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Abstract — A bath for electrodeposition of platinum nanoparitcles on low-cost graphite substrates was developed to
attach nanoparticles directly onto a substrate, and electrochemical characteristics of the electrodeposition of platinum
nanoparticles were investigated. The reaction mechanism was examined by the analysis of polarization behavior. Cyclic
voltammetry measurements revealed that the elecrodeposition of platinum nanoparticles was limited by mass transfer.
The chronoamperometric study showed an instantaneous nucleation mechanism during the electrodeposition of plati-
num nanoparticles on graphite. Because graphite is much cheaper than other carbon-based substrates, the electrodepo-

sition of platinum nanoparticles on the graphite is expected to have useful applications.
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o]213t 7] (granule) FEfO] =Rt st =
AR o] g 2|44 o7 wESiSITH1]. L] %o] dekte) wlet
Ak vhekst HotellA] 3853 e, W (PY), T (Au), &
(Ag), ZEHE(Pd), FHF(Ru) 52 B4 Y2k A5 (fuel
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Fopoll X FA FEan Qlrk2-10].
e xRk ol v i xte] EAE STiEka 7)) flste] B
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HlFo] o] Zoi3lE &l FAAE 7t wigol2o] $ely
WA Al AR or e o)t

W L=RIR 7T 8 S-Eato Rl ARXR], e AEA A7, gtk
At ARSEEE o) YA 54 713t ol F-2) (attachment)=]
ofo gt} 71&e] E- A3t 318k S wlw A JhdshAl W
HeSdAke] Azt 7hsstths o] QAR o] W e R 7]
I Qlefl A4 WefiRE FAAA 7L ik ol E S0, ARAA
& A=9] Ag Fxol=y 3k Y] ieliAbE vk ARSE
F7F §laL o] & Bl gAste] ARgSit. weba] Mg vegdzh
A5E Az flste] Z-ARjou 318H4] S diE o] 88 3%
B e SIRE 713 floll FARs7] flate] 37141 37go] Ha
& 8k ofg) 71ehat W Aole]] FAAIZE AMREE T F0]
B3R 3L o]ol] W& H]E-E Frtsto] vl a&o|t}.

W e SIARE 719 flof] A A= a2l B
7T & (electrodeposition)O|tF. & fsk= 7]ahof] 254
FE 7Fto] 55 o]5 ghelehe W oR vig- Thshe Aaks
o] g3l 7% fJelA MF vheqixke] A4 A7t 7Fssiet. st
A9 Az AN Y] A Aol wlg- k2] wiitel] v
ARFE] A7} ool st 75 =& o7t st

A7 Fdell Bag Wig vheg)rke] dake 2 317k 7]
g o] g3l Y=}t Lu®l Zangarii= highly oriented pyrolytic
graphite(HOPG)E 7]2Ho & ARg-3to] Wi e QIRE 39S
3 (cyclic voltammetry method) .2 7 ZA]Z TH2,3]. Duarte 52
glassy carbon(GC), carbon fiber, carbon fiber clothE 2= 0 2
ARE31o] HAE3 © 1 [4], Guo) Lit= single wall nanotube(SWNT)
1l &9 (potentiodynamic method)S- ©]-8-510] A&} 15].
= HOPG GC, SWNT 7355 085101 Wi LheqlAke] x#to]
A AL, o] sh 7192 AgiA 0w 2ho)7)dl wie- ke
o] ol

E Aqto| M= B4 7|38 FollA 7 #1711 normal graphites
ARgEto] B L= QIRRE M akekar HaRkS-e] A7slekAl EAS
AT R g WAt AR Al B AE, =895, ARt
OHFSEE Fslo] Ha vheA; A2 vk Wizhss 2388
A4d Mi7PE-E g5kt B3 SEM(scanning electron microscope)
BAS Eato] AakE W Yaeqixke] FAE s

o

=
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2, 1o

2.4 ¥

7371 91" (potentiostatic method)>.2 W L% graphite
713t ol &SI, o] W AR graphite= rod FES] graphite
1%L, i WA 02827 em?® ©| vk W] AAZAT 10mMe]
H,P(Cl(chloroplatinic acid)®] AF&-51%1.07, 10 mM] HOC(COONa)
(CH,COONa),2H,0 (tri-sodium citrate, TSC)7} o] A&
(complexing agent)=. AMH-% AT}, Citrate A3l 22 =/do] $laL
Lol Ujel|A] 2k 2H8-2 3h, st dalo] @ of o] AREE 1L
UTHA]. o] Aok 22F Sl 591 8- o], 24 Aol
99.999%°] HAE st el violl F=date] e i) Aas
AAE F A3E Zsielr).

