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Abstract : The phase-shift method and correlation constants, which are unique electrochemical
impedance spectroscopy techniques for studying the linear relationship between the phase shift
(90° > —p > 0° vs. potential (E) behavior for the optimum intermediate frequency (f,) and the
fractional surface coverage (0 <0 <1) vs. E behavior, are proposed and verified to determine
the Frumkin, Langmuir, and Temkin adsorption isotherms and the related electrode kinetic and
thermodynamic parameters. At Ni/0.5M H,SO4 and 0.1 M LiOH aqueous solution interfaces,
the Frumkin and Temkin adsorption isotherms (0 vs. E) of H for the cathodic hydrogen (H,)
evolution, interaction parameters (g), equilibrium constants (K), standard Gibbs energies (AGg)
of H adsorption, and rates of change () of AGg with 6 have been determined using the phase-
shift method and correlation constants. A lateral repulsive interaction (g>0) between the
adsorbed H species appears. The value of K in the alkaline aqueous solution is much greater
than that in the acidic aqueous solution.

Keywords : Phase-shift method, Correlation constants, Hydrogen adsorption, Frumkin, Langmuir,

Temkin adsorption isotherms, Nickel

1. Introduction

Nickel and nickel alloys are the metals most
widely used as a cathode for the H, evolution reac-
tion (HER) in alkaline aqueous solutions. How-
ever, there is not much reliable information on the
Frumkin adsorption isotherm of H for the cathodic
HER and the related electrode kinetic and thermo-
dynamic parameters of Ni/acidic and alkaline aque-
ous solution interfaces.!”” The determination of the
Frumkin adsorption isotherm of H for the cathodic
HER is very difficult using conventional methods.>”
Therefore, the Langmuir adsorption isotherm has
been used to study the adsorption of H for the
cathodic HER at polycrystalline and amorphous Ni/
acidic and alkaline aqueous solution interfaces.® In
practice, a polycrystalline and amorphous Ni implies
an inhomogeneous Ni, and so the Frumkin adsorp-
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tion isotherm should be used to study a lateral inter-
action between adsorbed H species for the cathodic
HER. Correspondingly, the use of the Langmuir
adsorption isotherm at Ni/acidic and alkaline aque-
ous solution interfaces is basically invalid and
incorrect. This is discussed in more detail in the sec-
tion on the Frumkin, Langmuir, and Temkin adsorp-
tion isotherms.

The phase-shift method and correlation constants
are unique electrochemical impedance spectroscopy
techniques for studying the linear relationship
between the phase shift (90°>—¢ >0°) vs. poten-
tial (E) behavior for the optimum intermediate fre-
quency (f;) and the fractional surface coverage (0 <
0<1) vs. E behavior of intermediates (H, D, H +
D, OH, etc.) for sequential reactions (H,, D,, Hy+
D,, O, evolutions, etc.) at noble and highly corro-
sion-resistant metal (alloy)/acidic and alkaline normal
(H,0) and heavy water (D,O) solution interfaces.’2®
The 6 vs. E behavior of the fractional surface cov-
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erage is well known as the Frumkin or Langmuir
adsorption isotherm.!”

The comments and replies on the phase-shift
method are described elsewhere.”’>" The objections
to the phase-shift method are substantially attributed
to a misunderstanding of the phase-shift method
itself. % Note especially that all of the objections
to the phase-shift method can be attributed to con-
fusion regarding the applicability of related imped-
ance equations for intermediate frequencies and a
unique feature of the Faradaic resistance for the
recombination step [1]. The validity and correct-
ness of the phase-shift method should be discussed
on the basis of simulations with a single equation
for —¢ vs. 0 as functions of potential and fre-
quency or relevant experimental data which are
obtained using other conventional methods. This
aspect has never been reported or discussed else-
where. Because, to the author’s knowledge, the
interaction parameter and equilibrium constant for
the Frumkin adsorption isotherm cannot be deter-
mined or estimated using other conventional meth-
ods.>"

In this paper, I present the Frumkin and Temkin
adsorption isotherms of H for the cathodic HER
and the related electrode kinetic and thermodynamic
parameters of Ni/0.5 M H,SO4 and 0.1 M LiOH
aqueous solution interfaces using the phase-shift
method and correlation constants. These experimen-
tal results are useful and effective in understanding
the electrode kinetics and mechanism of H for the
cathodic HER at iron group metal and highly cor-
rosion-resistant metal (alloy)/acidic and alkaline
aqueous solution interfaces.

