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Abstract

The congtant corrdation factors between the Temkin and the Langmuir or the Frumkin adsorption isotherms of over-
potentialy deposited hydrogen (OPD H) for the cathodic H, evolution reaction (HER) at poly-Pt and Re/0.5 M H,SO,
and poly-Ni/0.05 M KOH agueous electrolyte interfaces have been experimentally and consistently found using the
phase-shift method. At intermediate values of the fractiona surface coverage (0), i.e, 0.2<6<0.8, the Langmuir and
Temkin adsorption isotherms of OPD H for the cathodic HER are correlated to each other even though the adsorption
conditions or processes are different from each other. At the same range of 6, correspondingly, the Frumkin and
Temkin adsorption isotherms of OPD H for the cathodic HER are correlated to each other. The equilibrium constants
(Ko for the Temkin adsorption isotherms (B vs. E) are consistently ca. 10 times greater than those (K, K) for the
corresponding Langmuir or Frumkin adsorption isotherms (B vs. E). The interaction parameters (g) for the Temkin
adsorption isotherms (0 vs. E) are consistently ca. 4.6 greater than those (g) for the corresponding Langmuir or
Frumkin adsorption isotherms (B vs. E). These numbers (10 times and 4.6) can be taken as congtant correlation factors
between the corresponding adsorption isotherms (Temkin, Langmuir, Frumkin) & the interfaces. The Temkin adsorption
isotherm corresponding to the Langmuir or the Frumkin adsorption isotherm, and vice versa, can be effectively
verified or confirmed using the constant correlation factors. Both the phase-shift method and constant correlation
factors are useful and effective for determining or confirming the suitable adsorption isotherms (Temkin, Langmuir,
Frumkin) of intermediates for sequentia reactions in eectrochemica systems.
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1. Introduction

In electrochemical systems, it is preferable to consider the
adsorption isotherms (Langmuir, Frumkin, Temkin) of inter-
mediates for sequential reactions rather than equations of the
electrode kinetics and thermodynamics for intermediates,
because the adsorption isotherms (Langmuir, Frumkin,
Temkin) can be associated more directly with the atomic
mechanisms of intermediate adsorptions.:™ The adsorption
isotherms (Langmuir, Frumkin, Temkin) are useful and effec-
tive for characterizing the relation, transition, and criterion
between intermediates for sequentia reactions, e.g., under-
potentialy deposited hydrogen (UPD H) and over-potentially
deposited hydrogen (OPD H) for the cathodic H, evolution
reaction (HER), in eectrochemica systems®® Thus, there is
atechnological need for a fast, smple, and reliable technique
to determine the suitable adsorption isotherms (Langmuir,
Frumkin, Temkin) of intermediates for sequentia reactions in
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electrochemica systems.

Recently, we have experimentally and consistently found
that the phase-shift method can be effectively used to deter-
mine the Langmuir or the Frumkin adsorption isotherms of
UPD H and OPD H for the cathodic HER at noble and
transition-metal/aqueous electrolyte interfaces.®>? It appears
that the phase-shift method, i.e., alinear relationship between
the behavior (-¢ vs. E) of the phase shift (0°<-$<90°) for
the optimum intermediate frequency and that (6 vs. E) of the
fractional surface coverage (1= 6= 0), is a useful and effective
way to study the H adsorption sites and processes for the
cathodic HER, the relation, transition, and criterion between
UPD H and OPD H, the éectrode kinetics and thermodynamics
a these interfaces.

In this paper, we represent the constant correlation factors
between the Temkin and the Langmuir or the Frumkin
adsorption isotherms of OPD H for the cathodic HER at
poly-Pt and Re/0.5 M H,SO,4 and poly-Ni/0.05 M KOH
aqueous electrolyte interfaces using the phase-shift method.
This aspect was overlooked or not well interpreted in our
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previously published papers.®>?Y Both the phase-shift method
and constant correlation factors are useful and effective for
determining or estimating the suitable adsorption isotherms
(Langmuir, Frumkin, Temkin) of intermediates for sequential
reactions in eectrochemical systems.

