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Abstract : The phase-shift method and correlation constants for studying a linear relationship between the behavior
(-¢ vs. E) of the phase shift (0°< ~¢ < 90°) for the optimum intermediate frequency and that (8 vs. E) of the frac-
tional surface coverage (1 2 6 = 0) have been proposed and verified to determine the Langmuir, Frumkin, and Temkin
adsorption isotherms (6 vs. E) at noble metal/aqueous electrolyte interfaces. At an I1/0.1 M KOH aqueous electrolyte
interface, the Langmuir and Temkin adsorption isotherms (8 vs. E), equilibrium constants (X =3.3 x 10™* mol™ for
the Langmuir and K = 3.3 x 107 exp(—4.60) mol™! for the Temkin adsorption isotherm), interaction parameter (g = 4.6
for the Temkin adsorption isotherm), and standard free energies (AGy’=19.9 kJ mol™ for K=3.3 x 107 mol™ and
16.5 < AGy<23.3 kJ mol™' for K=3.3 x 10%exp(~4.68) mol™ and 0.2 <6< 0.8) of H for the cathodic H, evo-
lution reaction are determined using the phase-shift method and correlation constants. The inhomogeneous and lateral
interaction effects on the adsorption of H are negligible. At the intermediate values of 6, i.e., 0.2<08<0.8, the
Temkin adsorption isotherm (0 vs. E) correlating with the Langmuir or the Frumkin adsorption isotherm (0 vs. E),
and vice versa, is readily determined using the correlation constants. The phase-shift method and correlation constants
are accurate and reliable techniques to determine the adsorption isotherms (6 vs. E) and related electrode kinetic
and thermodynamic parameters (K, g, AG.', AGH).

Keywords : Phase-shift method, Correlation constants, Adsorption isotherms, H adsorption, Ir electrode.
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Fig. 1. Typical cyclic voltammogram at the Ir/0.1 M KOH aqueous
solution interface. Scan potential: 0.241 to -0.659 V vs. RHE. Scan
rate: 200 mV/s. Number of scans: 50.
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Fig. 2. Tafel plot at the Ir/0.1 M KOH aqueous solution interface.
(a) Slope: 79 mV/decade and (b) slope: 223 mV/decade.
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Fig. 3. (a) Equivalent circuit at the interface, (b) newly defined
equivalent circuit at the interface, and (c) simplified equivalent
circuit for the intermediate frequency response.
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Fig. 4. Profiles of the measured equivalent circuit elements (R, Cp)
vs. E for the intermediate frequency (1.0 Hz) at the 1r/0.1 M KOH
aqueous solution interface. (a) Equivalent resistance profile (Rg vs.
E) and (b) equivalent capacitance profile (Cp vs. E).
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response curves (log |Z] vs. log f) at the Ir/0.1 M KOH aqueous
solution interface. Vertical solid line: 1.0 Hz; single sine wave; scan
frequency: 10°~1 Hz; ac amplitude: 5 mV; dc potential: (a) —0.659 V
and (b) —0.934 V vs. RHE.
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Fig. 6. Comparison of the phase-shift curves (—¢ vs. log f) at the Ir/
0.1 M KOH aqueous solution interface. Vertical solid line: 1.0 Hz;
single sine wave; scan frequency: 10°~1 Hz; ac amplitude: 5 mV; dc
potential: (a) -0.639 V, (b) 0.709 V, (c) 0.734 V, (d) -0.759 V, (¢) -0.784 V,
and (f) —0.934 V vs. RHE.

Table 1. Measured values of the equivalent circuit elements for the intermediate frequency (1.0 Hz) and the estimated fractional surface
coverage (8) of OPD H for the cathodic HER at the Ir/0.1 M KOH aqueous solution interface

E (V vs. RHE) Rs+ Rr (Q cm?) Cp® (mF cm™) —¢ ° (deg) ~¢ (deg) 8c
-0.659 48.0 1.0 73.22 73.6 ~0
—0.684 57.9 0.9 71.87 72.8 0.011
-0.709 79.7 1.1 61.15 62.0 0.158
—0.734 59.1 3.8 3532 35.4 0.520
—0.759 32.4 21.9 12.64 12,6 0.831
-0.784 28.0 91.5 3.55 3.6 0.954
—0.809 28.0 213.1 1.53 1.5 0.982
—0.834 289 354.9 0.89 0.9 0.990
—0.859 29.6 4673 0.66 0.7 0.993
—0.884 29.9 539.1 0.57 0.6 0.995
—0.909 29.7 688.8 0.45 0.4 0.997
~0.934 29.2 1,475.6 0.21 02 ~1

2 Cp practically includes Cp (Cp >> Cp except for low values of 0).
® Calculated using Rs, Ry, Cy and Eq. (5).
¢ Estimated using the measured phase shift (—).
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Fig. 7. Phase-shift profile (—¢ vs. E) for the optimum intermediate
frequency (1.0 Hz) at the Ir/0.1 M KOH aqueous solution interface.
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the adsorption of H at the Ir/0.1 M KOH aqueous solution interface.
This figure is plotted based on the measured values at 1.0 Hz.
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aqueous solution interface; K =3.3 x 1074,

