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Abstract : The Langmuir adsorption isotherms of the under-potentially deposited hydrogen (UPD H) and the over-
potentially deposited hydrogen (OPD H) at the single crystal Pt(100)/0.5 M H,SO; and 0.5 M LiOH aqueous electrolyte
interfaces have been studied using the phase-shift method. The phase-shift profile (-¢ vs. E) for the optimum
intermediate frequency can be used as a useful method to estimate the Langmuir adsorption isotherm (6 vs. E) at
the interfaces. The equilibrium constant (K) for the OPD H and the standard free energy (AG.;) of the OPD H at
the P(100)/0.5M H,SO, aqueous electrolyte interface are 1.5<10* and 21.8 kJ/mol, respectively. At the Pt(100)/
0.5M LiOH aqueous electrolyte interface, K transits from 1.9 (UPD H) to 6.8X10° (OPD H) depending on the
cathode potential (E) and vice versa. Similarly, AG,,, transits -1.6 kJ/mol (UPD H) to 29.5 kJ/mol (OPD H) depend-
ing on E and vice versa. The transition of K and AG,, is attributed to the two distinct adsorption sites of the UPD
H and OPD H on the Pt(100) surface. The UPD H and the OPD H at the Pt(100) interfaces are the independent
processes depending on the H adsorption sites rather than the sequential processes for the cathodic H, evolution
reactions.

Key words : Langmuir adsorption isotherm, Hydrogen adsorption sites, Phase-shift method, Single crystal Pt(100) electrode

9] ek,

LM B

AE Py BFFH(P, I, Pd)e] HEHY 55024 718}
S H, TA W8 d7EAll 7P 8ol ARET e 7]
Zof F&olt}. 484 Wellx H, WA whgoll T3t pr A=)
=T|71EHY §A4E Bo WEsial e drEAkk
A A9 2 4 Ee 18st Zopeet opzt ¥dws}
A Eopll 23 AR d7FHARA JFaEQd GAE] Me

E-mail: jhchun@daisy kwangwoon.ac.kr

14

02y e 9E% Prrgd AWM H, 23S 98
Z WhS(proton discharge or Volmer reactionye S~&94 1h]
Ho] Tb84 == 24 pr IA58H 5= A & &
& F379] (adsorption site)l] Wt F FFH old H 54
< ZH Aot uprto] Tebd, SR 4 FREL0 we)
EA e 924 P AW FRHIEAAS(K), S8
ZANAR(AG,y,), Langmuir 2524 (adsorption isotherm) 5
o] o]t AAY F4aFZ(under-potentially deposited
hydrogen: UPD H)# 3¢ 4FZ(over-potentially



Sh=2A718l8ts)R], Al 4 A, A 13, 2001 15

deposited hydrogen: OPD H)e| UePdc}¥ D wela, dad
Pt FSHTE 923 p B3-S AM83lddol B} B 4
S FAdF 5 ok

o923 £E 9A% Prrgy APolA Langmuir S5
2e] gL AFETEA Any = 54 AR, UPD H
% OPD H, K, 4G, 59 &4 =5 Akl "o} ut
ohA, Bo} BEsta 7HAEHA Langmuir $A52-41S 243
7] $1g A2 A9 2 34 whddl] B3 Qe u)e =93}
ok E3, Y Langmuir 25221 X8 Y5l &
2A AT A "ol Juv, vARe ohaA=
HwE = gl 1Y Bk ollel AT ) M &
7HJEHA olFAR] BY ARTEI) HEETHEE oelgo)
Aok EAAR SEA P AZ FH)9) oPFAQ) B ARTEE
o Y= A8 58 05M H,S0, 589 o =37
TRHAYHAFES] UPD H 5-98] EAS vla Bl & 4
gl];}_lﬁ-ZO).

