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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 poly-Pt/0.5 M H2SO4 and 0.5 M LiOH aqueous electrolyte interfaces
have been studied using cyclic voltammetric and ac impedance techniques. The behavior of the phase shift (0o

ú-
φú90o) for the optimum intermediate frequency corresponds well to that of the fractional surface coverage (1ûθ
û0) at the interfaces. The phase-shift method, i.e., the phase-shift profile (-φ vs. E) for the optimum intermediate
frequency, can be used as a new electrochemical method to determine the Langmuir adsorption isotherms (θ vs. E)
of the UPD H and the OPD H for the cathodic H2 evolution reactions at the interfaces. At the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface, the equilibrium constant (K) and the standard free energy (∆Gads) of the OPD H are
2.1Ý10-4 and 21.0 kJ/mol, respectively. At the poly-Pt/0.5 M LiOH aqueous electrolyte interface, K transits from 2.7
(UPD H) to 6.2Ý10-6 (OPD H) depending on the cathode potential (E) and vice versa. Similarly, ∆Gads transits from
-2.5 kJ/mol (UPD H) to 29.7 kJ/mol (OPD H) depending on E and vice versa. The transition of K and ∆Gads is
attributed to the two distinct adsorption sites of the UPD H and the OPD H on the poly-Pt surface. The UPD H
and the OPD H on the poly-Pt surface are the independent processes depending on the H adsorption sites themselves
rather than the sequential processes for the cathodic H2 evolution reactions. The criterion of the UPD H and the
OPD H is the H adsorption sites and processes rather than the H2 evolution reactions and potentials. The poly-Pt
wire electrode is more efficient and useful than the Pt(100) disc electrode for the cathodic H2 evolution reactions
in the aqueous electrolytes. The phase-shift method is well complementary to the thermodynamic method rather than
conflicting.

.  � : B~*{*~ 5 v~ªb~Ê V»j �Ï~� 
Ö; Pt/0.5 M H2SO4 5 0.5 M LiOH >Ï� ê�öB
&** >²�O(UPD H)" "** >²�O(OPD H)ö &� Langmuir �O�N�(θ vs. E)j ���Ò ~&
. ê
�öB �'7*"2>¢ r *ç�ÿ(0o

ú -φú90o) �ÿf ��b�N(1ûθû0) �ÿö ;{~² çw�
. *ç�
ÿ O» ¯ �'7*"2>¢ r *ç�ÿ æz(-φ vs. E)º ê�öB r� H2 B� >wö &� UPD Hf OPD
H~ Langmuir �O�N�j Ö;� > ®º î�Ú *Vz�' O»b� ÒÏ� > ®
. 
Ö; Pt/0.5 M H2SO4

>Ï� ê�öB OPD H~ �Oï;ç>(K)f �&¶Fö.æ(∆Gads)º '' 2.1Ü10-4f 21.0 kJ/mol �
. 
Ö;
Pt/0.5 M LiOH >Ï� ê�öB Kº r**(E)ö V¢ 2.7 (UPD H)öB 6.2Ü10-6 (OPD H) 6º 6.2Ü10-6

(OPD H)öB 2.7 (UPD H)� *��
. FÒ~² ∆Gadsº Eö V¢ -2.5 kJ/mol (UPD H)öB 29.7 kJ/mol (OPD
H) 6º 29.7 kJ/mol (OPD H)öB -2.5 kJ/mol (UPD H)� *��
. Kf ∆Gads~ *�º 
Ö; Pt *� ��~
ç�� UPD Hf OPD H~ �O¦*ö V��
. 
Ö; Pt *� ê�öB UPD Hf OPD Hº r� H2 B�
>wö V� BN' ";� jî¢, >² �O¦* ¶Úö V� ëã' ";�
. UPD Hf OPD H~ V&f r�
H2 B� >w" **& jî¢, >² �O¦*f ";�
. >Ï�öB r� H2 B� >wöº 
Ö; Pt F *��
�Ö; Pt(100) ö> *��
 z ÎN'�� FÏ~
. *ç�ÿ O»f ���' O»" çÏ'� jî¢, �j'�
.

Key words : Phase-shift method; Langmuir adsorption isotherm; Electroadsorbed hydrogen; Platinum electrodes

1. Introduction

The kinetics and mechanisms of electroadsorbed hydro-
gens at electrocatalytic metal (Pt, Rh, Pd, Ni, etc.)/aqueous
electrolyte interfaces have been extensively studied in elec-
trochemical hydrogen technologies.1-17) The under-potentially
deposited hydrogen (UPD H) and the over-potentially deposited

hydrogen (OPD H) are necessary and important to under-
stand the kinetics and mechanisms of the cathodic hydrogen
(H2) evolution reactions (HER) at the electrocatalytic metal/
aqueous electrolyte interfaces. Also, it is well known that the
UPD H and the OPD H occupy different surface adsorption
sites on the single-crystal faces and act as two distinguishable
electroadsorbed H species while only the OPD H can con-
tribute to the cathodic HER.1-17) Therefore, it is necessary to
compare the costs and related parameters of the polycrystalline
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and single-crystal electrodes for the cathodic HER under the
same experimental conditions. 

Many electrochemical methods and analyses on the H
adsorption sites and processes for the cathodic HER at the
electrocatalytic metal/aqueous electrolyte interfaces are
described and reviewed elsewhere.1-8) The cyclic voltammetric
and electrochemical impedance spectroscopic methods have
been intensively used to study the cathodic HER at the inter-
faces. However, the relation, transition, and criterion of the
UPD H and the OPD H at the electrocatalytic metal/aqueous
electrolyte interfaces have been studied from the point of
view of the HER and potentials rather than the H adsorption
sites and processes, i.e., the Langmuir or the Frumkin
adsorption isotherms. 

The Langmuir adsorption isotherm has all the ingredients
of equations of the kinetics and thermodynamics.18) It is well
known that the Langmuir adsorption isotherm is a special case
of the Frumkin adsorption isotherm. The Langmuir adsorption
isotherm can be derived from the Frumkin adsorption isotherm
by setting the interaction parameter is zero. Although the
Langmuir adsorption isotherm may be regarded a classical
model and theory in physical electrochemistry, it is useful
and effective to study the adsorption sites of the UPD H and
the OPD H and processes for the cathodic HER at the inter-
faces. Thus, there is a technological need for a fast, simple,
and reliable technique to estimate or determine the Langmuir
adsorption isotherms for characterizing the relation, transi-
tion, and criterion between the UPD H and the OPD H for
the cathodic HER at the interfaces. 

Recently, we have experimentally and consistently found
that the phase-shift profile for the optimum intermediate fre-
quency, i.e., the phase-shift method, can be used to deter-
mine the Langmuir or the Frumkin adsorption isotherms of
the UPD H and the OPD H for the cathodic HER at the
electrocatalytic metal (Pt, Ir, Pd, Au, Ni)/aqueous electrolyte
interfaces.19-26) It is useful and easy for studying the electrode
kinetics and thermodynamics, the relation, transition, and cri-
terion between the UPD H and the OPD H for the cathodic
HER at the electrocatalytic metal/aqueous electrolyte inter-
faces.

