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The relation between the phase-shift profile for the intermediate frequencies and the Langmuir adsorption

isotherm at the poly-Ir/0.1 M H,SO, aqueous electrolyte interface has been studied using ac impedance measurements,
i.e., the phase-shift methods. The simplified interfacial equivalent circuit consists of the serial connection of the elec-
trolyte resistance (R), the faradaic resistance (Rg), and the equivalent circuit element (Gy) of the adsorption pseudoca-
pacitance (Cy). The comparison of the change rates of the A(-¢)/AE and AO/AE are represented. The delayed phase
shift () depends on both the cathode potential (E) and frequency (f), and is given by ¢=-tan"'[1/2nf(Rg+Rp)Cp].

The phase-shift profile (¢ vs. E) for the intermediate frequency (ca. 1 Hz) can be used as an experimental method
to determine the Langmuir adsorption isotherm @ vs. E). The equilibrium constant (K) for H adsorption and the
standard free energy (AGags) of H adsorption at the poly-Ir/0.1 M H;SOy4 electrolyte interface are 2.0% 10* and 21.1

kJ/mol, respectively. The H adsorption is attributed to the over-potentially deposited hydrogen (OPD H).
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Fig. 1. The interfacial equivalent circuit for the cathodic hydrogen
evolution reaction at the poly-Ir/0.1 M H,SO, electrolyte interface.
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Fig. 2. The simplified interfacial equivalent circuit for the inter-
mediate frequencies.
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Table 1. The measured values of the interfacial equivalent circuit
elements at the intermediate frequency (ca. 1 Hz)

E(Vvs.SCE) Rs+Re(Q)  Cpo(UFA)  Re*(Q) Cp* (UFP)

-0.200 17.86 1.802 X 10° 2984 54.28
-0.225 20.46 1.785 X 10°  2.987 55.32
-0.250 30.48 1.840 X 10°  2.989 55.77
-0.275 30.06 4446 X 10°  2.982 54.59
-0.300 9.979 2.643 X 10* 2993 52.90
-0.325 5.023 1410 X 10°  2.996 50.76
-0.350 4.395 4313 X 10°  2.981 49.64
-0.375 4.340 7.841 X 10°  3.004 46.95
-0.400 4.306 1.857 X 105 3.024 44.10
-0.425 4.650 2.000 X 105 3.059 40.23
-0.450 4.636 2250 X 106 3.100 36.55
-0.475 471 2.41810° 3.157 34.08

*Measured with stirring at the high frequency (ca. 8 kHz).
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Fig. 3. The comparison of the change rates of the A(-()/AE and the
AB/AE at the poly-Ir/0.1 M H,SO, electrolyte interface.

Table 2. The comparison of the measured and calculated phase
shifts at the intermediate frequency (ca. 1 Hz)

E

(V vs. SCE) -0 (deg) -0* (deg) 6>
-0.200 78.6 78.6 =(
-0.225 771 77.1 0.019
-0.250 70.6 70.6 0.103
-0.275 50.0 50.0 0.368
-0.300 311 31.1 0.611
-0.325 12.7 12.7 0.847
-0.350 48 4.8 0.949
-0.375 2.8 2.8 0.974
-0.400 1.1 1.1 0.996
-0.425 1.0 1.0 0.997
-0.450 0.9 0.9 0.999
-0.475 08 0.8 =]

*Calculated phase shift using equation (1).
**Estimated using the measured phase shift ().
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Fig. 4. The comparison of the change rates of the A(-0)/AE and the
AO/AE at the poly-Pt/0.1 M H,SO, electrolyte interface.
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Fig. 5. The frequency response (IZ| vs. f) curves of the equivalent
circuit at the poly-Ir/0.1 M H,SO, electrolyte interface. Single sine
wave. Scan frequency: 104 to 0.1 Hz. AC amplitude: 5 mV. DC
potential: (a) -0.225 V, (b) -0.275 V, (c) -0.300 V, (d) -0.325 V, and (¢)
-0.400 V vs. SCE.

7% - AR, FAZ ¢ dSS rigitt whro] e, G
= Hax EE 0=0 e Uit 2=, A (DEFH =
HX(<90°)2 Fig. 5(a) X Table 2 Zo] 2A) Hoh whd
ol|, Fig. 7(by= X3 73 5 0.1~10 HoA 8848 A
B FAE F s gt o ol AANES] 71€7]
7} 0ol 23] WEolt). ol Arle tEA Ir A=SH
9] FAaFE] TIEUSS ofv]sict vl T, G F
X EE 0=1 9& Audcth 2=, 4 (Ne2FH pE Hn
2| (>0°)2 Fig. 6(e) X Table 2 Zo] ZHA ). o3k A
= SRR 0] E(0°< -< 90y EHIES(0<6
< l)oﬂ Al ALOFLO. 94“]@“4‘.

2 oo use
Fig. 5(a) =5 70X 1 Hzs o039 SA0llA AN
Bo| ot & F5uE F2H0.1~ 10 Hz)®] SAFol 2
AR Bl Q7kd el Adigke]l ARE, tEA I A5
Foo|A 452 TAHTEEE #X)7] wjiol Fig. 5(a) B
T(a) Zo] e 27| SAM FAFATE L3 Fig. 8
7o) g4dols Wsk-¢ vs. By UEMISUT

T v v 1 M L v ) v )
BOF  eeeensld i
o.. J
§ ..
~ 60 . E
*® ©..... .
E ....0" ‘e . ..
T . -
b v O .
w ¢ ‘o, ‘s
g() Tee. "o
R N T
] e . . .. .
©f Ttteenn,,,. teenlly
ok e°0%00ne .--o--.......:::::::smm.f!!!lnmm ]
1 " i 1 i 1 - i A 1
-1 0 1 2 3 4

FREQUENCY [ log ( f/Hz )]
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-0.400 V vs. SCE.
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0.1 M H,;SO, electrolyte interface. Scan potential: 0 to -0.270 V vs.
SCE. Scan rate: 30 mV/s.

Table 3. The comparison of electrode kinetic parameters at the poly-
Pt and Ir electrode interfaces

UPDH OPDH
Electrode/Electrolyte K K
AG,s (kJ/mol) AGys (kI/mol)
, 18.5 4.0 < 10°
poly-Pt/0.2 M LiOH
-72 25.1
- 3.0 X 10
poly-Pt/0.1 M H,SO, - 01
poly-Ir/ 7.9 X 107 15 x 10"
0.2 M LiOH 6.3 21.8
poly-Ir/ - 2.0 < 10*
0.1 M H,;SO, R 21.1
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