FHZol| AEA AFE HH FTollA Siels Wste}
TEANAR EAE o83l TEF P, I, Pd, Niss&Y 7|
HollA ¥ Langmuir 25 Frumkin $H5248 £4 &
32, UPD H @ OPD H, K, AG, 59 &z} Al
BRFoRE o] & Qlua AIREO, thdd Pd, Nigs
€ AFNME Frumkin 25240122 oA pt, g
o AAN = Langmuir §2H5-2-4]01229 zbzt 289 4 ¢
o= W8S BodE Bk olya) 7|80 AF 2 a4 uby

o 251} DS K, AG,S AR HelFe AL B8

sitt. e, oFE P8 APolA K, AG,, 71 bl
Folle B3 19} FIRS) e FL FHy =
UPD H 3 OPD H¢} &350 A3 7125 sjdde o
Z3lA] E3E o]do] Qlth A4 FARY 2 FXky wAel A
1#31H, UPD H € OPD HY 7|&3} sjAe 71&=e] H,
A 3ol ke 27t oEl A FREQY M4
SE83 BXAo] Hojof gFolgln watdd). BE, Ay
= g8 tEA Bee 28 Ugrain)e] =719 w1
(orientationyd B 7} vl ThFsle] B]7d (amorphous)¥} THEA
B W] BE 7Fs Aol ResEe g vade @
F7F J& § Aok WA, d7le) @dF pyrgd A o
B AR ATt Aldr SeaiEofol & F9iAde] Uk

B =RdMe HE Zugol edels W S 9
ol WHE o83t A% Py(100Y0.5M H,S0, & 0.5M
LiOH &9 AHA A7) E§2E F240) 483H= Langmuir
FE524E 33 UPD H 2 OPD H, K, 4G, &
e & ARIIE ©]#’F Langmuir $2584] A3 A2
E=84 ejve] At 2 e £8AMRF nFY
X 4L o83l YA d7dvhs AE 2 EgA
71818} Rolol] Ex}AR) AT WO o]fEn R &
& FEA Bg BA A7), 4 L B Fo] ALFHoR o]
FoiX| 715 7%t

2.4 8

2.1. A8 FH|

23 P, I8 AFelA 548 Langmuir 3524
= T8k, BEA Pu100)S AP (Working Electrode)2-
2 ARE3ITE & HYsE00 9% UPD H 399 Z3hx}1+)
&3}, UPD H¢} OPD H Alel9] Hold, ~89¢] pHER 5
S T3, H,SO.(Junsei, =5 S3)9} LiOH(Alfa Aesar,
X 98%) AloFS 74zt ALl 05M H,80,9F 0.5M

LiOH 5~8-4& F118l5ith. AR-E A4~= Millipore A5
2 o dlem, A7AYEL 18 MQem ol dolgdtt. &
HE 8 Yo ol & = Je 7AE 1es
(99.999%) HATRAN)YE 1027 B7181d A A3

Az o] A= AL F 31T viXE uston, 7|2
=92 SCE(Saturated Calomel Electrode), A2 = &
So2 pt ©EAY YXIA(Pt Single Crystal Disc, Johnson
Matthey Co., %: 99.999%, 73: 10mm, 57: 1~2 mm,
100 orientation +0.5°/8 ZtZ} A183l590). AiH= & gg=o
E Pt (Pt Wire, Johnson Matthey Co., &%: 99.95%, 73
0 L5 mmyE ARESIHTE ©EA Py(100) TATsE Guu &
203 % 0.05 w7 wAEAE AZE AebE polishing cloth)
o= Z4Zy Avlgt ¥, Millipore A9t 229 AH7E AR
Bled A H A

22, AIY &4

@24 Py(100) FAFAFE B AY Ao ke 2L A
315k FH) AL AR Fo) AMEIIEU®. WA, 9AR
P(100) AT B 28l B-8-8 AA] 918k 10
Z E 160V vs. SCEE UI8lct. o] FAolx ©ady
Py(100) AAFAZ ol HAPY 22 AAS] Y8k 302
S 120V vs. SCEE 78I o2, 849 ¥9 413818
< A7) 8l 30x B<F 023 V vs. SCEE Q713513
t}. o]2i3 GAIE 73] o)} wiESIgT)

