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A Study on the Improvement of the Coating Technology of
Metal by the Pulse Current Electroplating Method (1)
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AR AAdel 7T 4 s Aeld

M. a3+ Mg WE 9 Hel

Cu ZAslo] Hx Asifel o8 A% ¥IE EF3S Aoz
&o] 0.1 N NaOH $ujol ) 28HNE 076 VggeolAl 1.44 Vg 7
A7 AC Ae~E Z¥ssich 1 H# Lo)# admittance plot o
2 BE S 32E FASRen, olF 712z dd Z A4 Lol
admittance plot & ZHFEIE o]8% curve fitting & Fshed H7 e ul
29 kinetics 9 #@3 7} ¥ 2459 A4ke B olF ¥4
of Rt A9 Hstel HE YAF T TS WY B g AF
333 HYE d7eel oeF Be WAAE AR

1. B35 A3 EWAA Yolub:= A7 % 32 o & adsorption
rate § Jehi: 293 Warburg 9uj@A, adsorption of 7]Ql%t capacitance

term -§ ZHY SHNEER FAHHUL.

2. BAs 0.36 Vgg AH 0.76 Vg 2 %ol wel adsorption
capacitance £ Z7Hssien, o 447 BAF BF Eddl FAHUS du

Hel

3. BRyAA7 036 Vgyg oA 024 Vg 99dlA adsorption
capacitance = A&Zh& vehliKd. oA -0.36 Vgup oA 0.24 Vgup

nx|e] RatHY o] adsorption o] A double layer region Y&
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4, Bt A7} 0.24 Vgyp oA 0.84 Vg E Z7}3tef] o} adsorption
capacitance = linearstA F7t8 gl ol ¥IAE A5 F9o OH, O
o] &¢) monolayer F23 Aol 71gdsu], E25 e coverage 7} Fat Aol

w2l linear &A ZF7tEg vebdd.

5. B3} A8zl 0.84 Vgye 2 HE 144 Vg 2 Z7t%o] uiet
adsorption capacitance = T 73] Rasgon, o]AL 0.84 Vg ol4te
o7l Al eddolld HekE AT EFRANA AL evolution ¥h§-o] Leojrie

3% coverge 7t 4 7l HEd Aoz 474HA

2 oa7 Sy AskziE oed 2L k¥el HESUG.
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Summary

The purpose of this study is to investigate the electrochemical
properties of pulse-plated palladium electrode by using the AC impedance

method.

Palladium has been used increasingly in recent years as a low-cost
alternative to gold for contact finishes in the electronics industry. Since
suggested a possibility of cold fusion by using palladium electrode,
investigations have been worldwide focused on the -electrochemical

properties of the palladium electrode.

In the present work, we measured the AC impedance of pulse-
plated palladium electrode at various potentials, -0.76 to 1.44 Vgg, in
0.1 N NaOH solution by superimposing an AC voltage of 5 mV amplitude
and frequency range of 10! to 10* Hz. The results are analyzed by
modeling an equivalent circuit and computing the value of circuit
parameter, and discussed in tcrms of hydrogen adsorption/desorption on
the palladium electrode and passivation of the palladium electrode. The
results of this study will contribute to the development of electrode material

and catalyst.

The main results from this study are as follows:
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1. Equivalent circuit, including the resistance, the Warburg impedance and
the capacitance associated with the adsorption / desorption of ionic species
on the palladium electrode, is determined by non - liear least square curve

fitting methode.

2. As the applied potential decreases from -0.36 to -0.76 Vggg, the
adsorption capacitance increases due to the desortion of hydrogen on the

surface of the palladium electrode.

3. In the potential range of -0.36 to 0.24 Vg, the adsortion capacitance

exhibits a minimum value, indicating the double layer region.

4. As the applied potential increases from 0.24 to 0.84 Vgyg, the
adsorption capacitance linearly increases up to 67 F.c#'. The result indicates
that the coverage of oxygen monolayer film linearly increases due to the

adsorption of OH" and O% on the palladium electrode surface.

5. As the applied potential increases from 0.84 to 1.44 Vg, the
adsorption capacitance linearly decreases and the equivalent circuit changes
to a simple Randle circuit in which the contribution of charge transfer
kinetics to the total cell impedance is negligibly small. This results indicate
that the coverage of monolayer oxide film , consisting of adsorbed
intermediates such as OH" and O, decrcases as the potential increases

from 0.84 to 1.44 Vgyug.
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HeEL WRAAo) et Edol A3 Hohe Y4e] HI, TG
e AT AWE slder dued, AZ RES A ME 9 A7 #%
g M% AFeg o ol WHs #Hd sz U4

1970 di7txle= A AMEEA F&2 nickel oji} cobalt = 73§
FEEE Afsied gtov HITEo FEke HFoz dsd UM AR AE
of B d37t oFolAgd. HZVAHAE AFEE vlaF UIHE o2
et XA A3t W PAol| elok 9, HEI golok . WAF
2 o} THIZAL A WFe Ao duA Sl £, T g ¢
g4 T4 Pd 5o A36 55 ’.‘i-‘ﬂ%‘ 7hated AZIEHA] 9 P03

o s Aoz 245: F4% WS BEdddn Exn 93 e

Behge WEA4 3 AT 542 oldds] Heodd: THE EY
AolA Lolu +29 FA/E% AYH AT Edel O, OH oj2%)
s3] WA ghe R3ol sl 44 FF L 545 ol @
A7) H% B2 desly] A% catalyst 2 AG sn Q= WFFel didl
AE B 477 elRold gouh, 1 U MEZAM FHL: A: ¥AS
o datelde 2Ed A% F4FFH S450 NG A7 =g Lo

g

i

HAY 5 1 HZoezw PLA HemES vapour evaporation,

sputtering, CVD 9 A7) £3 wWiol sjste] H&slo) A @7 =3
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o H&F Mz A AMHoln At Ads, el Foldds 2
HE 22 Ak AToE AREEF F7 Az, AdRR 71Tl Hew
AE AAYS SIS 44 A7, A%E dPy 4 w4 IdE
2 A717) fed Wx Hsgel <% sl [7 - 12]

E A7 od= Ha Hagol sjaed AR ¥eE =FFE VT
o2 o RAHYFT HBAFW HF AC dAPAE FAHHUG.
Computer § o]€ % curve fitting ¥ AH&ste] HAFelA dojube #H7)
84 whgel sidshs equivalevt circuit F FAsHen, H7HY e
kinctics ¢ J@H $71 A2 HNzxAge] Wegs 988 AN
o]B Ested B3t A9 wife] g AE AT AN =9 FH/
v Bgs A3 Edold R5d w ¥4 HPE dFsd gaEy U
o A7) 893y AL +9HnA Add.
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A 2 A F8E =4
2] 1 A Electrocatalyst &} 84 9 9%

o W23 44, 2WHel glol HMHE FEF AstAle B3
2 Wy, AIE A7l H¥ ubgo] deiv: FET Argorr dFS
A7) $%H ZHojolrt. ERAE A7) H%H Fe2 HEAHT Ao 48

