2 71E2 T ~E Y Wl
O & g0l A A=E AR 54 A o] a8
FAFSE gk UERTH 16-18]. 7HE el A Eekzmt Sl
HE o] 8310 FTO 2l 9k 123 Edoll W (Pty/=(Au) 1%
YR FAEkL, ol & AR EjoFR ol A ste] ek 17
Zull GA 2o} AEAS ERITH19,20].

B AFolM = A EE=e S S o] g5lo] the whAn)
EREMWNT) X9 2o 92(Pt), 2(Au), W= (P2 (Au) U
GAHE st ol & AR HlokdA L A=l 485
27134814 5738 v a4 selct. =9] 7% iodide A3 wielA]
A7 ellFo] =7] el 5383 AR dsaize 3
kA B2 Ao = e Qlek. 1euh, Ba/a e ARE MWNT
E9 flol gt e R A ste] ARE A, Waya e
F3 MWNTE] theslo| BE = 2a7F @ @ =3k a2 thell
A F A S Kol Ao thet A e Ky vpr) ik
A, 2 Aol A= oef] gk AAIZQ] AF-E skt

2. Alg{diH

2-1. M=

A HFAAIE Alzst] A3l Tio, #| o] A~ Eseries T/SP,
series DSL 18NR-A0)$} ruthenium based-dye N719) 55 92~ 9]
Solaronix SAFER-E 15113, T B FEMWNT)=
shshbie B S|AFEHE] T itol ARE-8FSITE. TCO (transparent
conducting electrode) 2] 2 FTO 2] (Pilkington, ~8 QL) A}
GoIaL, WL 259 2ARE 0]8-810] OPAHlE(Fluka) 0.2 A7 7
5, oF= 7)5 stellr] Azsdth. P Al 84S 10 mM HoPHCly,
xH,0 (37.5% Pt basic, Sigma-Aldrich)Z, Au 74 €912 10 mM
HAuCl,.3H,0 (>37.5% Au basic, Sigma-Aldrich)E Z}2} iso-propyl
alcohol(TPA)(99.5%, Sigma-Aldrich)-§-lof] o] A z=3ko] AHE-3F31th.
N719 9 &5+ F3]H] 1:12] acetonitrile (Sigma-Aldrich) ¥} tertbutyl
alcohol (Aldrich)®] &3} &-9of] Yol 0.3 mME A3 3 AFg-3}
Stk Al g2 F-3]H] 85:15%1 acetonitrile¥} valeronitrile =%
ool 0.60M l-methyl-3-butylimidazolium iodide (Sigma-Aldrich),
0.03 M 1, (Sigma-Aldrich), 0.10 M guanidinium thiocyanate (Sigma-
Aldrich), and 0.50 M 4-tert-butylpyridine (Aldrich)®] H]&2 #| %5}
o] g3kt

2-2. MWNT AC{H= XM=

MWNTE] ZHENA-E 28] 470 °CollA] 308 B¢t DA = 613

il
[0

e FE 7N vk slo] B A= 263

tH21]. 1§, BES AlASH] 9380 hydrochloric acid (37%, Jin
chemical)® 143} F<EAF A2 & 8laL, HolSl= Zofig #7181
Sl 53]9] A= Fall AT MWNT 222 ASth22]. AAIE
MWNT &2 three-roll millerE ©]-83}9] 1 wt% ethyl cellulose
(Sigma-Aldrich) 843} E3-aF3ie. Hald FYE f1ste] FTO
g 713k 9ol =S o] &3] 279 S B, EES HElE
go]= WS o] 83ko] FTO 2] 713 el =328}aL 300 °CollA
300 F<F 73 SHITH23).

2-3. HZ/Z-MWNT A= H=

Hlw A3E 95k 10 mM Pt DA £, 10 mM Au A4
S} pe A ST AuATA] A4S FIH] LIE 42 10 mM
PYAu AA] & F=n)&ie), F1)3 A4 918 MWNT A
A Z9)e] 3 ul Do EH F 70 °ColA 1587 AXA T 1 5
&= 719t atellAl 150 Wl 2=, 5 Ipm®] 7F~f-7, 5 mm/s®] 7|
FolEHre] 270 o2 Zef=nlE o] g5l 15 w1t F2)
Znt A2 & 33ITH16,17].