Mol wet 2L 2T} —p vs. E 2 0 vs. E Alole] A
FAAA N 2AE Langmuir F2E24(0 vs. EyS AA3
% Frumkin 352246 vs. Epl 93 Hax-8 s2ne(g)
£ Z=th Frumkin $3522(6 vs. £y Langmuir 352
26 vs. E) &, g=04 o 32 F&3l 47 ZA3 vA
o= Temkin F35-2241(0 vs. )9 FE7FsAS ZEgc)

718} Langmuir, Frumkin, Temkin &25-22(0 vs. E)
of Fgh AF whe] e A HAS] AEEo] it
Langmuir S2F5-241(0 vs. By AFH¥Ho] Yt & W
A32AE ZHE FAE F Ao 7FE /0.1 M KOH
T8 AHoX 2= HER| Whgt Langmuir F25-22(0 vs. E)
2 O3 o] ZET 4 9t}

[6/(1 — 8)] = KCi“Texp(—EF/RT)] )

q7NM 0 A EURE-EB vs. E), K(= ki )ye 529
7108 BFEE (1), G'e 2 FEHM H FE, Ee
HFAS), F= Faraday 47, RS 71244, Te Ay&wolt),
AN Bz BF 71545, & SCEY duldos 49 &
= AT el

Ir/0.1 M KOH &9 (pH 12.99) AlHAA &= HER]
3 =AE &, A(7)E o83t ANE Langmuir F2H5-2
20 vs. Eyg Fig. 9 Bt ASANE, Fig 9014 7
&3 Langmuir F25-224(6 vs. EYS Fig. 7014 Bozxe
HAHTFIT(1.0 Hz)ol T dols W3k vs. )t A
FHom A#d 4 vk Fig 9% HE K=33x 10 mol
d o) Langmuir §25-22(0 vs. By Aol &= HER)
B 4 Ao A FEZ F Utk 032 A A
T2 FH 71R1F HlgE B & W JsEE av= FA
g e 21 Auidith 48F R, HE FFR(1.0
Hz)ol tig $)740]5-(0°< —¢ < 90°) AT (-9 vs. Eye Ir/0.1 M
KOH 489 AWe|r &= HERY] g 449 FHdE-g
(12620) 756 vs. Byt AFHoE Addnz & + QUo}

3.5 Temkin EES24|

kel 2704 Temkin 252210 vs. E)2 Frumkin
FHGLY(0 vs. E)OBRY 7] £ ¢ I
0.1 M KOH &9 AdolA &3 HER #d 529



138 J. Korean Electrochem. Soc., Vol. 10, No. 2, 2007

Temkin 5252210 vs. By thad} o] 8T 4= ok

exp(gh) = K,Cr'[exp(-EF/RT)] @®)
g=rRT )
K=K, exp(—gb) (10)

Fig. 102 Fig. 9 ol RoFE= Langmuir T2H5-22/(0 vs. F)
3 dddAe Ue Temkin FHAS22 (0 vs. B8 2 B
g%t 09 F74gh, = 02<0<0.8Y W, Langmuir 352
213} Temkin S35221(0 vs. £)9] &7 ¥ AAL t=2A7
ME 2FBEAe At Fig. 100P1A Temkin $25-2-2@ vs. E)
o theh BE K A58 FAHlEl(ge 2 3.3x 107
mol™'?} 4.6 2, K=3.3 x 107exp(-4.60) mol ']t} ol ul2
o] FEAFNUA] HEL (1S 2](9)F o] &3] Arsta
g=4.6% 4 11.4kJ mol o]t}

Table 2= Ir/0.1 M KOH &9 AWM Langmuir 2
Temkin F2H5-221(0 vs. £l et FHYFK)E HAF
&7]ollA Langmuir §25-22](0 vs. £l et HH YT (K)=
0=0.5¢ o Temkin SZ5-221(6 vs. E)ell et BHIFK)
o} A&FsiA AATuh AN (8)2 ZHzZ} Langmuir =
Temkin &35224®0 vs. Y 44 Uehli= A& 6=0.5
H g=02 of BF LA grh= A FE5}7] vt

3.6 BES24 Aol|o] MEAHF
Langmuir 25220 vs. E) Alole] #A= 4 A2 ¥

10 T T T T
m  Experimental
Langmuir
08}
------ Temkin

o o
» o
T T

Fractional surface coverage
=
N
T

0.0 1 i ' 1
-4 12 -10 -08 -06 -04 -02 00

Potential (V vs. RHE)

Fig. 10. Comparison of the experimentally determined Langmuir
adsorption isotherm (6 vs. E) and three numerically calculated
Temkin adsorption isotherms (6 vs. E) at the Ir/0.1 M KOH
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Table 2. Comparison of the equilibrium constants (K) for the Langmuir, Temkin, and Frumkin adsorption isotherms (6 vs. E) at the Ir/0.1 M

KOH aqueous solution interface

Adsorption K (mol™)
isotherm
0<0<1 02<6<038 6=0.5
Langmuir ® 33x 107" 33x 107 33x 107
Temkin ® 33x10°2K233x%x107° 13x10°>K>83x107° 33 %107
Frumkin - - R

K,=33x 107 mol’ andg=0,i.e,K=33x 107 mol™".

® K,=3.3x 107 mol™! and g=4.6, i.e., K=3.3 x 10exp(~4.68) mol™". Note that the Temkin adsorption isotherm (0 vs. E) is only valid at

02<06<08.
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