In this paper we will propose the phase-shift method for
the Langmuir adsorption isotherm and represent the relation,
transition, and criterion between the UPD H and the OPD H
for the cathodic HER at the poly-Pt/0.5 M H2SO4 and 0.5 M
LiOH aqueous electrolyte interfaces. It is complementary to the
Langmuir adsorption isotherms of electroadsorbed hydrogens
for the cathodic HER at the poly-Pt wire20,22) and the Pt(100)
disc23) electrode interfaces. It appears that the phase-shift
method is useful and necessary to determine or estimate the
Langmuir adsorption isotherm and to compare and select an
efficient electrode for the cathodic HER at the interfaces.

2. Experimental

2.1. Preparations
Taking into account H+ concentrations and effects of dif-

fuse double layer and pH,27) acidic and alkaline aqueous

electrolytes were prepared from H2SO4 (Junsei, special
grade) and LiOH (Alfa Aesar, Johnson Matthey, purity: 98%)
with purified water (resistivity: *18 MΩ cm) obtained from
a Millipore system. The 0.5 M H2SO4 and 0.5 M LiOH
aqueous electrolytes were deaerated with 99.999% purified
nitrogen gas for 10 min before the experiments.

A standard 3-electrode configuration was employed using
an SCE (Saturated Calomel Electrode) reference electrode
and a poly-Pt wire (Johnson Matthey, purity: 99.9985%, 1 mm
diameter, estimated surface area: ~1 cm2) working electrode.
In contrast to the Pt(100) disc,23) which was commercially
prepared using the mechanical polishing, the poly-Pt wire
was prepared by flame cleaning and then quenched and
cooled in the Millipore Milli-Q water and in air, sequentially.
A Pt wire (Johnson Matthey, purity: 99.95%, 1.5 mm diameter)
was used as a counter electrode. Taking into account the
OPD H and its large current distribution,28) the working and
counter electrodes were separately placed (~4 cm) in the
same compartment of a Pyrex cell using Teflon holders.

2.2. Measurements
Cyclic voltammetric (scan potential: -0.24 to 1.25 V vs. SCE,

scan rate: 300 mV/s for the 0.5 M H2SO4 and scan potential:
0 to -0.90 V vs. SCE, scan rate: 300 mV/s for the 0.5 M
LiOH) and ac impedance (single sine wave, scan frequency:
104 to 1 Hz, ac amplitude: 5 mV, dc potential: 0 to -0.45 V
vs. SCE for the 0.5 M H2SO4 and to -1.35 V vs. SCE for the
0.5 M LiOH) techniques were used to study the relation
between the phase-shift profile for the optimum intermediate
frequency and the corresponding Langmuir adsorption iso-
therm. The high scan rate (*100 mV/s) was used to measure
the state of the poly-Pt working electrode at the commence-
ment of the cyclic scan.28) 

The cyclic voltammetric experiment was performed using
an EG&G PAR Model 273A potentiostat controlled with the
PAR Model 270 software package. The ac impedance exper-
iment was performed using the same apparatus in conjunction
with a Schlumberger SI 1255 HF Frequency Response Ana-
lyzer controlled with the PAR Model 388 software package.
In order to obtain comparable and reproducible results, all
measurements were carried out using the same preparations,
procedures, and conditions at room temperature. The interna-
tional sign convention is used, i.e., cathodic currents and
lagged phase shifts or angles are taken as negative. Finally,
in order to clarify the hydrogen adsorption in the different
aqueous electrolytes, all potentials in the text, the Figures,
and the Tables are given on the RHE (Reversible Hydrogen
Electrode) scale.

3. Results and Discussion

3.1. Under-potentially deposited hydrogen (UPD H)
peak

Figure 1 shows the cyclic voltammogram of the steady state
at the poly-Pt/0.5 M H2SO4 aqueous electrolyte interface. The
UPD H peaks occur at ca. 0.215 and 0.077 V vs. RHE. The
anionic adsorption effects, which are not serious for the
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adsorption process of the OPD H, on the UPD H peaks have
not been considered.7,17) Fig. 1 also shows that the cyclic vol-
tammogram of the poly-Pt/0.5 M H2SO4 aqueous electrolyte
interface is similar to that of the Pt(100)/0.5 M H2SO4,23) the
Pt(100)/0.3 M HF,29) or the HI-Pt/0.5 M H2SO4 aqueous elec-
trolyte interface.30) However, the shape of the cyclic voltam-
mogram of the poly-Pt electrode is different from that of the
Pt(100) electrodes which were prepared by the flame annealing
method.8,15,17,31-34) It implies that the preparation of the poly-
Pt wire, as well as the commercially prepared Pt (100)
discs,23,29) is effective rather than perfect. In other words, the
various UPD H peaks correspond to the adsorptions of H on
the different single-crystal faces, e.g., (100), (110), (111),
etc., which are attributed to imperfections in the orientation
of the single-crystal substrates.30,33-35) Also, it implies that the
activities of the adsorption sites of the UPD H and the OPD
H depend strongly on the different single-crystal faces them-
selves rather than the sizes and/or the orientations of the
same single-crystal faces on the poly-Pt electrode surface.
However, the difference of the electrode kinetic and thermo-
dynamic parameters between the poly-Pt wire and the
Pt(100) disc23) electrodes is negligible (Table 3). It is under-
stood that the poly-Pt wire mostly consists of the same single-
crystal face (100) substrates.

The UPD H peaks and the corresponding cathode potentials
are necessary and useful to verify the Langmuir adsorption
isotherms of the UPD H and the OPD H for the cathodic
HER at the interface. This is discussed in more detail later.

3.2. Phase-shift profile for the optimum intermediate
frequency

Various equivalent circuits were proposed to model the fre-
quency responses of the interfaces for intermediate adsorptions
under different conditions.10,14,36-41) The equivalent circuit for
the cathodic HER is usually expressed as shown in Fig.
2(a).10,14,36,39,41) Taking into account the relaxation time effect
which is inevitable under the ac impedance experiment,10,42)

the equivalent circuit elements shown in Fig. 2(a) are defined

as: RS is the electrolyte resistance, RF is the equivalent resis-
tance due to the adsorption process of H (UPD H, OPD H)
and its relaxation time effect at the interface, RP is the equiv-
alent resistance due to the recombination reaction, CP is the
equivalent capacitance due to the adsorption process of H
(UPD H, OPD H) and its relaxation time effect at the interface,
and CD is the double-layer capacitance. The impedance (Z)
of the equivalent circuit shown in Fig. 2(a) is given by:36) 

Z = RS + {(RF + RP + jωRFRPCP)/[1 - ω2RFRPCPCD

+ jω(RPCP + RFCD + RPCD)]} (1)

where j is an operator and is equal to the square root of
-1, i.e., j2 = -1, and ω (= 2πf) is the angular frequency.