3 2RS #SHE 4Tl Bape] Loprual sHdvh

Zoj=  3}otH  Fof(chemecal catalyst) & A7 03y Foy
(electrocatalyst) & o] Ay o FEE S A WS ul-$-o] potential

ol SjE% A% AFE A (1) # ol E2YI

i = npe T OGO [RT —aFA¢[RT

— nBcke @FAS/RT (1)
4 (1) & F8 Adud 3 g S2E FAA AR ek A
o, § stAe AT / 4 A8 potential A AD oln, G& Wit
A= AT EAo) sjEss #%H A x olg. WA, A Fele F
of Fgo] o whE =7 x FolT} AEHZE 4 (2) 2 g@ss WX
o, A7l A Zaol Ag g s5= 4 () 22 uEdel At

(2)
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v= i =( C_ﬁkI_e—AGOVRT) ~oFA$/RT 3)

A7) $%Y Fohe potential & Yo LA WM SEE AREA zET
G Q= id, #nd s vA 25F 2E%ezA ¥3 45 2Y
4 k. A7) $H Zof 483 %A e Ags] FE A F4& Table.

1 o] Yehfded.
Chermical catalysis Electrocatalysis
Rate depends on e-4"¥IRY e~ 40T IRT - TF OB RT
Potential dependent No Yes
Temperature dependent Yes Yes
Operating temperature range Usually above 150°C Usually below 150°C
Activation energy, kcal mole~! 10-100 5-35
Table. 1 Comparison of the rate equation and the characteristics

of the two types of catalysis, chemical catalysis and
electrocatalysis.

A7) $8H whgo wxlE Uxio] et UobR7] fldte] Fou

433 protone] ATz R HAF wel Hi=e] AF Wl FA=E

g a2 el AT W 3RS dehid g8 o

Hxp7l AFe g Ry HojZol wa AT - HAzke] attractive image
force -e2/4x? = 7Ad 1, image energe eXdx = Fbse] AF - AAZD

s dde AW Ba #A Hd. ATeZ HHS) A% Al @ energy
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W3-E Fig 1 o Jdehiid.

g} hydrated proton ¥ HAGE 4X U] EAHEZ
hydrated proton &2 X-¥ MAae) A7 "old 48 XS] energy e/x
= ZA g (Fig 2)

ol E7}A)9) energy MHE o] mW, AR} HI22 3
£ o) hydrated proton o2 tunneling A} 'dojo} ¥+ energy barrier

diagram & ¢ 4 %o (Fig. 3)

3& M39 HAAe) cnergy = Fermi cnergy sk $ 3, ¥R
vacuum level 2 BE MaAE Fermi level 2 Sodod] ¥ €, & work
function 3 EFd&A Hd (E.=9). F¥dH vacuum level 2 ¥¢ A=A
& gy hydrated proton 71z Sodgtdl BAF enecrgy 2 E; °la ¥
o, A7 tunneling & 7] A =P dEI} .

d>E; € A% Fig. 4 ol Uehd uish o] UFo= FE =od
M= filled energy state & £ stAsR oA Pauli exclusion principle
ol fMEEE AT gL LoluA oA A <SAA, AR hydrated
proton &2 tunnelingg Yo7 AF el UelH7] AHME & Z=qo

& ool @},

¢ <Ep
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Electron
snergy

Meto! Solution

Distance from metal

Fig. 3 Two dimmensional potential energy barrier through which

electrons have to overcome for tunneling from the metal

electrode to hydrated hydrogen ions.

El!ﬂl‘on ) Electrm
from infinity trom infinity

Hc»j EI’::r#gno' E-:,,j

Metoi Solution

Fig. 4 Electron tunneling to hydrated protons is impossible when

Distonce from metol

these protons do not have vacant states of the same or

greater than that of the Fermi level.
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MeH By MH

Matal Solution

\dwrm

Fig. 5 (a) The energy of adsorption is equal to the emnergy
released when a neutral atom establishes a bond with

the metal substrate.

H—H,0 REPULSION
H4+HyO—= H=H4 0

O—F— GE
()
Fig. 5 (b) As the neutral atom is returned to the water, the

interaction of H with the associated OH2 must be

overcome.
ELECTRON
FROM
INFINITY
I H*+ e —Le H
Fig. 5 (c) The ionization potential is numerically equal to the

energy released upon electronation of a proton by an

electron coming from infinity.
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H'— HeQ ———e- H* HgO

(K)
TO INFINITY - L ——@5‘ 00
Fig. 5 (d) The removal of a proton from its hydration sheath

involves the loss of the emergy of hydration of the
proton, which is equal to the negative value of the

hydration energy.

Etectron ot
Infinity

- Work function

Metal Vacuum

Y

Sy

Fig. 5 (e The energy level Ey, is determined by the amount of
8 R

energy which is released when an electron drops from
infinity into a hydrated proton, the H atom from

which bonds with the metal.
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Hydrated proton 2| energy E; 2 Fig. 5 & 32 & #A9| energy
o] o F4HAAER d§5F Zel ved &+ Ud.

ER=—A—R+I+L

=(I+ L) (R +A)

weld], 54 M2o=w Re HMAs} hydrated proton 2 tunncling 3}7] ¢

# zde 4 (9) .

R+A<I+L-¢ (4)

Energy I-® & AA7s F4 HFez XE isolated proton 22 H
ojg)m wW&sl: energy & %2 thehdie] L & hydrated proton H* - H
,O 2] hydration energy § vehiuz 4 (4) ¢ 2E2%%Z hydrogen
AE Ngez @ MeE) + HY - HO A9 energy & ez g 4
(4) & $9%¥S hydrogen ¥47+ water molecule # 2] repulsion energy R
% MF - ¢4 HA7e] bonding of ¥R Y adsorption energy A §
E gm AT gdel T NS oy energy 4elE el ez M
+ H;O #As) energy & vehiz 3o

H - H,0 # repulsion energy R & hydrogen atom - water molecule
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7+ Aol uwig} sy, M - H adsorption energy A metal - hydrogen
atom 7+ Aol @ @HH¥g. =%, H® - HyO hydration energy L &
proton - water 7t A&l az "% ¥g. M- H + H,O Al energy
R + A & 24 ®Zeg Ry vibration ke & €A Az u} 2}
Fig. 6 3 7 energy diagram & uehiis], M(e) + H* - H,0 A9
energy I + L - & &+ vibration #%= proton 3 Aol wieh Fig. 7 3
2& energy diagram & vebdig. AT A AFeE2 FEe A

W2 M} system 2] energy diagram & Fig. 8 o] elgldd.