2. Experimental

2.1. The Phase-Shift Method

In electrochemical systems, the current-potential relation-
ship is determined completely by the electrode potential (E)
dependence of the fractional surface coverage (6) of interme-
diates. Thus, one can interpret that the electrode kinetic
parameters for intermediates will depend on the corresponding
adsorption isotherm (6 vs. E) of intermediates, which relates
the surface concentration of intermediates to the bulk con-
centration of intermediates and to the electrode potential (E).Y

A linear relationship between the behavior (-¢ vs. E) of the
phase shift (0°<-¢ <90°) for the optimum intermediate fre-
quency and that (6 vs. E) of the fractional surface coverage
(1= 6= 0) of H (UPD H, OPD H) at noble and transition-meta
/aqueous dectrolyte interfaces has been suggested and verified
or confirmed using cyclic voltammetric (CV), linear sweep
voltammetric (LSV) or differential pulse voltammetric
(DPV), and electrochemical impedance spectroscopic (EIS)
techniques.®>*?2Y The behavior (8 vs. E) of the fractional
surface coverage (1= 6= 0) of intermediates is well known as
the electrochemical adsorption isotherm (Langmuir, Frumkin,
Temkin). Note that the relation, transition, and criterion
between UPD H and OPD H or the constant correlation fac-
tors between the corresponding adsorptions isotherms
(Temkin, Langmuir, Frumkin) of H (UPD H, OPD H) cannot
be effectively and consistently verified or confirmed using
the other conventional methods.

2.2. Preparations

Taking into account H* concentrations and effects of dif-
fuse double layer and pH,? acidic and alkaline aqueous
electrolytes were prepared from H,SO, (Sigma-Aldrich,
reagent grade) and KOH (Alfa Aesar, reagent grade) with
purified water (resistivity >18 MQ cm) obtained from a Mil-
lipore system. The 0.5 M H,SO, and 0.05 M KOH agueous
electrolytes were deaerated with 99.999% purified nitrogen gas
for 20 min before the experiments.

A standard three-electrode configuration was employed
using a saturated calomel electrode (SCE) reference el ectrode
and a poly-Pt wire (Johnson Matthey, purity: 99.9985%, 1
mm diameter, estimated surface area ca. 1.01 cm?), a poly-
Re wire (Johnson Matthey, purity 99.97%, 1 mm diameter,
estimated surface area ca. 0.96 cm?), or a poly-Ni foil
(Johnson Matthey, purity 99.994%, 0.5 mm thick, estimated
surface area ca. 10.4 cm?) working eectrode. The poly-Pt and
Re working electrodes were prepared by flame cleaning and
then quenched and cooled in Millipore Milli-Q water and in
air, sequentially. The poly-Ni working electrode was polished
with aumina powder (0.3 and 0.05 pm) to a mirror-like fin-
ish and then was rinsed with the Millipore Milli-Q water

using an ultrasonic bath. A Pt wire (Alfa Aesar, purity:
99.95%, 1.5 mm diameter) was used as a counter electrode.

2.3. Measurements

The CV method was used to observe the UPD H pesks,
which are useful and important for verifying the adsorption
isotherm (Langmuir, Frumkin) of UPD H or OPD H at the
interfaces. The DPV method was used to study the Tafel
dlopes at the interfaces. After the DPV experiments, the EIS
method was used to study the relation between the phase-
shift profile for the optimum intermediate frequency and the
corresponding adsorption isotherm (Langmuir, Frumkin,
Temkin) at the interfaces.