The two equivalent circuit elements, i.e., RF and CP, are the
equivalent resistance and capacitance associated with the
faradaic resistance (Rφ) and the adsorption pseudocapacitance
(Cφ) of the UPD H and/or the OPD H, respectively. Under
the ac impedance experiment, RF is smaller than Rφ due to
the relaxation times of the previously adsorbed H, i.e., the
increase of H+ on the electrode surface. On the other hand, CP

is greater than Cφ due to the relaxation times of the previously
adsorbed H, i.e., the increase of H+ on the electrode surface.
Since, in general, a resistance is inversely proportional to
charged species but a capacitance is proportional to charged
species on the electrode surface. It implies that the relaxation
time effects of RF and CP can be cancelled out or compensated
together. This is discussed in more detail later.

Essentially, both the relaxation time and lateral interaction
effects at the interfaces are proportional to the fractional sur-
face coverage (θ) of the UPD H and/or the OPD H. It implies
that the behaviors of RF and CP depend strongly on those of
Rφ and Cφ. Also, it implies that the lateral interaction effect
depends strongly on RF and CP, i.e., Rφ and Cφ or θ. There-
fore, the adsorption process of the UPD H and/or the OPD H

Fig. 1. The typical cyclic voltammogram at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface. Estimated surface area: ~1 cm2. Scan
potential: 0 to 1.49 V vs. RHE. Scan rate: 300 mV/s. 20th scan. Fig. 2. (a) The equivalent circuit for the cathodic H2 evolution

reactions at the poly-Pt/0.5 M H2SO4 and 0.5 M LiOH aqueous
electrolyte interfaces and (b) The simplified equivalent circuit for
the intermediate frequencies at the interfaces.
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corresponding to the combination of RF and CP can be cor-
rectly expressed in terms of the phase delay. This aspect was
not well interpreted in the previously published papers.19-22)

Of course, the experimental results presented there and
related discussions are unchanged. However, it is well known
that the fractional surface coverage depends on the applied
dc potential at the interfaces. Also, it is well known that the
phase shift or angle depends on the applied dc potential at the
interfaces. At present, it is difficult to derive the theoretical
relation between the phase shift and the fractional surface
coverage at the interfaces.26) 

The frequency responses of the equivalent circuit shown in
Fig. 2(a) are important and useful to study the relationship
between the phase shift and the fractional surface coverage
for the cathodic HER at the interfaces. At low frequencies,
the equivalent circuit can be expressed as a series circuit of
RS, RF, and RP. At high frequencies, the equivalent circuit can
be expressed as a series circuit of RS and CD. At intermediate
frequencies, the equivalent circuit can be simplified as a
series circuit of RS, RF, and CP shown in Fig. 2(b).36) In prac-
tice, RP is much greater than RF. Also, CP is much greater
than CD except at θ ≈ 0. In addition, |RP| is much greater than
|1/ωCP | for the intermediate frequencies. Therefore, RP and
CD can be eliminated from the equivalent circuit for the
cathodic HER shown in Fig. 2(a). It implies that the simplified
equivalent circuit for the intermediate frequencies shown in
Fig. 2(b) can be applied to the poly-Pt/0.5 M H2SO4 and
0.5 M LiOH electrolyte interfaces regardless of H2 evolution.
However, it should be noted that the simplified equivalent
circuit shown in Fig. 2(b) is not change of the cathodic HER
itself but only the intermediate frequency response itself. In
other words, it is valid and effective for studying the UPD H
and/or the OPD H at the interfaces. The frequency responses
of the equivalent circuit shown in Fig. 2(a) are described
elsewhere.36-41) 

The impedance (Z) of the equivalent circuit for the interme-
diate frequencies shown in Fig. 2(b) and the corresponding
phase shift (φ) or angle are given by:43) 

Z = (RS + RF) - j/ωCP (2)

φ = -tan-1[1/ω(RS + RF)CP] (3)

RF ∝ Rφ ((Rφ), RF*RS, CP*CD, and CP ∝ Cφ (*Cφ) (4)

where Rφ is the faradaic resistance for the discharge reaction
of the UPD H or the OPD H and depends on the fractional
surface coverage (θ) of the UPD H or the OPD H, and Cφ is
the adsorption pseudocapacitance and also depends on θ of
the UPD H or the OPD H.36) It should be noted that both Rφ
(or RF) and Cφ (or CP) cannot exist unless charge is trans-
ferred across the interphase. 

A minus sign shown in Eq. (3) implies a lagged phase. In
practice, the value of RS at the poly-Pt/0.5 M H2SO4 aqueous
electrolyte interface is ~1.1-1.4Ω cm2 which can be neglected
comparing to that of RF (Fig. 3). Therefore, from Eq. (3), it
is readily understood that the lagged phase depends strongly

on RF and CP, i.e., Rφ and Cφ or θ. It was pointed out by
Gileadi and Conway18,44) that the shape of the Cφ vs. E is the
exact form of the θ vs. E. It implies that the lagged phase
shift (-φ) also depends markedly on the adsorption process of
the UPD H and/or the OPD H at the interface. However, as
previously described, it should not be confused CP with Cφ
which has a maximum value at θ = 0.5 and can be neglected
at θ ≈ 0 and 1.10,23,36,39,40) Also, it should not be confused that
the simplified equivalent circuit shown in Fig. 2(b) is not
change of the cathodic HER itself but only the intermediate
frequency response itself. Consequently, it is understood that
the simplified equivalent circuit for the intermediate frequencies
is effective and valid to determine the Langmuir adsorption
isotherm for the cathodic HER. 

Figures 3(a) and (b) show the profiles of the measured RF

and CP versus the cathode potential (E) for the optimum
intermediate frequency (ca. 3 Hz) at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface, respectively. As previously
described, Fig. 3(a) shows that RF is smaller than Rφ. Since,
the left-hand side of the profile (RF vs. E) is lower than the
right-hand side of the profile. It is attributed to the superpo-
sition of the Langmuir adsorption process and the relaxation
time effect of RF, and the nature of resistance which is
inversely proportional to charged species. On the other hand,
as previously described, Fig. 3(b) shows that CP is greater
than Cφ. Since, the profile (CP vs. E) increases from the
right-hand side to the left-hand side, i.e., towards more nega-
tive potentials. Similarly, it is attributed to the superposition
of the Langmuir adsorption process and the relaxation time
effect of CP, and the nature of capacitance which is propor-
tional to charged species. However, it should be noted that
the equivalent resistance profile (RF vs. E) shown in Fig. 3(a)