2. Experimental

2.1. Preparations

Taking into account the H' concentration and
effects of the diffuse double layer and pH,*® 0.5M
H,SO,4 and 0.1 M LiOH aqueous solutions were
prepared from H,SO, (Sigma-Aldrich, reagent
grade) and LiOH (Alfa Aesar, purity 99.995%)
using purified water (H,O, resistivity > 18 MQ - cm)
obtained from a Millipore system, respectively. The
pH of the 0.5M H,SO4 and 0.1 M LiOH aqueous
solutions were 0.24 and 12.69, respectively. These

solutions were deaerated with 99.999% purified
nitrogen gas for 20 min before the experiments. A
standard three-electrode configuration was employed.
A saturated calomel electrode (SCE) was used as
the standard reference electrode. A nickel wire
(Johnson Matthey, purity 99.999%, 2 mm diameter,
estimated surface area ca. 1.92 cm” and 1.98 cm?)
was used as the working electrode. A platinum
wire (Johnson Matthey, purity 99.95%, 1.5 mm
diameter, estimated surface area ca. 2.26 cm?) was
used as the counter electrode. The Ni wire was
polished to a mirror finish using Al,O; powders
(0.3 and 0.05 pm), ultrasonically cleaned in the
purified water, and finally rinsed with acetone. The
Pt counter electrode was prepared by flame clean-
ing and then quenched and cooled sequentially in
Millipore Milli-Q water and air.

2.2. Measurements

A cyclic voltammetry (CV) technique was used
to achieve steady states at the Ni/0.5M H,SO, and
0.1 M LiOH aqueous solution interfaces. The CV
experiments were conducted for 20 cycles at a scan
rate of 200mV -s! and a scan potential of (0 to
—1.0) V vs. SCE. After the CV experiments, an
electrochemical impedance spectroscopy (EIS) tech-
nique was used to study the linear relationship
between the —¢ vs. E behavior for f, and the 6 vs.
E behavior at the interfaces. The EIS experiments
were conducted at scan frequencies (f) of (2 x 10*
to 1) Hz and (10* to 0.1) Hz using a single sine
wave, an alternating current (ac) amplitude of 5mV,
and a direct current (dc) potential of (0 to —1.35)
V vs. SCE.

The CV experiments were performed using an
EG&G PAR Model 273A potentiostat controlled
with the PAR Model 270 software package. The
EIS experiments were performed using the same
apparatus in conjunction with a Schlumberger SI
1255 HF frequency response analyzer controlled
with the PAR Model 398 software package. To
obtain comparable and reproducible results, all of
the measurements were carried out using the same
preparations, procedures, and conditions at 298 K.
The international sign convention is used: cathodic
currents and lagged-phase shifts or angles are taken
as negative. All potentials are given on the stan-
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dard hydrogen electrode (SHE) scale. The Gauss-
ian and adsorption isotherm analyses were carried
out using the Excel and Origin software packages.