W WesiRke] A& A7) 5kekAe- A7 31217 (potentiostat,
VSP-Princeton Applied Research)oll Ad¥ % A= AS o] &
ho] = E| ST} 7]57 = (reference electrode) ©. E 1= saturated Ag/

AgCl A=, = (counter electrode)®.F+= WF 0T FEE E
EFE(Ti) "(mesh)2 ©]-2-3FAt}. 24130 =(working electrode) 4]
F°] 6 mm®] 99.995%°] graphite rodS AM-5FIT}. Graphite rode=
Hleke] TAI(disk)iE - HEE rod?] A oubde s A
2 Wkgo] dolupx] == a3t A Aol 4000 2] SiC ¥l
01312} 1um Alumina suspensions ©]-g310] AT WS GAIF o2
wlsto] 714 ekt graphite WO B S5 81T 19t olli= graphite
rodol] ZHFsh= 771 LG5S AASH] S8 8AIZE B9t rodE
ofghgol gt ¥ 22k SR AIH ST A A S graphite rode=
70 °C9] @3l 2441 7F AZAI AT Wi L= gJ =] 3T A field
emission-scanning electron microscope(FE-SEM, Hitachi, S-4800)X=
.

3. Za} 9! &t

W heSiabE Aaksb] flEikE Al das SAHglE
dotof s}, A ¢ 39154 (cyclic voltammetry)S A[3Y
slo] Akslghel e 984S B3l A7dsloltt Fig 12 10 mM9)]
H,PtCl# 10 mM2] TSCE ©]Fo]%l 4=§- | graphite 7% A}
f3lo] A NSHS A1FE T otk A= 5 mV/ise] FAF
5 (scan rate). 0.1 VOllA] AJ&e1o] S(cathodic)®] W3O -04 V
7] QA7FsE - THA] 0.1 VE Eok =5 4318t [9l7E-0.1 V,
-0.16 V, -0.24 VollA Kol 1]H:= HhS-Eo] o]Fdhs £59 &
Hol| A Hhg-Fo] ARE = del= 9] Afolo| 23t shAldRF
WU (limiting current density) | Fo]t}h, HFS-E-& F2 Shito] 9
sto] M=ol mesh=t] atel] osto] Nkg-Eo] M= £
= STt Hhgo) Qlsto] ARE= ST g H=aHelA
W88 & &= QI o|-E0] Ak} o]xF Fato] AR S7HE
AlgkstA =W sl E 9371 AT

Feltham¥} Spiroi= H,PtCl 0 ZHE Wi2] Az w7luES
S} 7He Wkg-Al 0 7 FFBIITH16].

PtCl> + 2¢” — PtCl,> + 2CI° (1)
PtCl> + 4e” — Pt + 6CI° )
PtCl,> + 2¢” — Pt + 4CI (3)
00 T T T T T
e o5l H,—~2H" + 2¢"
[$]
g
E o}
2 ]
& sl / \ / PtCI,* + 2¢"— PtC1,” + 2CI|
[F]
T 2 . -
- PtCI6 + 4e— Pt + 6CI
c 20! . ) .
2 PtCI4 +2e — Pt +4Cl
5
QO 25} + g

-0.4 -0.3 -0.2 . -0.1 . 0.0 . 0.1
E, (V [vs. Ag/AgCl])