Fig. 3. The profiles of the measured equivalent circuit elements (RF,
CP) versus E for the optimum intermediate frequency (ca. 3 Hz) at
the poly-Pt/0.5 M H2SO4 aqueous electrolyte interface. Single sine
wave. Scan frequency: 104 to 1 Hz. ac amplitude: 5 mV. dc
potential: 0.14 to -0.18 V vs. RHE. (a) Equivalent resistance profile
(RF vs. E) and (b) Equivalent capacitance profile (CP vs. E).
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has the peak due to the Langmuir adsorption process. On the
other hand, the equivalent capacitance profile (CP vs. E)
shown in Fig. 3(b) has not the peak. It implies that the H+ at
the interface increases consistently with increase of the
applied dc potential, i.e., the cathode potential (E). As previ-
ously described, it is attributed to the superposition of the
Langmuir adsorption process and the relaxation time effect,
and the reciprocal nature between the resistance and the
capacitance at the interface. It also implies that the relaxation
time effects of RF and CP depend strongly on θ. However, it
should be noted that Fig. 3(b) shows that CP increases rapidly
beyond the peak potential (ca. 0 V vs. RHE) of the equivalent
resistance profile (RF vs. E). It is understood that Cφ has a
maximum value at the peak potential, i.e., θ = 0.5, due to the
Langmuir adsorption process. The determination of the opti-
mum intermediate frequency is discussed in more detail later.
Consequently, it can be interpreted that the relaxation time
effects of RF and CP are the useful and unique feature to ana-
lyze the adsorption process of H at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface. The lateral interaction effect of
the Langmuir adsorption process is negligible at the interface.

From Figs. 2(b), 3, and Eq. (3), it is understood that the
real surface area problem of the poly-Pt electrode is not
important or serious to study the phase-shift profile. Since,
the real surface area effects of RF and CP are completely can-
celled out or compensated together. Also, it is understood that
the adsorption process of H at the interface can be expressed
in terms of the lagged phase. In practice, RF is greater than
RS and so the lagged phase shift (-φ) can be substantially
determined by the series circuit of RF and CP. In other words,
-φ is substantially characterized by the series circuit of Rφ
and Cφ or θ, i.e., the adsorption process of the UPD H and/
or the OPD H. It implies that the behavior of the phase shift
(0o
ú -φú 90o) for the optimum intermediate frequency can

be related to that of the fractional surface coverage (1û θ û 0).
It also implies that the change rate of ∆(-φ)/∆E or d(-φ)/dE
corresponds well to that of ∆θ/∆E or dθ/dE (Fig. 7). This is
discussed in more detail later. However, it appears that the
mathematical relation between the phase shift (-φ) and the
fractional surface coverage (θ) has not been derived or
reported elsewhere.

Figure 4 shows the comparison of the two clearly distin-
guishable frequency responses at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface. The absolute value of the
impedance vs. the frequency (|Z| vs. f) is plotted on a log-log
scale. In Fig. 4(a), the slope portion of the frequency
response curve represents the capacitive behavior of the poly-
Pt/0.5 M H2SO4 aqueous electrolyte interface. Since, a slope
of -1 represents the ideal capacitive behavior. It implies that
the Langmuir adsorption process of H and its relaxation time
effect at the interface are minimized. In other words, θ can
be set to zero as shown in Table 1. Therefore, from Eq. (3),
-φ has a maximum value (ú 90°) as shown in Fig. 5(a). On
the other hand, in Fig. 4(b), the horizontal portion of the
frequency response curve represents the resistive behavior of
the poly-Pt/0.5 M H2SO4 aqueous electrolyte interface. Since,
a slope of zero represents the ideal resistive behavior. It

implies that the Langmuir adsorption process of H and its
relaxation time effect at the interface are maximized or
almost saturated. In other words, θ of the OPD H can be set
to unity as shown in Table 1.6) Therefore, from Eq. (3), -φ
has a minimum value (û 0°) as shown in Fig. 5(e). 

Figure 5 shows the comparison of the phase-shift curves (-
φ vs. f) for the different cathode potentials at the poly-Pt/0.5 M
H2SO4 aqueous electrolyte interface. In Fig. 5, it should be
noted that the lagged phase shifts or angles and related
phase-shift curves are markedly characterized at the interme-
diate frequencies. The low side (ca. 3 Hz) of a slope of 1
shown in Fig. 4(a), i.e., the low side of the intermediate fre-

Fig. 4. The comparison of the two extremely distinguishable
frequency response curves at the poly-Pt/0.5 M H2SO4 aqueous
electrolyte interface. Vertical solid line: ca. 3 Hz. Single sine wave.
Scan frequency: 104 to 1 Hz. ac amplitude: 5 mV. dc potential: (a)
0.08 V and (b) -0.18 V vs. RHE.

Table 1. The measured phase shift (-φφ) for the optimum
intermediate frequency (ca. 3 Hz) and the estimated fractional
surface coverage (θθ) at the poly-Pt/0.5 M H2SO4 aqueous electrolyte
interface

E (V vs. RHE) -φ (deg) θ a

 0.08 88.6 ≈ 0

 0.06 88.3 0.003

 0.04 83.3 0.060

 0.02 66.3 0.252

 0.00 46.8 0.473

-0.02 34.9 0.607

-0.04 23.0 0.742

-0.06 11.2 0.876

-0.08  5.2 0.943

-0.10  3.1 0.967

-0.12  1.7 0.983

-0.14  0.8 0.993

-0.16  0.3 0.999

-0.18  0.2 ≈ 1
a Estimated using the measured phase shift (-φ). 
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quencies (ca. 1-10 Hz), can be set as the optimum intermediate
frequency for the phase-shift profile (-φ vs. E). Of course,
the exactly same shape of the phase-shift profile can also be
obtained at ca. 1 and 10 Hz, i.e., the range of the intermediate
frequencies. The determination of the optimum intermediate
frequency for the phase-shift profile is described else-
where.19-26) Finally, the cathode potentials and the corre-
sponding phase shifts for the optimum intermediate
frequency (ca. 3 Hz) can be plotted as the phase-shift profile
(-φ vs. E) shown in Fig. 6.

As shown in Fig. 3, the relaxation time effects of RF and
CP are very small or negligible for the range of θ(0.5, i.e.,
the right-hand side of the profile (RF vs. E or CP vs. E)
shown in Fig. 3. It should be noted that the lateral interaction
effect between the adsorbed OPD H is also negligible at the
range of θ(0.5. Therefore, the shape of the phase-shift pro-

file (-φ vs. E) for the optimum intermediate frequency can be
related to the form of the Langmuir adsorption isotherm (θ
vs. E) at the interface. On the other hand, for the range of θ
û 0.5, the relaxation time effect at the interface should be
considered as well as the lateral interaction effect. Since, as
shown in Fig. 3, the relaxation time effects of RF (or Rφ) and
CP (or Cφ) at the interface increase significantly with increas-
ing of θ (û 0.5), i.e. beyond ca. 0 V vs. RHE. However, sur-
prisingly, Figs. 6-8 show that the various effects and
considerations, i.e., the intermediate frequency response and
related equivalent circuit, the relaxation time effect, the lateral
interaction effect, etc., are well supplemented and compen-
sated together at the interface. Consequently, it can be inter-
preted that the form of the Langmuir adsorption isotherm (θ
vs. E) is the exact shape of the phase-shift profile (-φ vs. E)
for the optimum intermediate frequency. Both the relaxation
time and lateral interaction effects on the Langmuir adsorp-
tion process are negligible at the interface.