3. Results and Discussion

3.1. Simplified equivalent circuit for the phase-
shift method

The equivalent circuit for the adsorption of H for
the cathodic HER at the Ni/0.5M H,SO4 and 0.1 M
LiOH aqueous solution interfaces can be expressed
as shown in Fig. 1(a).2?%333% Taking into account
the superposition of various effects (relaxation time
effects, real surface area problems, surface absorp-
tion and diffusion processes, inhomogeneous and
lateral interaction effects, oxide layer formation,
specific adsorption effects, etc.) that are inevitable
under the experimental conditions, we define the
equivalent circuit elements as follows: Ry is the
real solution resistance; Ry is the real resistance
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Fig. 1. (a) Experimentally proposed equivalent circuit for
the phase-shift method. (b) Simplified equivalent circuits
for intermediate frequency responses.

due to the Faradaic resistance (R;) for the discharge
step and superposition of various effects; Rp is the
real resistance due to the Faradaic resistance (Rp)
for the recombination step and superposition of var-
ious effects; Cp is the real capacitance due to the
adsorption pseudocapacitance (C,) for the discharge
step and superposition of various effects; and Cp is
the real double-layer capacitance. Correspondingly,
neither Rr nor Cp is constant; both depend on E
and 0 and can be measured. Note that both R, and
C, also depend on E and 6 but cannot be mea-
sured.

The frequency responses of the equivalent circuit
for all f that is shown in Fig. 1(a) are essential for
understanding the unique feature and combination
of (Rs, Rp) and (Cp Cp) vs. E, ie., the linear rela-
tionship between the —¢ vs. E behavior and the 6
vs. E behavior. At intermediate frequencies, one
finds regions in which the equivalent circuit for all
f behaves as a series circuit of Rg, Rp and Cp or a
series and parallel circuit of Rg, Cp and Cp, as
shown in Fig. 1(b). However, note that the simpli-
fied equivalent circuit shown in Fig. 1(b) does not
represent the change of the cathodic HER itself but
only the intermediate frequency response.

At intermediate frequencies, the impedance (2)
and lagged phase-shift (—¢) are given by>2®

=R+ _ I
Z=Rs+ Ry~ o (1a)
1
— @ = arct S S 1
¢ = arc an[(D T CP:| (1b)

for the upper circuit in Fig. 1(b) or

Z=R— ——1L 2
ST %(Cpt Cp) 22)
_ 1
0] arctan[m—RS <, CD):| (2b)

for the lower circuit in Fig. 1(b), where j is the
imaginary unit (i.e., >=-1) and o is the angular
frequency, defined as ® = 2mnf, where f is the
frequency. Under these conditions,

RP>>$andRP>>RS+RF 3)
p

In our previously published papers,*?® only Eq.
(1) was used with a footnote stating that Cp practi-
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Table 1. Measured values of the phase shift (—¢) for the
optimum intermediate frequency (f,=158.9 Hz), the
fractional surface coverage (0) of hydrogen, and the
normalized change rates [A(—@)/AE, AO/AE] at the Ni/0.5
M H,SO, aqueous solution interface

E/N vs.SHE —q/deg 0 A—Q)/AE®  AB/AE®
-0.109 82.2 ~0 ~0 ~0
—-0.159 81.8  0.00488  0.06341 0.06341
-0.209 79.1  0.03780  0.42805 0.42805
-0.259 713  0.13293 1.23659 1.23659
-0.309 549 0.33293 2.60000 2.60000
—-0.359 30.8  0.62683 3.82073 3.82073
—-0.409 139  0.83293 2.67927 2.67927
—-0.459 6.3  0.92561 1.20488 1.20488
—-0.509 3.1 0.96463 0.50732 0.50732
—-0.559 1.7 0.98171 0.22195 0.22195
—-0.609 1.0 0.99024 0.11098 0.11098
—-0.659 0.5 0.99634 0.07927 0.07927
-0.709 0.3 0.99878 0.03171 0.03171
—-0.759 0.2 ~1 0.01585 0.01585

“Estimated using —¢. ?{[(neighbor phase shift difference)/
(total phase shift difference)]/[(neighbor potential difference)/
(total potential difference)]}. “{[(neighbor fractional surface
coverage difference)/(total fractional surface coverage
difference)]/[(neighbor potential difference)/(total potential
difference)]}.