7o APAZT FHIE F F, 05M H,S0.9 0.5
M LiOH 489 WjollA] A dele] 322 UPD H ¥-92)
£ SA3] S5l oB{HLAF HS ARSI 05M
H,S0, 78 WollA A88 FAPAS, FAEE, FARGE
Z}Z} 0.224 to 1.25V vs. SCE, 400 mV/s, 503]¢|c}. wbaed),
0.5M LiOH $~&< o] B85 FAPHS, FAKEE | 13
= 22 0 to -1.0V vs. SCE, 300 mV/s, 203]o|t},

7M. SRS} Fule] WE YAtolF Wizl tolst
Langmuir $3524] Alole] A9} ATEE27 dnjgls
ATFERARY] S8l aRYeds S AR 0.5 M
H,S0, &9 oA HE8d @gdvle] FAGENS:, aER
Z AFAAEAE 47 10° o 1Hz, 5mV, 0 to -045V
vs. SCE oJt}, "hAo), 0.5M LiOH -89 oA FLm o
BEA] PAFEE, WRAE, AFAA™AE 42 104 10 1
Hz, SmV, 0 to -1.45V vs. SCE oJt}.

TRAURF 537 £42 5 EG&G PAR Model
273A ARAIZ PAR Model 270 AZE S #l7|x2 23
sl Tt Hdels 299 4L "= EG&G PAR
Model 273A ZHIAAI 9= Schlumberger SI 1255 HF 3
4 S5 B47)2 25l PAR Model 388 AT ES] o
7122 2Asl 33t

AE 7Fs3 A 2AE vl BAs) Yild =E A7
AL AN FYT A7 24, Azl 24 58 wet 53
pon, ARFHL SFAF} AQde YolES L2

2 =AY

3. 48 o nFE

3.1. M9 =2F3UPD H) 252

Fig. 12 @24 Py(100//0.5 M H,S0, & AWA =4
B Ao AFFHQ FAYAFEE B9F). UPD H
B92l= 0054V 9 -0.158 V vs. SCESA JER} 9o,
UPD Hol &% 2ol F¥avhe 1eieha] itk Fig. |



16 J. Korean Electrochem. Soc., Vol. 4, No. 1, 2001

05 F

00}

CURRENT DENSITY (i)/mAcm™®

15 F J

0.4 00 0.4 0.8 1.2
POTENTIAL (E)/V vs. SCE

Fig. 1. The cyclic voltammogram at the Pt(100)/0.5M H:SO4
aqueous electrolyte interface. Surface area: 0.126 cm’  Scan
potential: -0.224 to 1.25 V vs. SCE. Scan rate: 400 mV/s. 50th scan.
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Fig. 2. (a) The equivalent circuit for the cathodic H, evolution
reaction at the Pt(100)/0.5M H,SO, and 0.5M LiOH aqueous
electrolyte interfaces and (b) The simplified equivalent circuit for
the intermediate frequencies at the interfaces.
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Fig. 3. The comparison of two extremely distinguishable frequency
response ( | Z | vs. f) curves at the Pt(100)/0.5 M H,SO, aqueous
electrolyte interface. ac amplitude: 5 mV. dc potential: (a) -0.16 V
and (b) -0.42 V vs. SCE.

Table 1. The measured phase shift (-@) for the optimum
intermediate frequency (ca. 1 Hz) and the estimated fractional
coverage (@*) at the Pt(100)/0.5M H,SO, aqueous electrolyte
interface

E (V vs. SCE) -¢ (deg) *0
-0.16 85.6 =0
-0.18 85.5 0.001
-0.20 85.1 0.006
-0.22 79.2 0.076
-0.24 61.2 0.288
-0.26 4.1 0.491
-0.28 279 0.682
-0.30 14.8 0.837
-0.32 6.9 0.930
-0.34 33 0.973
-0.36 22 0.986
-0.38 1.4 0.995
-0.40 1.1 0.999
-0.42 1.0 ~