The CV and DPV experiments were sequentially per-
formed using an EG&G PAR Model 273A potentiostat con-
trolled with the PAR Model 270 software package. The EIS
experiments were also sequentially performed using the same
apparatus in conjunction with a Schlumberger SI 1255 HF
Frequency Response Analyzer controlled with the PAR
Model 388 or 398 software package. To obtain comparable
and reproducible results, al measurements were carried out
using the same preparations, procedures, and conditions at
room temperature. The phase-shift method, experimental pro-
cedures, and data at the interfaces are described elsewhere.?V

3. Results and Discussion

We consider the constant correlation factors between the
corresponding adsorption isotherms (Langmuir, Frumkin,
Temkin) of OPD H for the cathodic HER at these interfaces
as follows. First, we determine the Langmuir adsorption iso-
therm and then find the interaction parameter (g) for the
Frumkin adsorption isotherm based on the relevant experi-
mental results, e.g., the fractional surface coverage for the
electrode potential, the phase-shift profile for the optimum
intermediate frequency, etc. Finally, we derive and confirm
the constant correlation factors between the Temkin and the
Langmuir or the Frumkin adsorption isotherms.

3.1. Langmuir Adsorption |sotherm

The derivation of the practical form of the electrochemical
adsorption isotherms (Langmuir, Frumkin, Temkin) of inter-
mediates is described elsewhere.r® The Langmuir adsorption
isotherm assumes that the electrode surface is homogeneous
and that the lateral interaction effect is negligible. The prac-
tical form of the electrochemical Langmuir adsorption iso-
therm (8 vs. E) of H (UPD H, OPD H) for the cathodic HER
can be expressed as:

[6/(1- 8)] = KCy'[exp(-EF/RT)] @

where 6 is the fractional surface coverage of H (UPD H,
OPD H), K is the equilibrium constant for H (UPD H, OPD
H), Cy4" is the H* concentration in the bulk electrolyte, E is
the electrode potential, F is the Faraday constant, R is the
gas constant, and T is the absolute temperature. In Eq. (1), E
is the actual electrode potential as measured against a stan-
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dard reference electrode. In this paper, the standard reference
electrode is a saturated calomel eectrode (SCE). However, to
clarify the hydrogen adsorption in the different aqueous elec-
trolytes, al potentials are given in the reversible hydrogen
electrode (RHE) scale.

Fig. 1 compares the experimentally determined Langmuir
adsorption isotherm using the phase-shift method and the
three numerically calculated Langmuir adsorption isotherms
of OPD H for the cathodic HER at the poly-Pt/0.5 M H,SO,
agueous electrolyte interface?? Figs. 1A, B, and C show the
three numerically calculated Langmuir adsorption isotherms
(8 vs. E) corresponding to K = 1.3 x 102, 1.3 x 10, and
1.3 10, respectively.

Fig. 2 compares the experimentally determined Langmuir
adsorption isotherm using the phase-shift method and the
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Fig. 1. Comparison of the experimentally determined Langmuir
adsorption isotheem (8 vs. E) for K=1.3X 10* and three
numerically calculated Langmuir adsorption isotherms (0 vs. E) of
OPD H for the cathodic HER at the poly-Pt/0.5 M H,SO, aqueous
electrolyte interface. (A) K = 1.3 10?2 (B) K = 1.3X 10 and (C)
K = 1.3 10 (OPD H).
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Fig. 2. Comparison of the experimentally determined Langmuir
adsorption isotheem (8 vs. E) for K=45% 107 and three
numerically calculated Langmuir adsorption isotherms (0 vs. E) of
OPD H for the cathodic HER at the poly-Re/0.5 M H,SO, aqueous
electrolyteinterface. (A) K = 45X 10°, (B) K = 45X% 107, and (C)
K = 45X 10° (OPD H).

three numerically calculated Langmuir adsorption isotherms
of OPD H for the cathodic HER at the poly-Re/0.5 M H,SO,
agueous electrolyte interface.?” Figs. 2A, B, and C show the
three numerically calculated Langmuir adsorption isotherms
(8 vs. E) corresponding to K = 4.5< 10°, 4.5x< 107, and
45> 10°, respectively. As shown in Figs. 1 and 2, the Lang-
muir adsorption isotherm (8 vs. E) described in Eqg. (1) is
practically and definitively determined by the value of K. It
has been experimentally and consistently verified or con-
firmed using the phase-shift method. The phase-shift method
for determining the Langmuir adsorption isotherms of H
(UPD H, OPD H) for the cathodic HER at noble metd (Pt,
Ir, Au, Rh, Re, Pt-Rh alloy)/aqueous dectrolyte interfaces is
described elsewhere 10121422