Table 2. Measured values of the phase shift (—¢) for the
optimum intermediate frequency (f,=5.012 Hz), the
fractional surface coverage (0) of hydrogen, and the
normalized change rates [A(—()/AE, AB/AE] at the Ni/0.1
M LiOH aqueous solution interface

E/N vs. SHE —¢/deg 0° A(—Q)AE®  AB/AE®
—0.459 83.4 ~0 ~0 ~0
-0.509 833 0.00120  0.01559  0.01559
-0.559 82.1  0.01559  0.18705  0.18705
-0.609 80.5  0.03477 024940  0.24940
—0.659 783 0.06115  0.34293  0.34293
-0.709 724 013189 091966  0.91966
-0.759 585  0.29856  2.16667  2.16667
-0.809 41.8  0.49880  2.60312  2.60312
-0.859 257 0.69185  2.50959  2.50959
-0.909 129 0.84532  1.99520  1.99520
-0.959 48 094245 126259  1.26259
-1.009 13 098441 054556  0.54556
-1.059 02 099760  0.17146  0.17146
-1.109 0 ~1 0.03118  0.03118

“Estimated using —. °{[(neighbor phase shift difference)/
(total phase shift difference)]/[(neighbor potential difference)/
(total potential difference)]}. “{[(neighbor fractional surface
coverage difference)/(total fractional surface coverage
difference)]/[(neighbor potential difference)/(total potential
difference)]|}.

cally includes Cp (see Tables 1 and 2 in Ref. 18,
Table 1 in Ref. 17, etc.). Both Egs. (1) and (2)
show that the effect of Rp on —¢ for intermediate
frequencies is negligible. These aspects are com-
pletely overlooked, confused, and misunderstood in
the comments on the phase-shift method by Horvat-
Radosevic, Kvastek, and Lasia.?””**3Y Correspond-
ingly, all of the simulations of the phase-shift
method using Eq. (1) that appear in these com-
ments (where Cp does not include Cp)*"**3! are
basically invalid or wrong.>?® All of the analyses
of the effect of Rp on —¢ for intermediate frequen-
cies are also invalid or wrong (see Supporting
Information of Refs. 25 and 26). Note that the
applicability of Eq. (1) or (2) and the related con-
ditions and limitations are not considered for the
phase-shift method because all of the measured val-
ues of —¢ for intermediate frequencies include (Rs,
Rp) and (Cp Cp). Correspondingly, the measured —@
for f, is valid and correct regardless of the applica-
bility of Eq. (1) or (2) and the related conditions
and limitations. This is the reason why the phase-
shift method is useful and effective. The theoretical
and experimental backgrounds of the phase-shift
method for determining the Frumkin and Langmuir
adsorption isotherms of H for the cathodic HER at

the interfaces are described elsewhere.?*2®

3.2. Basic procedure and description of the
phase-shift method

Figs. 2 and 3 show the phase-shift curves (—¢
vs. log f) for different potentials (E) at the Ni/0.5M
H,SO, and 0.1 M LiOH aqueous solution interfaces,
respectively. As shown in Figs. 2 and 3, —¢ depends
on both f and E. Correspondingly, the normalized
rate of change of —¢ vs. E, ie., A(—)/AE, depends
on both f and E. In electrosorption, 6 depends on
only E>® The normalized rate of change of 6 vs.
E, i.e., AB/AE, obeys a Gaussian profile. This is a
unique feature of the Frumkin and Langmuir
adsorption isotherms (6 vs. E).

The intermediate frequencies of 158.9 Hz and
5.012 Hz, shown as vertical solid lines on the —¢
vs. log f plots in Figs. 2 and 3, can be set as f,
for —¢ vs. £ or A(—@)/AE and 0 vs. E or AB/AE.
The determination of f, is experimentally and
graphically evaluated on the basis of A(—@)/AE and
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Fig. 2. Comparison of the phase-shift curves (—¢ vs. log f)
for different potentials (E) at the Ni/0.5 M H,SO, aqueous
solution interface. Measured values: @. Vertical solid
line: 158.9 Hz; single sine wave; scan frequency range,
(2 x 10* to 1) Hz; ac amplitude, 5 mV. Dc potentials: (a)
—0.109V; (b) —0.209V; (c) —-0.309V; (d) —0.409V; (e)
—0.509 V; (f) —0.609 V; (g) —0.709 V (all vs. SHE).
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Fig. 3. Comparison of the phase-shift curves (—¢ vs. log f)
for different potentials (E) at the Ni/0.1 M LiOH aqueous