Proton o] X $#xlol 22wl M(e) + HY - H,O system $ oy

e

I+L-0 AAre] Y state o) Fol=l, M(e) + H* - HLO - M - H

+

H,O uhg¢ A3 M - H + H,0 A9 shdxe R+A 444 Z state
of UA Hg. e]F$ R+A> I+L-¢ ojlzz 4 (4) 9 tunneling conditon

& &S] RnE e AY=A ded

R, I, L &

=)
4H

EQd 2uH Reolmz Y AFE HEHY
electron tunncling 274 A+ ¢ =const 7} M. A= e] adsorption energy
A 7} &7 &9 Fig. 9 o2k el R+A curve & YJolxl2 g A tunneling

o] BRW B v AE, 2 HopAls, g SEE ¥

44 W4 4Hg L adsorption FHAo ele] desorption 3o 2] s}oq
alol}nl, §4 @A7 MH + H;0" + ¢ — M + HyO desorption 3%
7 wiofj: Wi adsorption energy 7t FHESE W &FEL do} 7
t}. Fig. 9 & M - H adsorption energy o W& 7} metal 8] exchange
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'
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e

Potentiol energy of system

Distonce from melal

Fig. 6 The energy R + A as a function of the position of the

hydrogen atom between the metal and the water molecule.
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27



74 Elecironated form of system )
Metal 7
2 ®

N

round stale of
M(e) +H*-H,0
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Fig. 8 Potential energy diagram as a function of the position of

electron from the metal electrode.
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Fig. 9 Exchange current density for the hydrogen—evolution

reaction in acid solution as a function of the M — H

adsorption energy.
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current density § Jebd Reg Cd,TI, Hg, Pb $& adsorption encrgy
7} Z71% olol =@} exchange current density zisgezg M - H
adsorption o] €4 WAZ FEdz Y= A& vehdd whdof, Pt
Rh, Au, Al Z& adsorption energy 7} F7}goll @} exchange current
density & %% #gew, desorption #}Ao] &4 @Adw ehdid
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2] 2 ¥ Hydrogen W) vk 3.

Hydrogen ¥4 %hg-2 fuel cell, corrosion, electro-deposition 5]
HFAg olssi= Y4 Mol Metal ¢ corrosion & ciyE hydrogen
evolution WM& $ubsted, ojw] RAR 47t AFERE Foi7t £& A4S
Qo M FHEF FePdn g A A EPANE AR £
¢4 W #AYFH o FAF ot R

Volmer %-2 hydrated proton o] metal #j unoccupied surface o) 4]
MAF Yo} adsorbed hydrogen atom$ A=, AL 4 (5) & A
I MR

M(e) + Hz0* — MH + H,0 [acid solution] (5)

E.2 proton 2| source oj=, hydrogen jon 8 ¥x7 34§ alkaline -89}
oA Eol| $lsted adsorption ¥hgo] Yeldd.

M(e) + H,O0 — MH + OH- [alkaline solutions] (6)

Adsorbed hydrogen atom Hol surface & we} surface diffusion § Lo
7)o, % adsorbed hydrogen atom o] FE3}%S vl hydrogen molecule ¢j
A =n, desorption #Ho] Yo ek HAE o] whGel] Bojix] gfonz

2] (7) & «4% chemical - desorption 3}3o|r}.
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MH + MH — 2M + Hj (7)

Electrochemical desorption #%¢l 4} (8) & adsorbed hydrogen atom ol
A] proton ton e} MAE e hydrogen molecule § %43 desorption
HARo] dejrh= AL Uddd.

MH + H30* + M(e) — Hy + H20 + 2M (8)

wald], 42 YA FHeo 74 ¥wg H2E proton discharge F chemic
al desorption 33§ vtebd 4 (9) ¢ proton discharge ¥ electrochemical

desorption #AE& uvehiE 4 (10) 2 FEdd.
M(e) + H;O* — MH + H;0 (9)

MH + H;0* + M(e) — 2M + H;0 + H, (10)

flofl ebd F7kA) g B2 AolHES g3 Ad. 4 (10) o
W 4o Ewel adsorbed B hydrogen atom 4olA] proton #] discharging
o] oju}n] u¥kge] ZYsjma adsorbed hydrogen 8} coverage 6 71 ¥&
48 QA olde) g, 4 (9) = 67 Hg wWE doig & Atk

H;0* + M(e) 24— MH + Hq0 (11)

V2
2MH 2M + H,0
U2
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Hydrogen evolution reaction & charge transfer coecfficient 8 4%

22 FHRozA EHE 4+ Uk 4 (11) 3} FL discharge iHgo] &

by

o], chemical desorption ¥hge] oLt dojd ZHE current

density & Butler - Volmer equation o) &s 923 o] vehije] Zd.
— _n,—PFAS/RT
i —2Fk1cH30+(1 f)e (12)

Adsorbed hydrogen €] coverage 7} o ZA&w 1 - § — 1 ojmz 4

(12) £ 4 (13) a2 d94.

T = 2o g6 P R (13)

3714, a=pF=1/2 olr}. utel, chemical desorption 3}Ho] E& FA U,

current density = 4] (14) 2

7 = 9F7. (14)
F@sxj chemical desorption rate = 4 (15) 8} Ze] Hr}.

Vs = ko(k0)? (15)

o}7)4, x> £ §=1 %o adsorbed hydrogen ¢ $xE olmg x'8 = 9
2le] coverage 6 o4} adsorbed hydrogen & FTo|r}. 4] (14) & 4]

(15) & XE] current density + 4] (16) 3 3Fto] H«}. Proton discharge
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B3o] quasi equilibrium Adel g AE A (17) o HEk

i = 2Fky(k)207 (16)
biogg 0,10 PEAORT o o oo I-AIFAG/RE
or
0 ____k _FA@/RT
: 1-6 = k. F °HO*
ie,
kic +g_iux¢/3ﬂj
= _"EA-QPF?SWR PR (17)
k1CH30,e + k1k

overpotential o] HE& A%, vEFH AL TAHe] WFAULG.

“FA¢/RT

k1 k

& A (16) o] wiyYstd current density &= 4} (18) & .

_9FA¢/RT

kilc +€

7' = 9Fkyk2 H 0" (18)
ko k2

ki |2 —2
= 2Fk2(‘kfi—) CH,0+¢ FA/RT

2 (18) o4} ¢ 4 USe] chemical desorption 3}7ge] 24 9AY AS
charge transfer coefficient o £ 2 7} vl dHHog2 7 vs. log i curve
2 HE o e F&9 hydrogen evolution ¥ kg mechanism &
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8 4 U, 7} ¥k$ mechanism o] =& transfer coefficient gh2 table.