2-3. GEZSY EHYMX| MIZ

2212 A2E 98 AEE FTO 7215 40 mM TiCl, & o]l
70 °Coll A 3087+ 2] 2] 8ked blocking layersS T8 3F & Jol &S
SR} g2 ARk M2 o A A71E 7AE Tio,
O] AEZ 0.7 x 0.7 cm WA of] TFF- 0% E323}kaL 500 °CellA] 30
2 AHEE SISt dAE - 22 W O F blocking layers I
3131 500 °CollA] 3021 A 2E sl A7t B 152503
mM §52] N7199 5 g0 2447k HAX)8}o] Aur) S =
SIStk 25T a A A =e M= BoFo 7 2713511, 60 um
7€) 4= (Surlyn, DuPont)el] 2]l 3-8 AlZTE A= 2ke] ke
150 °C2] 2ol AR A o] Hopr A w o)At Hehe
Ale] Atd=e] g 0 7 WS FIAZ ], Al BEA AW
ZEAE o83l 7S BolgiT).

2-4. =N i

Zyzyo] A= ABE-2 1At AP AR P (high resolution
scanning electron microscope, Jeol JSM 7000F) 2.2 7 e S ERls}k
$131, AlK Alpha 225 AHE-810] FA 3371 (X-ray photoelectron
spectroscopy, MultiLab 2000, Thermo)E 57d5to] Z+ A &9 Agh
“FElE ERIsHiTt 01 E &) F AF-AS 543 (photocurrent-
voltage characteristics)S 2.7] |3l tju] A5 A <5}, IviumStat
(IVIUM Technologies, NL)JH] & o] &3} H7]3}8h4] du|el A
337 (electrochemical impedance spectroscopy)s =7J 3+ T} EIS
=792 100 kHzeA 100 mHzS] 25 el Fak5 WstA 7]+
573k 1, A2 4% EISAT+= Z-view software (v3.2c, Scribner
Associates, Inc.) ol 223 5713 2ol v¥3lo] AUtt. Tafel =
4L -0.6~0.6 V] K2l UlellA 5 mvs'e] £Ew S50
IviumStat FH| 2 AFLEE 48t =31 99 (Cyclic
voltammetry) 574 0% Ful&5TF SRIH] 3l Al 7H4] 794
2% A= (Pt mesh), 715 S (He/H™), 25158 083810
-300~600 mV H2]llA] 50 mVs'e] HEE ZAsIeh AREE A
3142 10 mmol L™ Lil, 1 mmol L I, 1 mmol L LiCIO,& /3 =|
o Qit}. A=A Bl W74 B3 AMPY,,), E=F
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(Sun 3000 solar simulator, ABET technology) = ©] &80 =4 8}3it}.
o] 3312 100W Xenon lampS AFE-3151 21 AM 1.5 (100 mWem™?)
FoR AN a S TSI

3. du} ¥ nF

3-1. MWNT STHES 200 Pt, Au, PtAu LI-QIR} 3R 2 SY
=M

Fig. 1> Z+2} FTO 2] 9]¢l (a) MWNT, (b) PENP/MWNT, (c)
AuNP/MWNT 28] 1L (d) PtAu alloy/ MWNTS T8 §F Al =9
SEM ARzlo|t}, A8l W= (b), (c) 283 (d) EFollA
MWNT $Joll W27k e o 2 g8 22138leitt. Fig. 15
3l (Pt} (b)PYALE o] AR wl, A H QIAbEo] ot v
TU3HA A1 0] Q= W (0)AuRhE AR 3 7§ QIS Alo)
o] B3 @o] RS ISl o= 71 Y a5 AT
A Ato] 2] AT ALg oA A o] Ht T4 AEA 9 Ak
71T Abo) 9] et e A2 S5 AR 71 Edef st
Al BAFE $ Qe EojErH24,25]. wh, oFek A Ao F4
A7 71 Edele] Extd st A 7 24 dAE k] 1
S o] AlA Atk SIAEHE RS FTH25]. B3, Aue
2k 714 ol A o) 5 (mobility)”} ZLEkar HarE| o] 9Irh26-28).
w ol Au A7} FTO #+2] 9F MWNT EojlA $hglo] dojup=
B T2 o] IAYE]Y] wltel] YA o] Eardstar ik
o] Z 5K ket =3, S EE Aol Hyo] E4 5%
2o A7) 247 f e FEE skt T osk Q4% ARgSit
FTO 729} MWNT Z®ollA Pt 217} @A 5= 54t pre] 9
ol H7} g-go] HA4 Pt}29,30]. Pt EHoA L HEAR=
Po] o] Pt 3 9] R o] Fsh= 215 Apdkato] Prt 714 mHelA
ghelo] = ot B3-S Sk Rt 714 ERelx] #a = A
A = Qs s ST 31]. Wil AutkS AR