Figure 7 shows the comparison of the change rates of the
-φ vs. E and the θ vs. E, i.e., the ∆(-φ)/∆E or d(-φ)/dE and
the ∆θ/∆E or dθ/dE, at the poly-Pt/0.5 M H2SO4 aqueous
electrolyte interface. The derivation of the ∆(-φ)/∆E and the
∆θ/∆E is based on the experimental data shown in Table 1.
As expected, Table 1 and Fig. 7 show that both the ∆(-φ)/∆E
or d(-φ)/dE and the ∆θ/∆E or dθ/dE are maximized at θ≈ 0.5
and are minimized at θ ≈ 0 and 1. Fig. 7 also shows that the
plot of the ∆(-φ)/∆E or d(-φ)/dE is exactly same as that of
the ∆θ/∆E or dθ/dE. In other words, the behavior of the
phase shift (0oú -φú 90o) corresponds well to that of the
fractional surface coverage (1û θû 0). Also, it should be
noted that Fig. 7 is similar to the typical shape of the change
rate of the adsorption pseudocapacitance (Cφ) for the Lang-
muir adsorption conditions.10,36,39,40) As previously described,
it implies that the relaxation time effects of RF and CP, the
lateral interaction effect, etc., cannot be considered or are not
conflicting to analyze the adsorption process of the UPD H
and/or the OPD H at the interface. In other words, the lagged

Fig. 5. The comparison of the phase-shift curves at the poly-Pt/
0.5 M H2SO4 aqueous electrolyte interface. Vertical solid line: ca.
3 Hz. Single sine wave. Scan frequency: 104 to 1 Hz. ac amplitude:
5 mV. dc potential: (a) 0.08 V, (b) 0.02 V, (c) 0 V, (d) -0.04 V, and (e) -
0.18 V vs. RHE.

Fig. 6. The phase-shift profile (-φφ vs. E) for the optimum
intermediate frequency (ca. 3 Hz) at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface.

Fig. 7. The comparison of the change rates of the ∆∆(-φφ)/∆∆E and the
∆∆θθ/∆∆E for the optimum intermediate frequency (ca. 3 Hz) at the
poly-Pt/0.5 M H2SO4 aqueous electrolyte interface. 
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phase shift (-φ) described in Eq. (3) depends strongly on Rφ
and Cφ, i.e., θ. For the Frumkin adsorption process, both the
∆(-φ)/∆E or d(-φ)/dE and the ∆θ/∆E or dθ/dE will be
changed depending on the interaction parameter.25,26) Also, the
peak will be changed as a plateau depending on the interaction
parameter. Consequently, it can be interpreted that the shape
of the phase-shift profile (-φ vs. E) for the optimum intermedi-
ate frequency corresponds well to the form of the Langmuir
adsorption isotherm (θ vs. E) at the interface. Both the relax-
ation time and lateral interaction effects on the Langmuir
adsorption process are negligible at the interface.

3.3. Langmuir adsorption isotherm
In electrosorption, the electrode potential (E) is introduced

as an independent variable and affects the adsorption of
charged species in a major way. Also, the electrode potential
affects the adsorption of polar neutral molecules and neutral
organic species having no permanent dipole moment.18,45)

Similarly, the Volmer, the Heyrovsky, and the Tafel reactions
for the cathodic HER are considered at the poly-Pt/0.5 M
H2SO4 and 0.5 M LiOH aqueous electrolyte interfaces. How-
ever, the distinction between the Volmer, the Heyrovsky, and
the Tafel reactions is not necessary and important. Since, as
pointed out in Refs.,21,23,24) the Langmuir adsorption isotherm
corresponding to the phase-shift profile for the optimum
intermediate frequency is strongly dependent on the adsorption
sites of the UPD H and the OPD H rather than the sequential
processes for the cathodic HER. 

It is assumed that the UPD H and the OPD H for the ca-
thodic HER are an equilibrium.46) Since, the adsorption pro-
cesses of the UPD H and the OPD H are very fast compared
to the mass transport processes. However, from a viewpoint
of change rate with respect to time, the electrical circuit ele-
ments at the steady state are equivalent to the electrode kinetic
and thermodynamic parameters at the equilibrium. Therefore,
taking into account the relaxation time effect on the ac impe-
dance experiment and the overpotential for the cathodic HER
at the interfaces, the state of the Langmuir adsorption isotherm
corresponding to the phase-shift profile for the optimum
intermediate frequency is considered as a quasi-equilibrium.
Also, it should be noted that both the faradaic resistance and
the adsorption pseudocapacitance occur at the quasi-equilib-
rium.36) It cannot exist unless charge is transferred across the
interphase. 

At the Pt electrode interfaces, the consideration of the
Langmuir adsorption isotherm for H is more preferable to
discussion in terms of an equation of the kinetics and ther-
modynamics for H. Since, the Langmuir adsorption isotherm
can be associated more directly with the atomic mechanism
of H adsorption and is experimentally determined.18) 

The Langmuir adsorption isotherm is based on the
assumptions that the surface is homogeneous and that the lat-
eral interaction effect is negligible. The HER under the
Langmuir adsorption conditions is described elsewhere.47)

Considering the application of the Langmuir adsorption iso-
therm to the adsorption of H on the poly-Pt electrode surface,
the Langmuir adsorption isotherm at the quasi-equilibrium

can be expressed as follows:48) 

[θ/(1 - θ)] = KCH+[exp(-EF/RT)] (5)

where θ is the fractional surface coverage of the UPD H or
the OPD H, K is the equilibrium constant for the UPD H or
the OPD H, CH+ is the H+ concentration in the bulk electrolyte,
E is the applied dc potential, F is the Faraday constant, R is
the gas constant, and T is the absolute temperature. In Eq.
(5), it should be noted that E is not the overpotential but the
applied dc potential. The UPD H and the OPD H are a
replacement reaction in which a number of water molecules
are desorbed from the poly-Pt electrode surface, i.e., the
adsorption sites of the UPD H and the OPD H, for each H+

adsorbed. In addition, as previously described, the fractional
surface coverage (θ) of the OPD H for the cathodic HER
approaches unity, i.e., θ ≈1, at high negative overpotentials.23) 

Considering the adsorption sites on the different single-
crystal faces4-8,13,15,16,29) and the similar feature between the
cyclic voltammograms shown in Fig. 1 and Refs.,23,29,30,34) the
poly-Pt wire, which mostly consists of the same single-crystal
face (100) substrates, can also be considered as a homoge-
neous electrode. In other words, the imperfections in the
orientation and size of the same single-crystal face (100)
substrates are not serious for the Langmuir adsorption process.
Therefore, it can be assumed that the poly-Pt electrode has
the homogeneous surface. On the other hand, the oxide layer
formations or the different single-crystal face substrates are
serious for the Langmuir adsorption process and should be
considered as a heterogeneous surface. In this case, the
Temkin or the Frumkin adsorption process should be applied
to the interface.18) 