2 of e}
m— T ]
Mechanism Transfer coefficient «, assuming § = 0.5

Discharge-rate determining followed by

chemical desorption 0.5
Discharge followed by rate-determining

chemical desorption 2.0
Coupled discharge—chemical desorption 0.5
Discharge-rate determining followed by .

electrodic desorption 0.5
Discharge followed by rate-determining

electrodic desorption 1.5
Coupled discharge-electrodic desorption : 0.5

m

Table. 2 A summary of the transfer coefficients associated with

some hydrogen evolution reaction mechanism for the

condition 4 - 0.
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4 3 A A8 Wy

A1 3 dx Fehg =5

1. AJd &)

ML pA2e @Y 25 cm X 25 cm , A 05 mm o 4§
F9e Aedsit. 2Zae ofME Al 2 3t ultrasonic cleanning
sol SAY F, ool Weld:s A =g MAw fized 300 ml
phosphoric acid <dulola] $4-g IutA7|™, 100 mA/lem? ¢ ¥T AFH
£ slsted 10 27 A dvlssdd oW ¥Fe2E AL MY FHs
g R

2. 4% A4

B oo 443 AY Fxe= B2 £F A2, temperature controller,
pulse current power supply (LWD Scientific, PULSIR 1210R) & FAH

o) gles, Fig. 10 ol AFEE vehigic.

Temperature controller & =544 &5 1 C & AAESA +
Zt7) fisted 4x dfeni, PCPS £ M siys A{E FI7 A%
o] A, Fig. 11 o] PCPS o b3l block diagram & JehiR
t}. Pulse M§ FZ A pulse peak current $} pulse on time, pulse off time

22 oxilloscope ( Tektronix, Model 2230 Storage Oscilloscope ) & %32
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Temp,

controller | o
Pulse current
I Alr
mu — power supply
Anode / Specimen
Temp. Solutign .
sensor Te2d @ outlet
. Q r-——
Heater
Fig. 10 Schematic diagram of pulse—plating apparatus.
Pulse Generator
DC Power — Electronic Plating
Supply Switch Cell
Fig. 11 Schematic diagram of the apparatus used to provide the
pulse—currents.
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of ZHHRT.

3. 449 =4

2 dol4 Pd 238 S5 M2 S de3 Ad. HN¥eE 34H
2 AN ¥ =T activation A7|7] Hed =549 YA nis 1

1< 8ol 1 ¥ A% Nal@ ¥, Table. 3 o Jehd £38% zol4

PdC1, lg
Na3P04°12H,0 111.24 g
(NH4) 3P04 - 3H,0 14.99 g

C¢HgCOOH 0.7 g
NH4OH to make pH = 11
H,C 132.77 ¢
Plating time 5 min
Plating temperature 65 oC

BA%o] 10 msec, duty cycle o} 60 %, HF AF dUx7} 2mA/cm? &=

ZA44 5 #7 d2: 2F s¥d. EFF FHFE HAMANR, opME §

ooj 2] 2 ¥zt ultrasonic cleanning &%t} MZ HF

wfo

rlo

Ae dgen, A3 vz A3 Ads % 5 am YEE WAL,

platinized platinum

A

3 EWo] AF EEE FUANA #7) Astel AFS $AS polymer tape

b

st % Hg AT Yol =S=xF Wddn =HE P
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A2 A d9uAg T W) H¥YH 4URAL

Pd =3¢ HATe A7 H%Y 54§ A7 e A3 AC
impedance & %A k. olAL A7l HY cell o 5 - 10 mV & FE
2E AL TE Fol A7l Al AYS A9 A=A gz, FF /
g9 AW double layer capacitance, charge transfer resistance § ¥7|

B kg kinetics o) #¥ AREF A5 F A

A7 3% cell & $7 32 (equivalent) 2 vebd 5 Ud. =
A, impedance ¥#3& ¢ 7l &% cell g A4S SlsAE WA o
system & A7 S7 A2E AFAsed 4 AEEES FHPeR4 o|Fo
2 4 Ad. AF A (FHA$7 0 2 A=) oA AFE Ohm 9 HAS

% #=2o YF AL (E, volits) & ssted AF (I, Amps) § F35d 3
2 A% (R, Ohms) & 2& 4 Yot 22 2F Y2oHE Fads 0

ol ohyml Z (impedance) 2 AFoide) A% AL WdsiA e

ojojr] E s} 1T & AL AF AFKelw, Z& 2FeY ANE 4E<
impedance & el Impedance & 32ol4 Hitel TS Welldis A
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g 8o e AFAAE resistor JE7to] o] AEEF }AY =
F =2ZolME resistor ¥ ofvye} capacitor, inductor HEE U3}
TEHES WY olHE 24FS 2F HRFS A8 b HAXNE ¢
AN Fig. 12 & Folzl el g3 32 sine (Y9 Aol 1A
wo) Y4=lE IF AF dE e Aeld.

E = E° sin ( wt)
I=1%sin(wt)

7|4, E : «7 =H AL, B : AL AF
I: ¢ 2f A, I° . 2% 25

w : Zt FI4 (angular frequency)

# : 94 (phase shift)

¥ Ho (complex plane) 4s] vector 24 ZF FuS EASE WL
2§ HLH AHS) 279 A4 BAF Fig. 12 ofH 2g olasr 4
EYE 4 enz gol Ags=z: . ¥ Pugs] E o I & BAe
Fig. 13 3 o] vehin A, HFE e o] E¥H

E=F +jE” =E% exp (jut),j=v-1
I=0+ 0" =1 exp [j( wt + 8)]

714, B, E’ : 2§ A 449 He 4R
I, 17 : &f ALY 459 He 48
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‘@

o

L

S

Time

Fig. 12 AC waveforms of applied potential and resuitant current.
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wtgt4 impedance ghd

0 .
E' + E» E” exp { jwt )
2= 471 = T EF] =
P+l ° exp [j( wt + 0)]
=77 exp (—j0)

o§714, Z’, Z” : AC impedance 2] real 3} imaginary part
Z° : AC impedance s} ZHulgk

2 EUY 4 Yen, ofF %4 W slol JehNd Fig. 14 s Ze] ueh
¥ 4 U Fig 14 2 R impedance 9] Helatsh A4AE ot ol
QA A

2] = v (@) + (@)

ZJ
tan 0 =

Zi)

Impedance data & Edste WHE 713 Wel AR PHels
Nyquist plot 3 Bode plot o] flt}. Nyquist plot 2 F#o] Hsboll =2
impedace gte] Ws§ Z' vs. Z” plot Aol viebdl Zeld. §7 HZ7 Fig
15 (a) M8 FAYE w] impedance £ oS4eE E@sw, Fig 15
(b) o Jehd Zs 72 plot o] Rojcdt.