Soll=

7
A JAke] BHo] vhgsa Bt BANE S HolA
A Qe et Ak 2 BAsl] 9l XPS B4 A
At MWNT 359 912] Pte} Au AF2] =4 Pt 4f2} Au 4f
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Fig. 1. HRSEM images of (a) MWNT, (b) POINP/MWNT, (c) AuNP/
MWNT and (d) PtAu alloy/ MWNT.
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Fig. 2. XPS spectra of bimetallic PtAu nanoparticles. Evolution of
the emission intensities of the Au 4f and Pt 4f core levels with
different volume ratio of Pt to Au precursors, used during the
synthesis. The electron emissions from the Au 4f and Pt 4f
core levels at a binding energy of 70.9/74.1 and 84.0/87.7 eV
identify the Au and Pt elements, respectively.

TJefe] EAEA 21T QT 66~90 eV Afol oA YEh =
TYE F 70.9/74.1 eV} 84.0/87.7 eV 9] ¥ I+ 747) pidg}
AullA 71218} gho|th32]. XPS 4 A7}, P} AuE £38191S
o] Pt 412] 93 2] X7} up shift F&= AS gRlslg]t o)1= A=
J2ke] ple]] tijst Agtelu«] wigke] st AR SljA] wof A]m,
o]213} pto] Agtoll i =] up shift= AucllA Pt A2} 01551317
WO % EA FITH33,34]. Atk o] 218k A= Pr ke BlojglE
d, =9 e olF PrdAte] wolglE d, 0 d, 919 BEE
ERATH33]. A Peel Audl ©F WA Ake] @42 Pte] d-vacancy
5 T7M71 357 AR 0 E3HE Afo] o] et F e R8-S o]
AF o2 pt A AFQ @ TEHE Alo] 2] F& LIRS FTIA]

7)3, A=) ) dF T2 Z7AFIT)

32. PINPPMWNT, AuNPMWNT, PIAwWMWNP, MWNT ALHE=0
Mol S0 2yE

TEHMH(CV)E o] g3to] EA I A=) Sl 54
=791 1L, Fig. 30 YepNIch. I/ Akskekglel] we} 57 714
Z7h R e $AEe] £2E Q @ E3lE(jodide)o] 23 02
3ol + 209 234, +2e7 ) AF3ES-S YR 1, #shete]
T QU7 3,426 21,9 [ 2e »>31 2 2] AR5 LiERd
th35]. CV =4 A1} Aust MWNTE 1 S48 A 2] UehgA|
Sahe 28 dlsldn kAt ol AuS Egslo] ARg3 -
Pto] oFo] 7FAaghol i B8}l PtakS AFE-EE ARk A A Q)
Zul] S4o] S7ketith. ol gt o] = AA 7 7R Aol 7t
Stk A WA, AFUE 970 Ade AT A 1 dHy B
A7F ATH36]. PA-MWNT =2 v =553 vl st A7
A5 7] 72] WA]o] 7H A F7 A= o] SEM ARzl ellA]
¢}

d

18131501 Pto} Aus Ejtsto] ARGl W 7 B dAE
FAHoEH Ao w T A5 B4 HAS 7HH)7] Wiolth +
HA 2, S]ellA] 31350 Pt d-vacancy 57 F]tt. Pte] d-vacancy
S7FE 18) Po} ke @ E3lE Alo] o] e Atgo] AshE Al o=
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Fig. 3. Cyclic voltammogram of various CEs.