The shapes of the cyclic voltammograms of poly-Pt
electrodes'??? are similar to those of discal Pt(100) elec-
trodes.*?*% Therefore, one can interpret that certain single-
crystal faces dominate the poly-Pt electrode surfaces, and so
the imperfection in the orientation and size of the same sin-
gle-crystal face substrate is not practically serious for the
Langmuir adsorption process. This implies that the surfaces
of poly-Pt and Re electrodes can also be considered as
homogeneous surfaces. In other words, as shown in Figs. 1
and 2, the Langmuir adsorption isotherm is applicable to the
formation of OPD H at the poly-Pt and Re/0.5 M H,SO,
aqueous electrolyte interfaces. However, oxide layer forma
tion or different single-crystal face substrates are serious con-
siderations for the Langmuir adsorption process, and these
should be considered inhomogeneous or heterogeneous sur-
faces. In this case, the Frumkin or the Temkin adsorption
isotherm should be applied to the interfaces.

It is well known that UPD H and OPD H occupy different
surface adsorption sites and act as two distinguishable elec-
troadsorbed H species, while only OPD H can contribute to
the cathodic HER.®® The Langmuir adsorption isotherm of
H (UPD H, OPD H), i.e, the equilibrium constant (K) for H
(UPD H, OPD H) described in Eq. (1), is useful and effec-
tive for characterizing the relation, transition, and criterion of
UPD H and OPD H for the cathodic HER. For instance, the
ranges of K for UPD H and OPD H at Pt electrode interfaces
are ca. 1.9~2.7 and 6.1< 10~2.1< 10*, respectively.*?
Similarly, the ranges of K for UPD H and OPD H at Ir elec-
trode interfaces are ca. 3.9 and 9.9 10°~5.8 x 10 respec-
tively.2” Note that the values of K for UPD H are much (ca.
10°~10° times) greater than those for OPD H. This implies
that only OPD H can contribute to the cathodic HER. In
other words, the absorption process of H for the cathodic
HER at the interfaces depends strongly on UPD H.% Conse-
quently, one can interpret that the absorption of OPD H for
the cathodic HER at the interfaces is negligible.

3.2. Frumkin Adsorption I sotherm

Considering an inhomogeneous electrode surface, the
Frumkin or the Temkin adsorption isotherm should be
applied to electrochemical systems. The Frumkin adsorption
isotherm assumes that the electrode surface is inhomoge-
neous and that the lateral interaction effect is considerable.
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The practical form of the electrochemical Frumkin adsorp-
tion isotherm (8 vs. E) of H (UPD H, OPD H) for the
cathodic HER can be expressed as follows:

[6/(1 - 6)] exp(g8) = KoCh'[exp(-EF/RT)] @)
g =r/RT 3
K = K, exp(-g6) 4

where g is the interaction parameter for the Frumkin adsorp-
tion isotherm, K, is the equilibrium constant for H (UPD H,
OPD H) at g = 0, K is the equilibrium constant for H (UPD
H, OPD H), and r is the rate of change of the standard free
energy of H (UPD H, OPD H) with 6, i.e, 0<6< 1.

Fig. 3 compares the experimentally determined Frumkin
adsorption isotherm using the phase-shift method and the
three numerically calculated Frumkin adsorption isotherms of
OPD H for the cathodic HER at the poly-Ni/0.05 M KOH
agueous electrolyte interface.™ Figs. 3A, B, and C show the
three numerically calculated Frumkin adsorption isotherms (6
vs. E) corresponding to g = 0, 10, and 20 for K, = 0.13,
respectively. As shown in Fig. 3, the Frumkin adsorption iso-
therm (B vs. E) described in Eq. (2) is practically and defin-
itively determined by the values of g and K,. As g increases,
0 changes more slowly with E. For g = 10 and K, = 0.13
(Fig. 3B), using Eq. (4), the range of K is 0.13= K= 5.9%
10 with 8, i.e., 0< 8< 1. Note that the Frumkin adsorption
isotherm (8 vs. E) for g = 0 and K, = 0.13 (Fig. 3A) corre-
sponds to the Langmuir adsorption isotherm (6 vs. E) for
K = 0.13. By comparing Fig. 3B with Fig. 3A, one can inter-
pret that the correlation between the Frumkin and the Lang-
muir adsorption isotherms is negligible. 1t has been
experimentally and consistently verified or confirmed using
the phase-shift method. The phase-shift method for determin-
ing the Frumkin adsorption isotherms of OPD H for the
cathodic HER at noble and transition-metal (Pd, Ni)/agueous
electrolyte interfaces is described elsewhere®™