R j wC, R
7=R_+ o -

1 + o C, R’ i+ o C,2R,Z
! 1 By
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Imaginary

L o
Real
Fig. 13 Voltage vector (E) and current vector (I) on complex
plane.
)
o
s
£
—
Real
Fig. 14 Impedance vector (Z) on complex plane.
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(12) Aold o & 2AA7d G537 AL H9 $I4E 4q & A

R R
1 12, 7,2 12
)+ 2 = )

o] A2 Fig. 15 (b)eil4] ¥HY R<ke] arc & Jehdr}l. Bode plot & impedance
Aoz (1Z]) 3 AE%4 (o) 8 logarithm’ gte g vepd plot o|d. 3
74 #27 Fig. 15 (2) 8 g W 1Z| £ o3 Zeo] EHHH,

ol @ 2@e Fig. 16 3 ok

Fig. 15 (a) o vebd $7b S|2eld Fh47 sl wiad 2 3
2 A%o] impedance of 7iojal: ¢AE m#sl 2w Fig. 15 (b) ¢ Fig.
16 o et Nyquist piot 3 Bode plot & ojsid 4 vk F#4 7t of
Z2 9g o (0 — 0) dl= Ry 3 92 QY capacitor #] impedance
& (jwC)) o] Hedo) si7ixuz H{7 A3 Ry & $3 227
9t @A impedance Zt& Nyquist plot o) ¥ 28% x HHY
$o) Bode plot & w& FH4 ol $8gd R, + Ry 7 Hd Fs

&3} Z7%to] i@} capacitor £ impedance 7} Zolx|mE o|FLEXE A
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——— JECreosing freQuency —— =

e 2t
C, - Wmox TR, © @7
| ] 5
L £
Ro g
E
—— A A | =
R, |
AAA- kel '
T reql 1 >Z
(a) | |

R1 = 2 |ZI 1on 8 max

(b) NYQUIST PLOT
High Frequency: Z"'—>0, Z'— RO
Low Frequercy: Z2*—>0, Z'—>R;+R,

Fig. 15 (a) Equivalent electronic circuit for a simple

elctrochemical system. (b) AC impedance profile for a

simple electrochemical system.

tog 1Z1 (=]

1
12ZI= =
C1

+ K
\.—\— —— }

iogw =0

Fig. 16 Bode plots for a simple electrochemical system.
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7} &27) Alzstod impedance off 7lejsiA Het. o]= impedance 8| Hol
Ze Aaz FA¥: capacitor o S 7idEe] FE UM impedance
o) #4 A¥o] FoluA Hrh ¢|AL Nyquist plot o4 USF3s) AT
& Mel® 23 Bode plot o4 impedance 8 ZArt Qojue Rl
Murdte. 2skas} o2 AR capacitor o] 9% impedance 7} 0 of 77
Qxez oo AFs} capacitor Fozuk 7 R, AW dehbedl o
7ol sigs= RS Fig. 15 (b) s Fig. 16 o) vyehd Nyquist plot 3}
Bode plot Aold H4A4 & & A4

B dA7oj4s] AC impedance %%& 0.1 N NaOH $efoilx 3
don, SN e FHSE olfo AzdUR, §& Ax=F AAN
71 Sigked 12 Al 7@ A& bubbling & ¥ F Ag#ud. F AIL
Pd £25 Fgojnl, BE HITL platinized platinum, EF AT Calomel
A3 (SCE) & A83t%id. &4 potential & 0.76 ~ 1.44 Vg 7HA 4
8 Alpew, AC impedance & ¥ 5 mV , F#$ 49 0.1 ~ 10* Hz
o mF AL Brlsked #zte] potential ol FAsHct Fig. 17 o
impedance &4 FAs AFEE Jdehfglen, Fig. 18 of 448 A7 #
# cell & Uehiigg. AC impedance %7%-Z potentiostat (EG&G, Model
273) & Lock - in amplifier (EG&G, Model 5208) & IBM computer $}

interfacing 2oy olFoiBem, RE FAL ALdA PRt
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CRT Polentiostat
display
IBM XT Lock-1n
computer Amplifier
Print

Electrometer

Impedance
cell
Fig. 17 Schematic diagram of the electrochemical impedance

measurement system.
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A 4 3 A8 2% W 22

AC impedance 44g Fsto] H7) HoAE B2AL o Frx Wy
ol et st BM A7) HYAE A3} capacitance 7} NYZ AW
HER ddets el o)AL impedance Z § Agde] H7 HYAF
TH%G. oG8 shi: dd A7 2%AE ABH} capacitance 7} WAz o
A¥ H22 dA4ehs wiold. o] A2 impedance $) 94:¢] admittance Y
& A8t A7) 3%AE 4. Impedance, admittance s)44] z} 3
2 23 &3 o] vehdn.

resistance : Z’=R Z" =0
Y=1/R Y"=
capacitance : 7 — I = we
Y =0 Y = W
inductance : 7’=0 Z" = —1/uL,
Y'=0 Y" = —1/uL

Impedance ¢} admittance ¢ 4% #A:s g3 o).
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Z=7+ 2" =Ry~ —50—] (19)

Y =Y 4+ jY" = 1/Rp + «Cpj (20)

Z’ " (21)

1
—gi =—yr = ()2 + (2")* = TYVIF (Y
Admittance § o (=2xf) 2 W& S complex capacitance 2}
3n], £ 7oA admittance 9} complex capacitance & A}23ted H7)

H9AE Edsnd $e.

Y Y’ Y. 1 :
=yt T "R, + Cpj (22)

SAdoll sHE E-o] AT Ewe) FAY H$ AL capacitance
7h A, e]AL &3 R o|2Y wiRe ZTAEcL AT surface
charge = potential @} coverage ¢ %4 q = {(E,8) o|luz rEAL 4

[ .

23) 3 o [13]

da= (5814 + (5 &0 )

wWehA], BS54 capacitance £ 4 (24) 2 vehyo] 2t

C= = 3o+ G i @0
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714, FdAge B3 Ewel FHY BA] coverage WiHol 7%

capacitance E4] adsorption capacitance 2 Ao,

Caa = (-3 )urde ()

5 ol XY $4E F4 Y39 "PHo dipole S YA,
& F/EH APl BT capacitance 7} ). Acid fele) A

¥ FE 4 S (262) 3ol el WHsle, alkaline o] 9ol
E (26b) ol % [16].

2H30* + 2 —— H,; + 2H20 (26—&)

2H,0 + 2¢ —— H, + 20H- (QB—b)

BT EWol $29 F 2% 3ol dold A% H7) H%Ao] dhabe] Fig.