*Estimated using the measured phase shift (-¢).
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Fig. 4. The relation between the phase-shift profile (-¢ vs. E) and
the Langmuir adsorption isotherm (8 vs. E) at the Pt(100)/0.5 M
H,S0, aqueous electrolyte interface.
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Fig. 5. The comparison of the change rates of the A(-)/AE and the
AG/AE at the P1(100)/0.5 M H,SO, aqueous electrolyte interface.
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Fig. 6. The comparison of the experimental and fitted data for the
Langmuir adsorption isotherm (8 vs. E) at the Pt(100)/0.5 M H,SO,

aqueous electrolyte interface. Equilibrium constant (K): K=
1.5X 10 (OPD H).
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Fig. 7. The cyclic voltammogram at the Pt(100)/0.5M LiOH
aqueous electrolyte interface. Surface area: 0.126 ecm’. Scan
potential: 0 to -1.0 V vs. SCE. Scan rate: 300 mV/s. 20th scan.
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Fig. 8. The comparison of the experimental and fitted data for the
Langmuir adsorption isotherm (8 vs. E) at the Pt(100)/0.5 M LiOH
aqueous electrolyte interface. Equilibrium constant (K): (a) K=1.9
(UPD H) (b) K = 6.8 X10°(OPD H).

Table 2. The measured phase shift (-) for the optimum inter-
mediate frequency (ca. 13 Hz) and the estimated fractional
coverage (%) at the Pt(100)/0.5 M LiOH aqueous electrolyte
interface

E(V vs. SCE) " (deg) o
20.55 813 =
-0.60 80.4 0.011
-0.65 73.0 0.104
-0.70 612 0252
-0.75™ 61.7 0.246
-0.85™ 70.6 . 0134
-0.95™ 69.8 0.144
-1.00 61.7 0.246
-1.05 33.7 0.596
-1.15 74 0.926
-1.25 2.7 0.985
-1.30 1.7 0.997
-1.35 1.5 ~

TRTransition between the UPD H and the OPD H.
*Estimated using the measured phase shift (-¢).
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2 UPD H E%gelc}.

Fig. 9= Fig. 8914 73 F K & 4G, 3-83h= A%t
¥ Langmuir §35-2218 HojErt =3 Fig. 9 Langmuir
A5 (@9 $HEI Langmuir 3524 (b)9] ofgii
Fo| ZHES RAgFE). ulte] @A, UPD Hel OPD H A}
o]e] 2HE 2AY J9L Fig. 8ol vehd Ao (-0.75 to
-0.95V vs. SCEy} 4332 ofn|3ic}. ol2j3t A Ao} &
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Fig. 9. The numerically calculated the Langmuir adsorption
isotherm (@ vs. E) at the Pt(100)/0.5 M LiOH aqueous electrolyte
interface. Equilibrium constant (K): (a) K=1.9 (UPD H) (b) K=
6.8 X 10 (OPD H).

A& &EA Py(100) A= AN 2= H, T ¥kE-S A%
UPD He} OPD H #3& ME 5o g A= AL 9
w3t} vlto] @3ld, UPD HeF OPD He S-49]9] 7l
wel H, 38 RS 913 &2 ol B ASEY
o] 4 AR B4 & ASEEE HevEK, AGw)l
7103 S99 FAolga sA=ojof st

Langmuir 22700430 F2RR9) Ho|@2 Ao oz}
A FAFIIT EE FHARAAATL dolels)dE
olu|gic}. wEhA, Figs. 83 9& ©AA Py(100) A=HHo=
ME U2 F K v 4G, 483k 7 79 &4 &%
9 = UPD HS} OPD H7l -2 Jv|dtc}. Figs. 89 90l
A Ke S48 Wt 1.9 (UPD HPllA 6.8X10° (OPD H)
EE I R HolEs BoFET mRRIAIR, AGue o3
9o oz} -1.6kI/mol (UPD H)eAl 29.5kI/mol (OPD H)
T I yHE Holge HeFETh