3.3. Temkin Adsorption Isotherm

At intermediate values of 6, [6/(1 - 8)] changes small with
6 compared to the changing of exp(g6) in Eq. (2). Under the
approximate conditions, the Temkin adsorption isotherm can
be simply derived from the Frumkin adsorption isotherm
described in Eq. (2). The practical form of the electrochemi-
cal Temkin adsorption isotherm (6 vs. E) of H (UPD H,
OPD H) for the cathodic HER can be expressed as follows:

exp(g6) = KoCii'Texp(-EF/RT)] ©)

Fig. 4 compares the experimentally determined Langmuir
adsorption isotherm (8 vs. E) for K = 1.3 10* (Fig. 1B)
and the three numerically calculated Temkin adsorption iso-
therms (8 vs. E) for K, = 1.3 x 102 at the poly-Pt/0.5 M
H,SO, aqueous electrolyte interface. Figs. 4A, B, and C
show, using Eq. (5), the three numerically calculated Temkin
adsorption isotherms corresponding to g = 0, 4.6, and 10,
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Fig. 3. Comparison of the experimentally determined Frumkin
adsor ption isotherm (8 vs. E) for g = 10 and K, = 0.13 and three
numerically calculated Frumkin adsorption isotherms (8 vs. E) of
OPD H for the cathodic HER at the poly-Ni/0.05 M KOH aqueous
eectrolyte interface. (A) g = 0, i.e, Langmuir adsor ption isotherm,
(B) g =10, and (C) g = 20 for K, = 0.13.
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Fig. 4. Comparison of the experimentally determined Langmuir
adsor ption isotherm (@ vs. E) for K = 1.3 X 10* (Fig. 1B) and three
numerically calculated Temkin adsorption isotherms (6 vs. E) for
Ko = 1.3X% 10 at the poly-Pt/0.5 M H,SO, aqueous electrolyte
interface. (A) g =0, (B) g = 4.6, and (C) g = 10 for K, = 1.3% 10°
(OPD H).