19 9 ZZ equivalent circuit o] H¢t [17] =gk Fig. 19 of vebd
equivalent circuit o4 C; =

—

= electrical double layer 9| capacitance oy,

I & (26) Wbgoll ol charge transfer resistance & uebdicd. o #A$ =

=2 admittance =

= 4 Q) 3 .

Y = jwCq + {1 + (juC, )1} (27)
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Fig. 19 Equivalent circuit for hydrogen electrode proposed by
Dolin and Ershler.

§

Fig. 20
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9 A USRS AR UrE 4 (28) of Ak

Y'=Rpl= w2rCaq?/(1 + w2r2Ca4?) (28-a)
Y" = (th = UJ{ Cd + Cad/(l + w2I2Ca,d2) } (28—b)
Foe 17 FRYE PIAA,
W— Y — «—1— Y [w—0
YY" — o Y"/w— Cq (29)
Fa f 7} 0 o2 AT,
w—0 Y' —0 Y jw— 0
Y — 90 Y"/w— Cq + Caq (30)

% ZE A4S 4E & Uk A4 (28) N o ¥ 2A%Y g5 3P
A4 A}

rg

2
|

o

s ]
=

flo
-n-

Co=—Cadgr Rpt+ (Cd + Cad) (31)
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W, M7 %47 Fig. 19 o] Jebd equivalent circuit & W54 A
Ry'vs. Cp, & Y vs. Y0 plot & A44¢ dehin, Yo 5 2™
o] Cy + C, slope & r Cyq @e] #n}.

Fig. 19 o] JeldH equivalent circuit & solution resistance 7} 3

A eksked. A nE A7) 3 cell 9 impedance & solution resistance

l

Ry & X%z Jewmg o]AL :2{sH, equivalent circuit £ Fig. 20

9 olsid, 4 27) & 4 () & .

Y = [Rg + [ juCa + {r + (jwCaa) 1} (32)

#4449 A4HG H4RE A% G el yrivd

wz{REuﬂL? -L + K(KRE + 1Caq)}

Y =Rpl=p LI T)T § (KRy + 1Cao)w? ()

w {K — RgKw?L + w?L{KRp + 1C,)}
Y = 0Cy = —ppym—gpom B oo B AT (33
=wCp = TRGwIL = 1)7 ¥ (RRg T 1Cy)a?
4714, K = Cyy + C;, L = Cy Cy 1 o]k

Fo4 f 7 PR T4,
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Ww— o Y’—“"-"‘%{‘"_ Y’/w—-—-!o
E
Y" -0 Y'/w-—0 (34)

F+ f 71 0 oz T4,

0 Y’ 0 Y fw—0
v —* / (35)
Y'"—0 Y"/w— Cyq + Cadq

ol Bt wata, st AAE WHAAH B EPsdM Yo & FH
W, 7k Wslol WE oles) &g Fyol WE adsorption capacitance

g ¢ %+ A

Fig. 21 & 0.1 N NaOH $4Fdd 27 o4& A7 AAE sleiod
Pd H5¢) impedance & 3¢ ¥ %4¢ FaFoAdd Yo & A7 A8
of w2 plot § Aojct. el & 4 URel -0.16 ~ 0.24 Vgye U7t
A oddolla} A7) B cell 8 parallel capacitance gle) HAE JehR}
. A7t Al FBsA dYY capacitance Fro]l vEhtE oddg double
layer region [16] eol&} #t}h. o] odolld] HIF3} double layer = o4+ <l
parallel-plate capacitor 2 474€ 4 2Ad. Fig. 19 2| equivalent circuit
o A5, A4 Q29 M 4 F URel nFRE JYol Y/e = double

layer capacitance ghtell H4d. 4M #FAH cell impedance o= solution
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8E—005 ERET—

) 6E--005
&
Q
L
4E-005
DN
T
3
- 2E—-005
S
OE+000 =TT 0T T T by
-0.8 0.0 0.8 1.6

Potential / vsﬂg

Fig. 21 Parallel capacitance (Y /w) vs. potential curves on Pd
obtained in 0.1 N NaOH solution at various frequencies : o

,05Hz;0,4.7THz ;A ,40Hz; , 100 Hz.
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resistance 7} X%#sjo] Yormg &3 L vectorial subtraction yjlie ¥

shed

Y:.__. .y Z, —
T TR T A (2T

Yil — Z" _
=TT RT I (2T

(36)

solution resistance & H Y32, Y o vs. frequency plot Abojja] FEuja=r}
FRHRE FA%A ool fHeE gtezw By electrical double layer
capacitance Zt§ &A4#%vt. 2 ## double layer capacitance C; gt& <

7 upFem™ o]},

Fig. 22 & 076 ~ 024 Vg 3] <5t A4 ddojy 2myg
impedance & Y’ vs. frequency 2 uebd Aold. M elst Mg d oy
frequency 7} 0 o2 HI%o) wjg} Y g2 0 o% 32 stglen, frequency
B FEaE HIW =48 Y g Ry ol g, ojAe 4
(34) o Jdehd A} F gxsz U

Fig. 23 & 076 ~ 024 Vg o <7t AY Aoy Sgya
impedance & Y"/w vs. frequency 2 ubebW Zelt}. Frequency 7} 2%}
B AT w3 Yo @ 0 o2 $geign, frequency 7 0 oz
TRl @ Yo ge A4 Frlae F4s dehuly. ode 4
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6E-—-003

Y /0" em™

4E-003
®
+ @
2E--003 } Je
N
+
N
¥
0E+008.1 1 10 100 1000 10000
Frequency / Hz
Fig. 22

Parallel conductance Y’ vs. frequency at various potentials

:0,0.24 VSHE ; 0, 0.04 VSHE A, —0.16 VSHE N
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o :
N
T
N
T
a 3
5
|
OE+ 008 L..z.x.:; VI S A S ETTTT - '
. 1 10 100 1000 10000
Frequency / Hz
Fig. 23 Parallel capacitance Y*/w vs. frequency at various

potentials : 0, 0.24 Vgyo ; 0, 0.04 Vgpp ; &, — 0.16

VSHE ,  ,—0.36 VSHE , +,— 0.56 VSHE'
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(35) o e oj23H Aze FAsE Aogd, 3 Fuf dqdd:
Fig. 20 ol Jebd equivalent circuit o2 XE deviation o] Yol AF
vhehdixz .