3.6. M2 EX ij2{o|E

Table 3& @24 P(100)5-8457 F2A Pys-8- Al
A ol WS o83l 7§ K&} AG,& EAFHR,
AREE 8d9] Fx7} t23 AR S 738k grain®] 3
Z1<} wigAdels] tkde nEEhd e vlwdlls Fel7) 9l
tha Alggt) ™= B398l UPD He OPD He| T,
Ro)dAt, ATBA, Langmuir X524 59 sjaoe A4
FEAHETE deld ~8-do] Ajghe HojET

Table 3. The electrode kinetic parameters at the Pt(100) and the
poly-Pt/aqueous electrolyte interfaces™*?

UPDH OPDH
Electrode/Electrolyte K K
AG 4, (kKJ/mol) AG 4y, (kJ/mol)
- 5X10%
Pt(100)/0.5 M H,SO, 1510
- 21.8
. 1.9 6.8 X 10°
Pt(100)/0.5 M LiOH 16 205
- 3.0X 107
poly-Pt/0.1 M H,SO, i 20.1
. 18.5 4.0X10°
poly-Pt/0.2 M LiOH a2 25.1

AFEERAN a0 FRAHA K BFYHE A
AR SRk i FAEHEY) IRSE
Ak Bl F K =kik, 2 BAE wEA, K7} E595 &
2FF vhgo] o wEA@&L3]) s AL vt o
3% HIZ, Table 3& -89 F572} 2784 BARle] 84
=7} wl$- & UPD H oA 4083 ¥kgo] o] mEA@&
03]y dojuha S-S YBEA HAFErh T3 H, DA BhS
o] A4 7]dsl= OPD HE TZAA Pt AFA 89
(H,S0,, LiOHYl W} 2~6il A= o WEA@23]) ok
I YSE HoFr), 8o E TePH, T EA Py(100) =0
24 Pt W=l ¥lnd 4+ glo] avleld, H= £H A=
olglE& Bt olle} F4FE W8] ¥ =¥ AL 1PdY,
3 H, A 9kE F502E tEA P ANk Aol 7
AlFolm gelZeolct.

4.4 £

A FFIroA AsHE S7HEES AE3le 9ol
= 2L 9A3 P100)0.5M H,S0, ¥ 0.5M LiOH 4
| AHoA Z HEHth XAE AolF (o 1Y R
Faigo) man, H¥ FagolA] H3elE(-90°< < 0%)
< FHHES0 < 6< 1)l 33k HF F5T5M 9
Jols W3- vs. Exe Langmuir 252248 vs. B} ¥
A o] f-&3 43 otk &EA Pt(100/0.5M
H,S0, 8 Ao BH9 $4F2HOPD Hyell 7191 &
G T K FRRFAANAA AG)E 4 1.5X 1079
21.8 kJ/mol ©]c}. ©Z2A Pt(100)/0.5M LiOH F~& AAA
K= SAAES Wt 1.9 (UPD HYlA 6.8X10° (OPD H)
Ex 1 ¥HE Holgith. vEIAIR, AGus 391 u=t
-1.6 kJ/mol (UPD H)lA 29.5kI/mol (OPD H) F+= 1 %+
2 Holgt HFEEE2F Heu|ElK, 4GS FHole &
Z7 py100) A=3FHe] UPD He} OPD Hel 71213}, UPD
He} OPD He| 715 H, AT 397t ogt 2 &2
29} pgo] =lojok gt} UPD H9} OPD HE 73919 &
7lol w2t Hy, 2 9hE-& A% &3 3go] ohet W=
He] =4 BRG] B4 7Bl =9 oItk 5 Hy
A whgole thaA P W& ANk Aol Aol §
g o]}

Ao =

EG&G PAR 273A Potentiostat/Galvanostat, Schlumberger
SI 1255 HF FRA, PAR 270 ¥ PAR 388 Software Packages
T A7E8E A" FYUE AW 4 BeiEte 2 F
A AR =gUTH
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