respectively. For g = 4.6 and K, = 1.3 x 10° (Fig. 4B), using
Eq. (4), the range of K is 1.3 x 10°> K> 1.3 x 10° with 6,
i.e, 0< 6< 1. However, it should be noted that Fig. 4B shows
a superposition or an overlapped region between the Lang-
muir and the Temkin adsorption isotherms (6 vs. E) of OPD
H at the range of 6, ca. 0.2<6<0.8. At 0.2<8<0.8, using
Eqg. (4), the range of K is 5.2x10%>K >3.3X 10°. At
0 = 0.5, it especially appears that the equilibrium constant
(K = 1.3 10%) for the Temkin adsorption isotherm is the
same as that (K = 1.3 10*) for the corresponding Langmuir
adsorption isotherm. It is attributed to the rate of change of 6
vs. E, i.e., AB/AE or d6/dE, which is maximized a 6 = 0.5
and minimized at 8 = 0 and 1. The equilibrium constants (K)
for OPD H corresponding to the adsorption isotherms (Lang-
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muir, Temkin, Frumkin) and 6 are summarized in Table 1.
Fig. 5 compares the experimentally determined Langmuir
adsorption isotherm (8 vs. E) for K = 4.5x 107 (Fig. 2B)
and the three numerically calculated Temkin adsorption iso-
therms (8 vs. E) for K, = 4.5 x 10° at the poly-Re/0.5 M
H,SO, aqueous electrolyte interface. Figs. 5A, B, and C
show, using Eq. (5), the three numerically calculated Temkin
adsorption isotherms corresponding to g = 0, 4.6, and 10,
respectively. For g = 4.6 and K, = 45 10° (Fig. 5B), using
Eq. (4), the range of K is 45 x 10°> K> 4.5 108 with 8,
i.e, 0<06< 1. Similarly, it should be noted that Fig. 5B aso
shows a superposition or an overlapped region between the
Langmuir and the Temkin adsorption isotherms (8 vs. E) of
OPD H at the range of 6, ca. 0.2<6<0.8. At 0.2<6<0.8,
using Eq. (4), the range of K is 1.8 10% >K >1.1x 107,
At 8 = 0.5, it especidly appears that the equilibrium constant
(K = 45% 107) for the Temkin adsorption isotherm is the
same as that (K = 4.5 107) for the corresponding Langmuir
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Fig. 5. Comparison of the experimentally determined Langmuir
adsor ption isotherm (8 vs. E) for K = 45X 107 (Fig. 2B) and three
numerically calculated Temkin adsorption isotherms (0 vs. E) for
Ko = 45X 10° at the poly-Re/0.5 M H,SO, aqueous electrolyte
interface. (A) g = 0, (B) g = 4.6, and (C) g = 10 for K, = 45X 10°
(OPD H).

adsorption isotherm. As stated above, it is attributed to the
rate of change of 6 vs. E, i.e.,, AB/AE or dO/dE, which is
maximized at 6 = 0.5 and minimized at 6 = 0 and 1. The
equilibrium constants (K) for OPD H corresponding to the
adsorption isotherms (Langmuir, Temkin, Frumkin) and 6 are
summarized in Table 2.

Fig. 6 compares the experimentally determined Frumkin
adsorption isotherm (8 vs. E) for g = 10 and K, = 0.13 (Fig.
3B) and the three numerically calculated Temkin adsorption
isotherms (B vs. E) for K, = 1.3 at the poly-Ni/0.05 M KOH
agueous electrolyte interface. Figs. 6A, B, and C show, using
Eq. (5), the three numericaly calculated Temkin adsorption
isotherms corresponding to g = 0, 14.6, and 20, respectively.
Under the Temkin adsorption conditions, as shown in Figs.
4-6, 6 changes linearly and more sowly with E than it does
under the Langmuir adsorption conditions. For g = 14.6 and
K, = 1.3 (Fig. 6B), using Eqg. (4), the range of K is 1.3=2 K=
59> 107 with 8, i.e, 0< 8< 1. However, it should be noted

' = experimental

08| >
—— Frumkin

---- Temkin
06

04}

02F

Fractional Surface Coverage (0 )
f¢)

0.0 L 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential ( E)/V vs. RHE

Fig. 6. Comparison of the experimentally determined Frumkin
adsorption isotherm (8 vs. E) for g = 10 and K, = 0.13 (Fig. 3B)
and three numerically calculated Temkin adsorption isotherms (8
vs. E) for K, = 1.3 at the poly-Ni/0.05 M KOH aqueous electrolyte
interface. (A) g =0, (B) g =14.6, and (C) g = 20 for K, =1.3
(OPD H).

Table 1. Comparison of the equilibrium constants (K) for OPD H corresponding to the adsorption isotherms (Langmuir, Temkin, Frumkin)
and fractional surface coverages (8) at the poly-Pt/0.5 M H,SO, aqueous eectrolyte interface.

_ K K K
Adsorption Isotherm

0<bz1l 02<6<0.8 6=05
Langmuir (g = 0) 1.3x10% 1.3x10* 1.3x10*

Temkin (g = 4.6) 13x10°%2K=>13x%10°
Frumkin -

52x10*>K >3.3x10° 1.3x10*

Table 2. Comparison of the equilibrium constants (K) for OPD H corresponding to the adsorption isotherms (Langmuir, Temkin, Frumkin)
and fractional surface cover ages (8) at the poly-Re/0.5 M H,SO, aqueous €electrolyte interface.