Ao Ful| FEeo] Tk AAE)

=k CV 24 Eall A 93K half-wave potential)”} 212} 330 mV
(PINP/MWNT), 350 mV (AuNP/MWNT), 310 mV (PtAWMWNT),
360 mV (MWNT)E PtAu alloy/ MWNT At #=o] 74 22 715
LERd-S gholsloint A9 ahs A @ E3E/Q @ EEkE U5 A
o] o] g o] wiske} Fhedo] Qlar o]i= BjekA] kel At
AV, A A 0 o] ATH37). 4.0 =8k=/2 2 =5}
B UEA 2 oUA] gle] F7hE ek axke] Aeks 2t
2, webA], A 913E kol 7HE A PAWMWNT i =&
A 4ot AT HFAA kel AP #rol 7HE 2 Aol

71 Faprell thall A5zt sz o] Folxl velH
A E A= Nyquist plotys AL Fig. 401l YERA a1 Z2}e] sletu]g
%= Table 16]] ZkAI8] YEFASITE 7412 IVIUMSTATE 74 ¥
HE dlo]g] o] a1, AL Zview TZ T O 2 fitting3 t|o|E] o[t}
ZA4% TCO7|e] WAl T2 FF& = 2 EA F(ohmic
internal resitance, Rhy> = &0l B]S=3k gh& YERISIT) vhd
Aa)d ) o d= AEe] Adstol s A (charge transfer resistance,
R, 247 2.1 Q (PINP/MWNT), 1.5 Q (PtAu alloy MWNT), 93 Q
(AUNP/MWNT), 103 Q (MWNT)C_Z PtAu alloy/MWNT AT 2 =]
7P A R, w7 Bl ERISkGIT) o] # gk A= flellA
A gk vkol o] pegl AuE E3sto] AHE-HO. 24 FTO fr2l sk
MWNT o] B2 9jxe] g o2 Qlate] Aoz & 24
FAAS LRI Pt d-vacancy?] S7FE Q1EF A=e] Sl &
LIt S7VelS7] wolt.

Table 1. EIS parameters of the symmetrical dummy cells shown in Fig. 4

HaeFE 7Rk e sto|BE| s A 265
=2 L
Rh Rims Ret w1 “»
] CPEdI
CPErap -2
;>—
@ -1 —— PtINP/MWNT
By —— PtAu alloy/ MWNT
—— AuNP/MWNT
0 T 1 1 ]
5 6 7 8 9 10

7' (Q)

Fig. 4. Nyquist plots of symmetrical dummy cells fabricated with
two identical CEs. The top image (left) shows the equiva-
lent circuit diagram used to fit EIS spectra and the Niquist
plots of symmetrical dummy cells assembled with MWNT
and AuNP/MWNT electrodes (right). Note that R;, is the ohmic
internal resistance; Ry, and CPE,, are the charge transport
resistance and constant phase element in MWNT, respectively;
R., and CPE, are charge transfer resistance and constant
phase element at the electrode/electrolyte interface, respec-
tively; W is the Warburg impedance.

2ZHe R, S =S AR U5 s Yehfed) o3 Age

59] Tafel -2 2] Az}e} 2 YA st} Fig, 5+ THE0Z Aoz =
Uk Tafel =7dolvh 2443 S 9 Ad =] AFH =l
Z}z} 26,03 mAcm™ (PINPMWNT), 3346 mAcm™ (PtAu alloy/MWNT)
5.5 mAcm™ (AUNP/MWNT), 4.5 mAcm? (MWNT)C 2 oHX 218
AFE3} v7HA) 2 PtAu alloy/ MWNT Athd=o)] 71 2 7]
s}8H2 S5 YeRASITE