Fig. 19 of uepd equivalent circuit o] Pd AFFolM doivhe °l
29 /e Ayl AR A Yopusl A -0.16 ~ 0.24 Ve 971
A9 oddoja) 4% impedance § Y vs. Yo 2 plot ¥ @}F Fig.
2% o Jehiit. W Fu4e ddel AA (31 A4l W& sjglov,
a Ase ooz A FHe ododold deviation o] Woldds ¥ & k.
2 =34 oJdo2je] deviation & Fig. 19 of vbebll equivalent circuit o]
solution resistance & T#sA & Aol Ziglsh, A FAse GHolH v}
el deviation 2 Fig. 20 o vhebd equivalent circuit e 237

ob& ¥ x}E circuit component 7} EAQgE AL vehda A

Llopis [18] ¥2 A= ui-¢2) kinetics o] adsorption %7 o] XE%s
o] Y= H7] A2 equivalent circuit 2 Fig. 25 ¢} ZArx A ols .
714, Cog & Aol $2 species 3 %€ vhehul adsorption capacitance
o3, T, £ adsorption rate § wJEeERE kinetic parameter k4 # o 40|
wla|st= adsorption resistance ol, Zy = adsorbing species £ mass
transfer of iy A%, §F Warburg impedance & ojv) g}, Circuit 8 total

admittance & o543 2.
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Ny 2E--005
T z
3 :
>

OE+000
OE+000 2E-003 4E—-003 6E—003
Y / Q7 em™
Fig. 24 Parallel conductance Y’ vs. parallel capacitance measured

at various potentials : 0, 0.24 VSHE 0, 0.04 VSHE c A, —
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| [
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MV Ta Zy

Fig. 25 Equivalent circuit proposed by Llopis et al for the
electrochemical system associated with adsorption [

desorption process.
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Y = [ Rg + [ wCa + [ 1 + [ O (37)

b {rat By

NN, Zy = Zy - Zy"i = g™ (1 - )

¢ = Warburg impedance coefficient ojr}.

Fig. 26 & equivalent circuit o] Fig. 25 o) el § A} 2§ AS$,
Y/ vs. Y/o plot AeJ4] charge transfer resistance 7} HY 7 3ol
(37) Aol elate] o]BHog A4H complex admittance HBE viebdic
Fig. 27 & C,4 #H3lo] mZ complex admittance HH¥}E Yehlz You,
Fig. 28 & adsoption rate #H3}o) & complex admittance ¢ ®HHE
Epi 3 91, Fig. 29 & Warburg impedance coefficient #3}of] w8 complex
admittance ¢ WHHE el Yo}

0.1 N NaOH §4ulo|q Pd HS A4 Lojub= A7) Aol
Y Y/w vs. Y/o plot A8 Fig. 25 o] 1}l equivalent circuit of
HAsd E4a7] At computer § o]§3 curve fitting & Y3}
Non-linear least square fitting [19] 4] deviation parameter S ¥ (38) 4]
o2 YeojXn, 3 Fi¢ g data fitting o] FHEE Foi3}7)
$ske] weighting factor & W, = 1/ |Yg/o |2 & 3o sgich

2

Y" Y
S=3W; [(-Y-@EL———EL) + (- —E’iﬂ?—————)] (38)
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2E~008 e —m e e

o .
£
Q
T
Y- 1E-005 f :
™~ i
T o
3 i OO QDDD% 889 A ?
> mw °
OE+000 : ‘ :
OE+000 1E-005 2E~0035
/ F' em™
Fig. 26 The dependence of complex capacitance, Y’/w vs. Y'/w,

curve on the value of charge transfer resistance r: Ry =
200, Cd—'? C d-5 r, =0, 0c=90000,0; r=100,0; r
= 500, & ; r = 5000.

64



m

(&)

3E-005

+ 28-005

E+000
° OE+0Q0 1E-005 2E-005 SE-005

Y' o'/ F' em™

Fig. 27 The dependence of complex capacitance, Y”/w vs. Y/ w,

curve on the value of adsorption capacitance C ad RE =
200, Cd = 7, r = 100, ra=0, o = 90000, o ; Cad=5,l:1;
Ca,d= 10, 4 ; Cad= 15.
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Y @'/ F' em™
Fig. 28 The dependence of complex capacitance, Y [w vs. Y/,

curve on the value of adsorption resistance r 2’ RE = 200,
Cd= 7, Cad=5’ Cad=5’ 0290000,0;ra= O,U;rad
= 500, & ; 1,4 = 5000.
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3E-005
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L o}
o~
| o)
g 2E-005 o . 3
T (o] tll:l
L I o (o}
N o ann
o] BC&
1, 1E-005+ ©
3 C? nnﬂﬂmd:#:p
S- k MA%\!‘“
OE+00Q0 . :
OE4-000 1E— 005 2E—005 SE—~-0058
Y' o' / F' em™
Fig. 29 The dependence of complex capacitance, Y''/w vs. Y'/w,

curve on the value of Warburg coefficient o : Rp = 200,
Cq4=7Cyq=5r=100,1, =0,0; 0 =1000,0; 0 =
10000, a ; o = 90000.
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Fig. 30 & 0.04 Vg 27 Aol 201 Y vs. Yo curve
s curve fitting o oake] Qo)W o|@A ksl ulmE viehRz Atk 2ol
A B & %] AYAY 2NV % UM UST ¢ & Ak A=A
o oj®AE Y’ vs. frequency (Fig. 31) % Y/ vs. frequency (Fig. 32)

plot AeliE €4 & DEsT AHE & ¢ U

Fig. 33, Fig. 34, Fig. 35 & anodic 49¢ 0.4 Veue Q7 dH
o4 doiA ARASY olEAY Y'/e vs. Y/e, Y vs. frequency, Y’ w
vs. frequency plot & Jel¥ Zle® Fig. 25 of ‘el equivalent circuit
o] & W&z AHg Yz A

Fig. 36 & 0.76 ~ 0.24 Vggp 97F #4 @dodely deiz Pd A
29 Y'w vs. Y/o plot & vehiz k. Fig. 37 & 0.4 ~ 144V
sue U7 A9 G LejF Yw vs. Yo plot & Jehiiz At 0.1
N NaOH &eiujoljd) <17} Hflol =@ Pd A3 Ede #7] S84 §
#E <o} ®7] Hskel, Zze) disted curve fitting & Wt circuit
component & ¥ s Fig. 38 of o #Ha <«

o]#l adsoption

capacitance Cpy @& 7 €l7b Aol wieted plot Rk

Pd AZofA} ¢i7} Aol W& solid substance o] equilibrium

potential & uv-F3 v}
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1. Pd,H=2Pd+H" +e (39a)
E, = 0.048 — 0.0591pH