. K K K
Adsorption Isotherm
0<b<1 02<6<08 6=05
Langmuir (g = 0) 45x107 45x107 45x107

Temkin (g = 4.6) 45x10%>K=4.5x 108

Frumkin -

1.8x10°%>K>1.1x107 45x107
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Table 3. Comparison of the equilibrium constants (K) for OPD H corresponding to the adsor ption isotherms (Frumkin, Temkin, Langmuir)
and fractional surface coverages (0) at the poly-Ni/0.05 M KOH aqueous electrolyte interface.

. K K K
Adsorption Isotherm

0<0<1 02<0<08 =05
Frumkin (g = 10) 013>K=59x10° 1.8x102>K >4.4x10° 8.8 x 10*
Temkin (g = 14.6) 1.32K=259x107 7.0x10%2>K>1.1x10° 8.8x10*

Langmuir -

that Fig. 6B shows a superposition or an overlapped region
between the Frumkin and the Temkin adsorption isotherms
(6 vs. E) of OPD H at the range of 6, ca. 0.2<6<0.8. At
0.2<0<0.8, using Eq. (4), the range of K is 7.0 102 >
K>1.1x10%. At 8 = 0.5, it especially appears that the equi-
librium constant (K = 8.8> 10" for the Temkin adsorption
isotherm is the same as that (K = 8.8 10™) for the corre-
sponding Frumkin adsorption isotherm. The equilibrium con-
stants (K) for OPD H corresponding to the adsorption
isotherms (Frumkin, Temkin, Langmuir) and 6 are summa-
rized in Table 3.

4, Conclusions

The Langmuir and Temkin adsorption isotherms (6 vs. E)
are correlated to each other even though the adsorption con-
ditions or processes are different from each other. Corre-
spondingly, the Frumkin and Temkin adsorption isotherms (6
vs. E) are correlated to each other. The equilibrium constants
(Ko) for the Temkin adsorption isotherms (6 vs. E) are con-
sigtently ca. 10 times greater than those (K, K,) for the cor-
responding Langmuir or Frumkin adsorption isotherms (6 vs.
E). Similarly, the interaction parameters (g) for the Temkin
adsorption isotherms (6 vs. E) are consistently ca. 4.6 greater
than those (g) for the corresponding Langmuir or Frumkin
adsorption isotherms (6 vs. E). These numbers (10 times and
4.6) can be taken as constant correlation factors between the
corresponding adsorption isotherms (Temkin, Langmuir,
Frumkin) at the interfaces. The Temkin adsorption isotherm
corresponding to the Langmuir or the Frumkin adsorption
isotherm, and vice versa, can be effectively determined or
confirmed using the constant correlation factors. This aspect
was overlooked or not well interpreted in our previously pub-
lished papers. The constant correlation factors can be experi-
mentally and consistently determined or confirmed at the
interfaces using the phase-shift method. Both the phase-shift
method and constant correlation factors are useful and effec-
tive for determining or confirming the suitable adsorption
isotherms (Temkin, Langmuir, Frumkin) of intermediates for
sequential reactions in electrochemical systems.

Acknowledgement

The authors thank Professor G. Jerkiewicz (Department of
Chemistry, Queens University, Canada) and Reviewers for
their valuable suggestions and encouragements on the phase-
shift method. A part of this paper will be appeared in Inter-
national Journal of Hydrogen Energy.

11

12.

13.

14.

15.

16.
17.
18.

19.

21

References

. E. Gileadi, in Electrosorption, E. Gileadi, Editor, pp. 1-18, Plenum

Press, New York (1967).

. E. Gileadi, E. Kirowa-Eisner, and J. Penciner, Interfacid Electro-

chemistry, pp. 75-86, Addison-Wedey Pub. Co. Reading, MA
(1975).

. E. Gileadi, Electrode Kinetics, pp. 261-280, VCH, New York (1993).
. J. OM. Bockris and S. U. M. Khan, Surface Electrochemistry, pp.