3-3. MIXE MUiM=S 018%t Ao 58 £

Fig. 5% 27} PINP/MWNT, PtAu alloy/MWNT, AuNP/MWNT,
MWNT Jtd =g 483 A58 B 2249 1V 54
Axjo| a1 Z}zke] wehu|E] g8 Table 201 AHAI3] LFERASITE PtAu
alloy/ MWNT AT =& AHE-3E 749 7.9%2] 7 352 ofjuf«] et
TES HoH vV, 1, FF= 27} 14.88 mAcm?, 745 mV, 0.67°]
s ER It Sl Re] 79 IS 417 Tafel 412 B3l &
oR g} o] a2} A= AlAate] o] Hslol s Aol 2l
T2 A5 UE 3 7o EM 9t el b AFUES grel
Ath= 25 & vk =3 AL oV F4E Sl
iz 7P 22 A9 aks Bl owm 71t v, whs HERIIT

HEFE AUNP/MWNT, MWNT “Jth il =3 2831 BjofA] 2241

ri

o

o g

R R, R, J K W CPE,, CPE,,
Counter electrode ( Qh) ( 6) ( QS (mOA) (mOA) = T b oD P P T (uF) P
PINP/MWNT 5.4 - 2.36 122.26 12.75 1.17 0.36 0.5 - - 9.82 0.94
PtAu alloy/ MWNT 53 - 1.9 171.16 16.40 0.96 0.29 0.5 - - 103.1 0.95
AuUMWNT 5.6 0.97 93.11 2.74 2.70 5.16 2.16 0.5 10.6 0.91 745 0.95
MWNT 5.6 0.95 103.2 2.50 221 4.18 2.21 0.5 20.6 0.82 742 0.95

“The date were calculated from Tafel curves
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Fig. 5. Tafel curves of various dummy cells that are similar to the ones
used for the EIS measurements.

Table 2. Photovoltaic parameters of DSCs with different counter electrodes
and simulated data from EIS spectra

Counter Electrode J.(mAcm?) V. (mV) FF n (%)
PINP/MWNT 14.88 745 0.67 7.5
PtAu alloy/ MWNT 16.33 760 0.64 7.9
AuNP/MWNT 9.97 735 0.36 2.7
MWNT 9.22 750 0.36 2.6
l(y——. et e A e P e
'TE
<
é 12 4
g g e,
g ....-.‘.."u..qa
= e PtNP/MWNT
S 4 — -PtAu alloy/ MWNT
2 « « AuNP/MWNT
R PP MWNT
0 T T

1
0.2 0.4 0.6 0.8

Voltage (V)

Fig. 6. Photocurrent voltage characteristics of DSCs fabricated with
different CEs.

LV 57 2318 vlmslghe o e, et FF 25 w5
&e A= RS mo} AuAARE &
ool ES SRR S IS,

4.4

2 ATt E dR B o] A2 719k 7oA
AZetzrl g2 A2 E PNPMWNT, PtAu-MWNT,
AuUNP/MWNT, MWNT Athd 58 2 gafar 7+ d59) 4715812
Z7slo] 1 A5 nlmslairh. Ak gd=e] SEM AL
MWNT 33 9]0) Pte} Au QJAFE0] ATA oz A

319low Pro} AuS E&slo] ARRSE A9 RS -9l A}
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S 20149 % SR AT A A AT AR AR (@A
¥ 5 : NRF-2014R1A2A2A01006994), 3+ CCS QTAIE] =] LA
AEABHNZ: 2014M1A8A1049345), NRF-RFBR 3517141
(AT NS NRF-2013K2A1A7076282), 1] 2 &A1 7)</ ekaty]
(FAIAIH S 2E23964-13-045), 31| ]2 ATAHFH ARG (@A
FEHS: 2015H1D3A1061830)2] Aol 2Jgt 210 = oo 7=

EUY
Notation

FF : Fill Factor
Je. : Short-circuit current density

e : open-circuit voltage
n : power conversion efficiency
Iy : exchange current density
Z : impedance
z' : real part of impedance
z" : imaginary part of impedance
R, : ohmic internal resistance
R, :charge transfer resistance of MWNT/MWNT interface
CPE,,, : constant phase element of MWNT/MWNT interface
R, : charge transfer resistance of electrode/electrolyte interface
CPE; : constant phase element of electrode/electrolyte interface
W : Warburg impedance
Q : Ohm
L] : square
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