2, Pd + H,0 = PdO + 2Bt + 2e '(39b)
a.  E_=0.897—0.0591pH
b.  E_=0917-0.0591pH

3. PdO + HyO = PdO, + 2H" + 2 (39¢)
a.  Eg=1283—0.0591PH
b.  E,=1263—0.0591pH

4, PdO, + HyO = PdO, + omt + 2 (39d)
E, = 2.030 —0.0591pH

Solid substance $} dissolved ionic substance Zh9 equilibrium

potential & &3 vt

5. P2t 4+ H,0 =PdO + 28 (40a)

a.  log(Pd®t) =—2.35 - 2pH
b, log(Pa’T) = -3.02 - 2pH

6. Pd=Pd’t +2 (40b)

E, = 0.987 + 0.0295 log(Pd?™)

7. Pd?t 4+ 2H,0 = PdO, + 4H + 2 (40c)
24
Eo — 1.194 — 0.1182pH — 0.02905 log(Pd )
od7}4}, a &= hydrated oxide of i@ Aelw, b & anhydrated oxide ¢l

A§olh.
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Fig. 38 o4 27t M7k 0.76 Vgye ol -0.36 Vgup 2 W8

o w&} adsorption capacitance 3= FH3] FA¥gg. Cathodic 4oy

[

&3 FE Weol sl &7 Pd EWel FHUL 24 Edd F43
24

i-3
i

ri

Pd(e) + HZO — PdHads + OH™ (41)

¥ bonding & ol%w, dipole & &4 [14,15] #A =g Mignolet
(14] $& o4 29 Pt B3¢ work function & FAY 2} Pt & work
function & =4 FXR 7] F7t @z B3 ¥HHg. st Fi4s
o] dipole & #4J#}H, impedance circuit 4}oll4] adsorption capacitance =
veldA Hd. ds A7 FAgel = (41) whee ksl 9@

desorption #}Ao] <Uoji} adsorption capacitance = Zra8A o

ezt iz 036 ~ 024 Vgue 999olA] adsorption capacitance

A7F Hs: FoeA A9 4AY 2 Jvehdisien, o QoY F
[ £} A™e double layer = o]A44Ql parallel - plate capacitor &

rr

B

ZEPG= AL Jeldn, o] double layer region o)zt .

Anodic des <7k Aest eiol @ gy} OH ojes) &

o] 9o} Pd - OH diploe o] #Alxln], <17} anodic potential o £

st PdO 71 g4=d.
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Pd* - O dipole $} polarity 7} Pd*t - O o2 Fslsied= permitivity
& dipole moment $} electric field strength o] ratio of wls3oz

capacitance 8} '3 vehdx =g [20]. ##A, Fig. 38 A4 U7t A
17} 024 Vg oA 084 Ve = Z 7% wg veh}ys adsorption
capacitance Z71= Pd M3 Edel FA3H oxygen o|Zej 2§ monolayer
film $] coverage 7} F7/H%ds Ag vehia U 0.13 Vgge oA L] 3
(39-b) ol 2Js}ed PdO == hydrated o #ejsj Pd(OH), 7} 4=, 0.51
Ve 1A= -8 (39-¢) o 93ty PdO, % hydrated 3 Hef9 Pd(OH)
s 7t WA Pd #del %49 RF$e o] hydrated oxide <17
anhydrous oxide QA& W3] 48y U= ew, anodic potential of] w}
#& Pd — PdO — PdO, 24 #3: oxygen o] coverage F7HE 2

s, oA B dF A YAz U
Ql7} A7} 0.84 Vgup oA 1.24 Vgye 2 718l whel adsorption
capacitance = 2% Z4s%d. Anodic overvoltage 7} Z 718 w2} OH

] HO o128l HE thgs] (43) wiol sjsted Fyse] A

OH™ + H,0 = HO,™ + oH' 4 2 (42)

E, = 1.706 — 0.0591pH

E dPoll 44 pH 13 &8 0.1 N NaOH s 7% 0.938 Vg oA
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(42) wHgo] HYG o|Ed. weby, Pd hydroxide 7} REdeos ogat
2 (43) w2l 3o oxygen evolution ¥3-& Uo7t}

Pd...OH + H,0 —> Pd...0OH + oHt + 2 (43)
Pd..O0H —> Pd + O, + HY 4 e

Pd—OH—>PdO + HT +e

o] H% Pd E4el monolayer film ¥ o]F= oxygen o]2o] oxygen
evolution ¥hgo] Hodalrl =22 monolayer film ¢ coverage = ZHAd}A)
k. Rosenthal [21] %2 isotope & ojg¢ APL Fslod high potential
of4] 43 Pt oxide & oxygen evolution reaction of] Xoldbctm X wahg
. o] B dF AAYE YA Aolch. Anodic overvoltage 7p %7}
848 oxygen evolution s+ %2 F718 Zelnl, monolaver oxide film

9| coverage £+ U% ZrAdsA o).

A7 WA 1.26 Vggp of Eshdl (39-d) whgo] Hwsje] PdO,
oxode film o] #HAYH}. Jirsa [22] 5 1 N KOH £yjola] anodic
polarization A] 1.22 Vgyp o4 PdO; oxode film 9| AL Ruy w}

t}. Adsorption capacitance = PdO, Ao uie} oAl Frhasdo.
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A 5 A& 2 £

Ra Hefol s BRY WAE EFFE UIeR #ed 0.1 N
NaOH $9ulof4] Ha+89HE 0.76 Vg o4 1.4 Vg 7H2 d8tA5)m
AC AHQA %4 ool BIE HIS A7) swd YA Al o
&3 e AEE W

1. debg A3 oy dojvke A7) $% whg2 o] adsorption
rate 3 el A%} Warburg 9Jsjgl2, adsorption ¢} 7]¢l¥ capacitance

term & Y FrH2=E FAHUG

2. BaAHA -0.36 Vgug N 0.76 Vg 2 ol wel adsorption
capacitance = F7ldtgen, ol& $47 RebE AT EW FAs|ol dipole

= YAl 7%

3. BaAAA 036 Vggg oA 0.24 Ve dYedlA adsorption
capacitance & ¢17} A4 FAapA HAgS vehild. <]2E 036 V
shE NA 0.24 Ve 78] 2844 o o] adsorption o] 2£¢l double

layer region %% JElNdd.

4. B3k A7 0.24 Vg oA 0.84 Vg & F71%e) wel adsorption
capacitance & lincar &4 F7tstgle. ol ¥ebF AF E®ol OH, OF

o] &< monolayer &% Aol 7ielsn], A5 coverage 7t R3AH
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of we} linear 3dA F7Eg ehdd.

5. ¥& A7 084 Vg 2 Ry 124 Ve 2 F71%0 nidd
adsorption capacitance &= TH3] FtLsglen], ojAL 0.84 Vg 49
A7l A ddely "aE BIF Euddl FAH OH, OF oge] 4

evolution yhg-off o3} monolayer 2] coverage 7} 7437 wjie)dd.
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