As previously described, it is well known that the shape of
the adsorption pseudocapacitance (Cφ vs. E) is the exact form
of the Langmuir adsorption isotherm (θ vs. E).4,10,40,49,50)

However, it is based on the numerical simulation rather than
the experimental data. For the Pt electrode interfaces,6) it is
also well known that θ by the OPD H for the cathodic HER
approaches unity, i.e., θ ≈ 1, at high negative overpotentials as
shown in Table 1. It implies that the θ vs. E for the OPD H
at the Pt electrode interface depends strongly on the frac-
tional surface coverage (0ú θú 1) rather than the lateral
interaction effect. However, as previously described, the
experimental results (Figs. 6 and 8) also show that the shape
of the phase-shift profile for the optimum intermediate fre-
quency is the exact form of the Langmuir adsorption isotherm.
Consequently, it can be interpreted that the various definitions
and considerations, i.e., the simplified equivalent circuit for
the optimum intermediate frequency, the relaxation time
effect, the quasi-equilibrium, the homogeneous surface, the
lateral interaction effect, etc., are well supplemented and
compensated together for the Langmuir adsorption isotherm
at the interface.

At the poly-Pt/0.5 M H2SO4 aqueous electrolyte (pH 0.62)
interface, the fitted data, i.e., the numerically calculated
Langmuir adsorption isotherm using Eq. (5), are shown in Fig.
8. As expected, the Langmuir adsorption isotherm (θ vs. E)
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shown in Fig. 8 corresponds well to the phase-shift profile (-φ
vs. E) for the optimum intermediate frequency shown in Fig.
6. From Fig. 8, it can be easily inferred that K = 2.1Ý 10-4 is
applicable to the formation of H at the interface.

The Langmuir adsorption isotherm shown in Fig. 8 is
attributed to the OPD H. As expected, the Langmuir adsorption
isotherm due to the UPD H has not been observed at the cath-
ode potential range. It is understood that the adsorption sites of
the UPD H are almost masked due to a high H+ concentration
of the 0.5 M H2SO4 aqueous electrolyte and/or the anionic adsor-
ption effects under the steady state conditions.7-9,12,13,15,17,21-24)

Also, it should be noted that the experimental data shown in
Figs. 3-8 and Table 1 are observed beyond the UPD H peaks
and the corresponding cathode potentials shown in Fig. 1. In
other words, the Langmuir adsorption isotherm of the OPD
H is located beyond that of the UPD H as shown in Figs. 11-
13. Of course, the Langmuir adsorption isotherm of the UPD
H can also be easily observed at the poly-Pt/alkaline aqueous
electrolyte interface (Figs. 11 and 12). This is discussed in
more detail later. 

For the aqueous electrolytes, the standard free energy of H
adsorption is given by the difference between the free energy
of adsorption of H and that of a number of water molecules
on the adsorption sites of the poly-Pt surface. Under the
Langmuir adsorption conditions, the relation between the
equilibrium constant (K) for H adsorption (UPD H, OPD H)
and the standard free energy (∆Gads) of H adsorption (UPD
H, OPD H) is given using,48) as

2.3RT log K = -∆Gads (6)

The definition of ∆Gads is described elsewhere.18,45) At the
poly-Pt/0.5 M H2SO4 aqueous electrolyte interface, it is readily
calculated using Eq. (6) that ∆Gads is 21.0 kJ/mol for K = 2.1
Ý 10-4 (OPD H). As expected, in contrast to the exothermic
reaction, i.e., ∆Gads(0, at the UPD H region,6-8,12,13,15,21,23,49,50)

the endothermic reaction, i.e., ∆Gads*0, occurs at the OPD
H region of the poly-Pt electrode interface. It implies that the

OPD H on the adsorption sites of the poly-Pt surface requires
21.0 kJ/mol to remove the appropriate number of water mol-
ecules. As shown in Fig. 8, 21.0 kJ/mol corresponds to the
applied dc potentials, i.e., ca. 0.15 to -0.2 V vs. RHE. 

3.4. Transition between the UPD H and the OPD H
Figure 9 shows the cyclic voltammogram of the steady

state at the poly-Pt/0.5 M LiOH aqueous electrolyte interface.
The UPD H peaks occur at ca. -0.381 and -0.517 V vs. RHE.
As previously described, the UPD H peaks and the corre-
sponding cathode potentials are necessary and useful to verify
the Langmuir adsorption isotherms of the UPD H and the
OPD H for the cathodic HER at the interface.

Figures 10 and 11 show the phase-shift profile (-φ vs. E)
for the optimum intermediate frequency (ca. 13 Hz) and the
corresponding Langmuir adsorption isotherm (θ vs. E) at the
poly-Pt/0.5 M LiOH aqueous electrolyte (pH 12.4) interface,

Fig. 8. The comparison of the experimental and fitted data for the
Langmuir adsorption isotherm (θθ vs. E) at the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface. K = 2.1 × 10-4 (OPD H). 

Fig. 9. The typical cyclic voltammogram at the poly-Pt/0.5 M LiOH
aqueous electrolyte interface. Estimated surface area: ~1 cm2. Scan
potential: 0.24 to -0.66 V vs. RHE. Scan rate: 300 mV/s. 20th scan.

Fig. 10. The phase-shift profile (-φφ vs. E) for the optimum
intermediate frequency (ca. 13 Hz) at the poly-Pt/0.5 M LiOH
aqueous electrolyte interface. (a) UPD H and (b) OPD H regions.
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respectively. As expected, Table 2, Figs. 10, and 11 also
show that the -φ vs. E corresponds well to the θ vs. E at the
interface. Table 2, Figs. 10, and 11 are obtained through the
previously described procedures. In Figs. 10 and 11, the
regions (a) and (b) correspond to the UPD H and the OPD H
regions, respectively. It should be noted that the Langmuir
adsorption isotherm of the UPD H shown in Fig. 11(a) is
located the region of the UPD H peaks on the cyclic voltam-
mogram shown in Fig. 9 and the corresponding cathode
potentials shown in Table 2. On the other hand, the Langmuir
adsorption isotherm of the OPD H shown in Fig. 11(b) is
located beyond the UPD H peaks (ca. -0.381 and -0.517 V

vs. RHE) on the cyclic voltammogram and the corresponding
cathode potentials.