261, 280-283, Plenum Press, New York (1993).

. J. OM. Bockris, A. K. N. Reddy, and M. Gamboa-Aldeco, Modern

Electrochemistry, 2nd Edition, Vol. 2A, pp. 1193-1201, Kluwer
Academic/Plenum Pub. Co. New York (2000).

. B. E. Conway, G. Jerkiewicz, Editors, Electrochemistry and

Materids Science of Cathodic Hydrogen Absorption and Adsorp-
tion, PV 94-21, The Electrochemica Society Proceeding Series,
Pennington, NJ (1995).

. G. Jerkiewicz, Prog. Qurf. Sci., 57, 137 (1998).
. G. Jerkiewicz, J. M. Fdliu, and B. N. Popov, Editors, Hydrogen at

Surface and Interfaces, PV 2000-16, The Electrochemica Society
Proceeding Series, Pennington, NJ (2000).

. J. H. Chun and K. H. Ra, J. Electrochem. Soc., 145, 3794 (1998).
10.

J H. Chun and K. H. Ra, in Hydrogen at Surface and Interfaces, G.
Jerkiewicz, J. M. Feiu, B. N. Popov, Editors, PV 2000-16, pp. 159
173, The Electrochemica Society Proceedings Series, Pennington,
NJ (2000).

J H. Chun, K. H. Ra, and N. Y. Kim, Int. J. Hydrogen Energy, 26,
941 (2001).

J. H. Chun, S. K. Jeon, and J. H. Lee, J. Korean Electrochem. Soc.,
5, 131 (2002).

J. H. Chun, K. H. Ra, and N. Y. Kim, J. Electrochem. Soc., 149,
E325 (2002).

J. H. Chun, K. H. Ra, and N. Y. Kim, J. Electrochem. Soc., 150,
E207 (2003).

J. H. Chun, K. H. Ra, and N. Y. Kim, in Abstracts of the 203rd

Electrochemical Society (ECS) Mesting, Vol. 2003-01, Abstract
1270, The Electrochemical Society, April 27-May 2, Paris, France
(2003).

J.H. Chun and S. K. Jeon, Int. J. Hydrogen Energy, 28, 1333 (2003).
J H. Chun, U.S Pat. 6,613,218 (2003).

J H. Chun and N. Y. Kim, in Proceedings of the 4th International
Conference "HTM-2004", May 17-21, pp. 387-393, Internationa
Scientific Committee on Hydrogen Treatment of Materids (HTM),
Donetsk-Svyatogorsk, Ukraine (2004).

J H. Chun, K. H. Ra, and N. Y. Kim, J. Electrochem. Soc., 151, L11
(2004).

. J. H. Chun, S. K. Jeon, B. K. Kim, and J. Y. Chun, Int. J. Hydrogen

Energy, in press (avalable via the Internet a http:/Avww.
sciencedirect.com/scienceljourna/03603199).
J H. Chun, S. K. Jeon, K. H. Ra, and J. Y. Chun, Int. J. Hydrogen
Energy, in press (availdble via the Internet at http:/Avww.
sciencedirect.com/sciencefjourna/03603199).



200 J. Korean Electrochem. Soc., Vol. 7, No. 4, 2004

22. J. H. Chun, S. K. Jeon, N. Y. Kim, and J. Y. Chun, Int. J. Hydrogen
Energy, will be published.

23. E. Gileadi, E. KirowaEisner, and J. Penciner, Interfacia Electro-
chemistry, pp. 6, 72, Addison-Wedey Pub. Co. Reading, MA (1975).

24. F. T. Wagner and P N. Ross, J. Electroanal. Chem.,, 150, 141 (1983).

25. J. Jang and A. Kucernak, Electrochem Solid-Sate Lett.,, 3, 559
(2000).

26. E. Gileadi, E. KirowaEisner, and J. Penciner, Interfacid Electro-
chemistry, pp. 472-475, Addison-Wedey Pub. Co. Reading, MA
(1975).