Fig. 1. Cyclic voltammograms of an aqueous electrolyte containing
10 mM of H,PtCl; and 10 mM of TSC on a graphite disk
electrode.
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Fig. 19141 Feltham¥} Spiro”} AQFst W] A ©hA] Shlalg-s
L BRI = glrk. 5] WRko R 0.1 VellA] Kol I PylIV)
oA PyIDES] SHlol oJgh s =o]w], o= wi vhQiate] nld
£] Z4=H(underpotential depositionyS LFEFATH16]. -0.16 V&} -0.24 V
oA Kol Z2lE (plateau)y= PIV)elA Py0)=2] SHglo] FAof
S 31T} -0.24 Vol AR E 932 A7 avkes 22
3 o2l ghelnkgo] ok F kg HTE 94 dojts:
oujsit}, T3 -0.33 V H-29] 9T F40)R0] FakxkE $9
L g onjdith & o] 2] Aol dae] T 40
A4 % (hydrogen recombination)©.2 ¥3}7} ¥ 31, o]u] gAJw Wi
iR QoA A A4S B Gis] dofut -0.4 Vellkl= 7
St 977} A=A F] WO & 10,32 Vol Holi= d] T W
Ao ke ] ok AR 540 ARSLE LFEh AR wie) g}
o] dofuar Q= B3t A | whitel] A A= S(minus)®]
e I 0.13 VO o5k Zakes e S&E 40 Alsle)
@2 spgow A & 2] 9 5 71EE E8l 10 mMo]
H,PtCl7 10 mM] TSC7F 331 -8 Hellx] i el o sk
FE3 A= -0.35 VE ARSItk

Fig. 2(a)= 10 mM9] H,PtCl¥ 10 mMe] TSCPF 284 7§
HollA] graphite -5 ©0]-8-3t0] ThFst FARGE oA 738k =5
91574 Aot} AENEE-2 580 Y9 o] o] AYPHFOE
FArksto] ool Sae & FAAE Wlopa] ek vl 7L vk

'
I
3

'

-

o
T

40mV/s
50mV/s

Current density (mAcm?)

-3.0 1 N 1 N 1 N 1
-0.3 -0.2 -0.1
E,: (V [vs. Ag/AgCl])

261 (p) :

24 B

[

Peak Current, i ( mAcm?)

20 4

30 35 40 45 50 55 6.0 65 7.0
Root of Scan rate (mVs™)"2
Fig. 2. (a) Cyclic voltammograms of an aqueous electrolyte contain-
ing 10 mM of H,PtCl; and 10 mM of TSC on a graphite disk
electrode at various scan rates. (b) A plot of peak current den-
sity with respect to square root of scan rate to check whether
diffusion is a rate-limiting step.
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(heterogeneous reaction)®] ¢t F5Fo|t}, v} W2 TA &
A gl F2 kg, B 5o Rt s AHNkg-2

Aah FANLS o AR W &g AYAE o] oA
Aol AR SR YA vl 2L ARUES FAES)
o] WA 2 @t 2eh17)

F3 1/2 .
i, = 0.4463(R—Tj n”?AD)Cv'"? )

o714 iz ¥ AFEE, Fe dlebo] (Faraday) 87, R 714
3, Te =5, n o] it A7|stehike-& & w) dask
ARG, A W4, DB 789 UlellA o]&2] gRAlIE, C) = o]
29 F%, vie A (scan rate)°| T o] W], 93 AFALel
AREEE Alstals B AR ARE ¢ ] vl 9= A
FAES} FAREES] Alro] A3 07 H|Hshs IS VERH
SAH M-S 5 Asitia o 4 Qi) 93 ARE Rl 5
AL AlTE Fig 2(b)ll EAIBIAAL, o5 A& Ayos
sh= dAIYe] ER1E I wabA] Wige] A& e =4
o] gyt 3 5 Qi e 0w dl/gite] Ak
o2 B o] HEEE AYshe A o® UuA UTHIT].
AV 549 (chronoamperometry > $H1A 9IS LA 1A 917}
g o AFEEr} o9 Wsksh=A] 75k Wit ol A
23917 F2t A7 A (nucleation)?} 437 (growth) W75 &
T = AAs o R A Qi A4S Y4 instantaneous
w753 progressive HI7H S5 0 2 -7 U} Instantaneous ™7}
& BE AR o] wAlol 3/do] Hoja] vrete) AR S22 1|
A =7 0], progressive M7IHES A2 3po] AEE =
B A2 AR o] P o] Bl STt A o ® wE
7350t o] T 7] A A4 M7l E-2 Scharifkerd} Hillsel]
oJato] o] EA o7 ARG o ofef o] X H EHAFTHS].