Figure 12 shows the numerically calculated Langmuir
adsorption isotherms (θ vs. E) corresponding to the two dif-
ferent values of K or ∆Gads shown in Fig. 11. Fig. 12 also
shows that the transition region (-0.484 to -0.709 V vs. RHE)
shown in Fig. 11 and Table 2 is related to the overlapped
region between the Langmuir adsorption isotherm (a), i.e.,
the UPD H region, and the Langmuir adsorption isotherm
(b), i.e., the OPD H region. It implies that the processes of
the UPD H and the OPD H for the cathodic HER at the
poly-Pt electrode interface proceed independently of each
other. In other words, the UPD H and the OPD H are the
independent processes depending on the adsorption sites of
H rather than the sequential processes for the cathodic HER.
However, as expected, the value of K of the UPD H is much
(~105-107 times) greater than that of the OPD H.7,8,23) It
implies that only the OPD H can contribute to the cathodic
HER.

Under the Langmuir adsorption conditions,48) the transition
region implies that the equilibrium constant (K) for H ad-
sorption and the standard free energy (∆Gads) of H adsorption
shift depending on the applied dc potential (E), i.e., the cath-
ode potential. In other words, the poly-Pt electrode surface
has the two distinct adsorption sites of the UPD H and the
OPD H corresponding to the two different values of K or
∆Gads. Figs. 11 and 12 show that K transits from 2.7 (UPD
H) to 6.2Ý 10-6 (OPD H) depending on E and vice versa.
Similarly, Figs. 11, 12, and Eq. (6) show that ∆Gads transits
from -2.5 kJ/mol (UPD H) to 29.7 kJ/mol (OPD H) depending
on E and vice versa. A minus sign of ∆Gads implies that the
exothermic reaction occurs at the UPD H region. In other
words, the process of the UPD H is spontaneous at the inter-
face. Consequently, it can be interpreted that the UPD H and
the OPD H on the adsorption sites of the poly-Pt surface act
as two distinguishable electroadsorbed H species. The criterion
of the UPD H and the OPD H is the H adsorption sites and

Fig. 11. The comparison of the experimental and fitted data for the
Langmuir adsorption isotherm (θθ vs. E) at the poly-Pt/0.5 M LiOH
aqueous electrolyte interface. (a) K = 2.7 (UPD H) and (b) K = 6.2 ×
10-6 (OPD H).

Table 2. The measured phase shift (-φφ) for the optimum
intermediate frequency (ca. 13 Hz) and the estimated fractional
surface coverage (θθ) at the poly-Pt/0.5 M LiOH aqueous electrolyte
interface

E (V vs. RHE) -φ (deg) θ a

-0.26 84.1 ≈ 0

-0.31 83.9 0.002

-0.36 81.4 0.033

-0.41 72.1 0.145

-0.46 54.1 0.364

 -0.51 b 58.3 0.313

 -0.71 b 74.5 0.116

-0.76 67.8 0.198

-0.81 38.7 0.550

-0.86 15.4 0.833

-0.91  7.0 0.935

-0.96  3.4 0.978

-1.01  2.0 0.995

-1.06  1.6 ≈1
a Estimated using the measured phase shift (-φ). 
b Transition between the UPD H and the OPD H. 

Fig. 12. The numerically calculated Langmuir adsorption isotherm
(θθ vs. E) at the poly-Pt/0.5 M LiOH aqueous electrolyte interface.
(a) K = 2.7 (UPD H) and (b) K = 6.2 × 10-6 (OPD H).
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processes rather than the H2 evolution reactions and potentials.

3.5. Comparison of the electrode kinetic and ther-
modynamic parameters

Table 3 shows the electrode kinetic and thermodynamic
parameters (K, ∆Gads) for the potential ranges (0.241 to -
0.209 V vs. RHE for the 0.5 M H2SO4 and to -1.109 V vs.
RHE for the 0.5 M LiOH) at the poly-Pt and the Pt(100)/
0.5 M H2SO4 and 0.5 M LiOH aqueous electrolyte inter-
faces.23) It suggests that the difference of K and ∆Gads

between the poly-Pt wire and the Pt(100) disc electrodes can
be neglected. As previously described, it implies that the
poly-Pt wire mostly consists of the same single-crystal face
(100) substrates. It also implies that K and ∆Gads depend
strongly on the H adsorption sites on the single-crystal face
(100) of the poly-Pt surface rather than the orientation and
size of grains, i.e., small crystalline zones, on the poly-Pt
surface. However, it should be noted that the preparation of
the Pt(100) disc electrode is more difficult than that of the
poly-Pt wire electrode. As expected, the Pt(100) disc is several
times expensive than the poly-Pt wire.51) On a viewpoint of
the cost and efficiency, the use of the poly-Pt wire electrode
is more effective and reasonable for the cathodic HER at the
interfaces. 

3.6. Comment on the existing thermodynamic results
The comparison of the obtained experimental data and the

existing thermodynamic results is important and necessary to
confirm the validity and significance of the phase-shift
method for the Langmuir adsorption isotherms of the UPD H
and the OPD H. For the Ni electrode interfaces, the experi-
mental data presented using the phase-shift method for the
Frumkin adsorption isotherm of the OPD H correspond well
to the existing electrode kinetic and thermodynamic results
for the OPD H.26) 

The relation between the UPD H and the OPD H at the Pt
electrode interfaces, on a thermodynamic basis, has been
intensively studied by Jerkiewicz et al.6-8,12,13,15,16,49,50) As
pointed out by Jerkiewicz et al.,15) the existing thermodynamic

results are determined on the basis of the general electro-
chemical adsorption isotherm rather than the Langmuir or the
Frumkin adsorption isotherm. In addition, it should be noted
that the prepared single-crystal Pt(100) electrodes are perfect
and so they have homogeneous surfaces. Also, it should be
noted that the form of the Langmuir adsorption isotherm
depends strongly on the fractional surface coverage rather than
the lateral interaction effect.4,10,18,21,23,40,49,50) However, as
shown in Fig. 8 and Table 1, the endothermic reaction, i.e.,
∆Gads*0, occurs at the OPD H region. As previously
described, it implies that the adsorption process of the OPD
H on the adsorption sites of the poly-Pt electrode surface
needs 21.0 kJ/mol. Therefore, it is easily understood that the
obtained experimental data, i.e., ∆Gads of the OPD H: 21.0
kJ/mol for K = 2.1Ý 10-4, shown in Fig. 8 and Table 3 are
well complementary to the existing thermodynamic results,
i.e., ∆Gads of the UPD H: -22 to -9 kJ/mol or -25 to -12 kJ/
mol, shown in Refs. 7 and 8. It should be noted that the exo-
thermic reaction, i.e., ∆Gads(0, occurs at the UPD H region.
In other words, the UPD H on the adsorption sites of the
Pt(100) electrode surface is the spontaneous adsorption pro-
cess. 

For example, it is readily calculated using Eq. (6) that K is
7.2Ý 103 for ∆Gads= -22 kJ/mol (UPD H) and is 37.8 for
∆Gads= -9 kJ/mol (UPD H). Figs. 13(a), (b), and (c) show
the Langmuir adsorption isotherms (θ vs. E) corresponding
to the existing thermodynamic results (K = 7.2Ý 103 for
∆Gads= -22 kJ/mol and K = 37.8 for ∆Gads= -9 kJ/mol) and
the obtained experimental data (K = 2.1Ý 10-4 for ∆Gads=
21.0 kJ/mol), respectively. In contrast to the nebulous ther-
modynamic distinction between the UPD H and the OPD
H,49,50) the Langmuir adsorption distinction between the UPD
H and the OPD H is plotted clearly as shown in Fig. 13 as
well as Figs. 11 and 12. However, it should be noted that the
Langmuir adsorption isotherms of the UPD H shown in Figs.
13(a) and (b) are located the region of the UPD H peaks on
the cyclic voltammogram shown in Fig. 1. It implies that K

Table 3. The electrode kinetic and thermodynamic parameters for
the potential ranges at the poly-Pt and the Pt(100)/0.5 M H2SO4 and
0.5 M LiOH aqueous electrolyte interfaces

Electrode/Electrolyte

UPD H OPD H

K K

∆Gads (kJ/mol) ∆Gads (kJ/mol)

poly-Pt/0.5 M H2SO4

- 2.1 × 10-4

- 21.0

Pt(100)/0.5 M H2SO4 *
- 1.5 × 10-4

- 21.8

poly-Pt/0.5 M LiOH
 2.7 6.2 × 10-6

 -2.5 29.7

Pt(100)/0.5 M LiOH *
 1.9 6.1 × 10-6

 -1.6 29.7

* Commercially prepared single-crystal disc. Ref. 23.

Fig. 13. The numerically calculated Langmuir adsorption isotherm
(θθ vs. E) at the Pt/0.5 M H2SO4 aqueous electrolyte interfaces. (a) K
= 7.2 × 103 (UPD H), (b) K = 37.8 (UPD H),7,8) and (c) K = 2.1 × 10-4

(OPD H).
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of the UPD H is much greater than that of the OPD H at the
interfaces. Also, it implies that the experimental data pre-
sented using the phase-shift method and related discussions
are reasonable and valid at the interfaces. 

As shown in Figs. 11 and 12, Fig. 13 also shows that the
UPD H and the OPD H are the independent processes
depending on the H adsorption sites of the poly-Pt surface
rather than the sequential processes for the cathodic HER.
Considering the independent processes of the UPD H and
OPD H, i.e., the two different adsorption sites of the UPD H
and the OPD H, the superposition or the extension between
the Langmuir adsorption isotherms of the UPD H and the
OPD H cannot be occurred at the cathode potential range.
Therefore, as expected, the overlapped region between the
Langmuir adsorption isotherms of the UPD H and the OPD
H must be occurred as shown in Figs. 12 and 13. 

Taking into account the phase-shift profile for the optimum
intermediate frequency based on the Frumkin adsorption iso-
therm,19,25,26) the two different adsorption sites of the UPD H
and the OPD H,21,23) the high activity of the adsorption sites
of the UPD H,7,8,48) the nebulous thermodynamic distinction
between the UPD H and the OPD H,49,50) and the nature of
the anions at the Pt/0.5 M H2SO4 aqueous electrolyte inter-
faces,7,8,12,13,15,17) it can be explained that θ of the UPD H has
reached unity already at the onset of the OPD H as shown in
Figs. 12 and 13. Of course, as previously described, there is
neither the superposition nor the extension between the
Langmuir adsorption isotherms of the UPD H and the OPD
H at the cathode potential range. It can also be confirmed by
referring to Figs. 11-13. Consequently, it can be interpreted
that the Langmuir adsorption isotherm shown in Fig. 8 is
attributed to the OPD H for the cathodic HER. The experi-
mental data presented using the phase-shift method for the
OPD H are well complementary to the existing thermody-
namic results for the UPD H. 

The thermodynamic distinction between the H+ and the
anionic adsorption effects on the adsorption sites of the UPD
H at the poly-Pt/0.5 M H2SO4 electrolyte interface cannot be
presented using the phase-shift method. Since, the adsorption
processes of the UPD H and the anions are superimposed at
the cathode potential range. On the other hand, as shown in
Figs. 11, 12, and Table 3, the thermodynamic distinction
between the UPD H and the OPD H at the poly-Pt/0.5 M
LiOH electrolyte interface can be expressed in terms of
∆Gads, i.e., K described in Eq. (6). However, it should be
noted that ∆Gads (K) depends strongly on the adsorption sites
of the UPD H and the OPD H on the poly-Pt surface.
Finally, to evaluate the behaviors of the UPD H, the OPD H,
and the adsorbed anions on temperature (T) variation,12,13) the
temperature dependent study on the UPD H, the OPD H, and
the adsorbed anions at the interfaces might be supplemented
using the phase-shift method. 

4. Conclusions

The phase-shift method for the Langmuir adsorption iso-
therms of the UPD H and the OPD H for the cathodic HER

is proposed. The simplified equivalent circuit for the optimum
intermediate frequency and the corresponding phase-shift
equation are well fitted to the poly-Pt/0.5 M H2SO4 and 0.5 M
LiOH aqueous electrolyte interfaces regardless of H2 evolu-
tion. The behavior of the phase shift (0o

ú -φú 90o) for the
optimum intermediate frequency corresponds well to that of
the fractional surface coverage (1û θû 0) at the interfaces.
The phase-shift profile (-φ vs. E) for the optimum intermediate
frequency, i.e., the phase-shift method, can be used as a new
electrochemical method to determine the Langmuir adsorption
isotherm (θ vs. E) of the UPD H and the OPD H for the
cathodic HER at the interfaces. At the poly-Pt/0.5 M H2SO4

aqueous electrolyte interface, the equilibrium constant (K) and
the standard free energy (∆Gads) of the OPD H are 2.1Ý 10-4

and 21.0 kJ/mol, respectively. At the poly-Pt/0.5 M LiOH
aqueous electrolyte interface, K transits from 2.7 (UPD H) to
6.2Ý 10-6 (OPD H) depending on E and vice versa. Similarly,
∆Gads transits from -2.5 kJ/mol (UPD H) to 29.7 kJ/mol
(OPD H) depending on E and vice versa. The transition of K
and ∆Gads is attributed to the two distinct adsorption sites of
the UPD H and the OPD H on the poly-Pt surface. The UPD
H and the OPD H on the adsorption sites of the poly-Pt sur-
face act as two distinguishable electroadsorbed H species.
The UPD H and the OPD H are the independent processes
depending on the H adsorption sites of the poly-Pt surface
rather than the sequential processes for the cathodic H2 evo-
lution reactions at the poly-Pt interface. The criterion of the
UPD H and the OPD H is the H adsorption sites and pro-
cesses rather than the H2 evolution reactions and potentials.
The electrode kinetic and thermodynamic parameters (K,
∆Gads) depend strongly on the H adsorption sites of the poly-
Pt surface. The poly-Pt wire electrode is more efficient and
useful than the Pt(100) disc electrode for the cathodic H2

evolution reactions in the aqueous electrolytes. The phase-shift
method is well complementary to the thermodynamic method
rather than conflicting.
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