(1_1”_)2 = 1.9542(&)[1 —exp{—1.2564(i)}:|2 (5)
(i)z N 1.2254(&)[1 —exp{—2.3367(é) }T (6)

A7 1,7} t,2 217 AR/ T (current transient) L olA] 3k
A A7 HoRe} 1 wj ] AIRRS vERdILE AR i 2EEs
2hel At Wt - FE o ® vdn) ghAgto] t B &2 A
712 2G| M U A3l A7) 0] (electrical double layer)
FABR= F3tolH, g Flo] BTk - 7 ARpEe] 2
ol] F2H o]0 Mgs]o] o] 2] Fhelo] AlFtE= F1to|t)
5, ezl A A2de gAzto] ¢ Rk & el A o] 5
o7}, xte] A7) vl A H#As YRS 7% o] T2
E¥A717] )8+ instantaneous HMI7FHES 2= Slo] Et},

Fig. 32 10 mM2] H,PtCI2} 10 mMe] TSC7}F 3 o] gl
F-& Mol graphite H0ll of2] 3 HHE /IS Wl AF
& JHzolnt. TN & Qo] 7l 3 A9t =
55 AoleS Tsh=t dle Al SRl BEehe
Azt g oz o 7 37} RIS it o= WE

o] Fs] oA = A& Qnlshzt] ok SIS

2 o
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Fig. 3. Current transients of an aqueous electrolyte containing 10 mM
of H,PtCl; and 10 mM of TSC on a graphite disk electrode
at various potentials.

ol & AR} YAIFITE 035 V ol e TR # A9 ¥
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Hills 223} 87 Fig. 40l =AI8F3ATE. ©] 1832 el4] instantaneous
W7PE} progressive WI7PUES] o] =49l AL AXog 1
Aletola Addolel= HAo® EARISITE T-ellA Hizo] vk
FHAH21(-025 V, 0.3 VyollAl= ARdelA A gho] 7 o]&4 &

1.2 5 T T T
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Particle size= 80~120nm Particle size= 80~110nm

Fig. 5.
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KANC 15.0kV 16 4mm

SEM images of platinum nanoparticles electrodeposited by
300 cycles of cyclic voltammetry in an aqueous electrolyte
containing 10 mM of H,PtClg and 10 mM of TSC on a
graphite disk electrode at scan rates of (a) 50 mV/s, (b) 400
mV/s, and (c) 800 mV/s.
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Fig. 4. Comparison of the theoretical and experimental data (dot) derived from Fig. 3 for nucleation growth of Pt nanoparticles at (a) -0.25,

(b) -0.3, (c) -0.4, and (d) -0.55V.
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W Legiake] A7 23/do] instantaneous MI7HEE A WSS
X
=

*

T AU
Fig. 5% 10 mM®] H,PtCl9} 10 mM©] TSC 7} 323Hel §-91¢]
3915745 3000 HHE310] graphite 9ol A2kt W eg]
ZF2] SEM Alzlelct. o] wf Q1715 19]e] ML= 0.1~0.4 Vo 3iTt.
TARGES 50~800 mV/s= TS| QU783 M v i)
A7) AA S v ke, mEEk vhexke] 471 100 nm
AT TAlaL, BAA & vl WA F2sIQIT o= W
= Wie=dzke] A7 A4 instantaneous MFMHES WS &
ki

4. 4

ru

H,PtClgs A7A= ARgate] AAH e R wie Yiefias
graphite 7]+ 91l 3k, AR A8 EAE
Aatict. Bie thegdAk W2ke] 2= A 24 A, Feltham} Spiro
7b Akt wZo] Al T Sdugo] SIS Wl el
Q3 83 A= 035 VE AAEIL FARKES dalslo]
T NS o) v 3 AFUES FARKGE S Al
AP oz nHEtAlaL, ol W vhedzhe] AaeMs EdAYE
o] AN TAINE SJulaiieh. AIFh AR H O ¥l vhqix}
Azre] AFUE Wl e melet Av) i vegixke] 443
A3 instantaneous 7SS 2 tHE-& ERISISITE SEM S74&
Eate] W e Ai= 100 nm YE0] A71E FAA] kAl Bl A
A s o] AAE Sl IS5, o] BESE Mg vhgixte]
A% 8 A/do] instantaneous M7MES a5 AR 5%l

#? A

o] AFE st AF AT FAJATAA A FAR S
2015R1A2A2A01002305), $-5A127]%AFAE AL (ATC, A
S 10039034)7 AFFH A= EHLINC) 57341512 Aldo=
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