solution interface. Measured values: @. Vertical solid
line: 5.012 Hz; single sine wave; scan frequency range,
(10* to 0.1) Hz; ac amplitude, 5mV. Dc potentials: (a)
—0.459V; (b) —0.559V; (c) —0.659V; (d) -0.759 V; (e)
—0.859 V; (f) —0.959 V; (g) —1.059 V (all vs. SHE).

AO/AE for intermediate and other frequencies (see
Figs. 6 and 7). The characteristic of the phase-shift
method for determining the Frumkin and Langmuir
adsorption isotherms is a useful, effective, and
experimental technique. If one knows the three
points or regions, i.e., the maximum —¢ (6=0 and
low E region, where A(—@)/AE and AO/AE approach

Soc., Vol. 15, No. 1, 2012
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Fig. 4. Comparison of (a) the phase-shift profiles (—¢ vs.
E) and (b) the fractional surface-coverage profiles (0 vs.
E) for four different frequencies at the Ni/0.5 M H,SO,
aqueous solution interface. Measured or estimated values:

O, 7.962 Hz; W, 158.9 Hz; [, 796.2 Hz; @, 15890 Hz.
The optimum intermediate frequency (f;) is 158.9 Hz.

the minimum value or 0), the medium —-¢ (0~0.5
and intermediate E region, where A(—@)/AE and A6/
AE approach the maximum value), and the mini-
mum —@ (6~1 and high E region, where A(-¢)/
AE and AG/AE approach the minimum value or 0)
for f,, then one can easily determine the object,
i.e., the Frumkin or Langmuir adsorption isotherm.
In other words, both A(—@)/AE and AO/AE for f,
are maximized at 6 = 0.5 and intermediate E,
decrease symmetrically with E at other values of 0,
and are minimized at 6= 0 and low £ and 6~ 1
and high E. The linear relationship between and
Gaussian profiles of —p vs. £ or A(—9)/AE and 0
vs. E or AB/AE most clearly appear at f, (see Figs.
6(b) and 7(b)).
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Fig. 5. Comparison of (a) the phase-shift profiles (—¢ vs.
E) and (b) the fractional surface-coverage profiles (0 vs.
E) for four different frequencies at the Ni/0.1 M LiOH
aqueous solution interface. Measured or estimated values:

O, 0.1 Hz; W, 5.012 Hz; [, 50.12 Hz; @, 501.2 Hz. The
optimum intermediate frequency (f,) is 5.012 Hz.

The procedure and description of the phase-shift
method for determining the Frumkin adsorption iso-
therms of H for the cathodic HER at the Ni/0.5M
H,SO,4 and 0.1 M LiOH aqueous solution interfaces
are briefly summarized in Tables 1 and 2, respec-
tively. The values of —¢ and 6 as functions of E
at f,=158.9 Hz and 5.012 Hz shown in Figs. 4 and
5 are illustrated on the basis of the experimental
results summarized in Tables 1 and 2, respectively.
The values of —p and 6 as functions of E at other
frequencies shown in Figs. 4 and 5 are also illus-
trated through the same procedures summarized in
Tables 1 and 2, respectively. However, note that the
differences between —¢ vs. E profiles at f,=158.9 Hz
and 5.012 Hz and those at other frequencies shown
in Figs. 4(a) and 5(a) do not represent the mea-

surement error but only the frequency response. In
practice, 0 vs. E profiles at other frequencies
shown in Figs. 4(b) and 5(b) should be exactly the
same as those at f,=158.9 Hz and 5.012 Hz, respec-
tively. Because, as stated above, 6 depends on only
E and this unique feature most clearly appears at
Jo-

The Gaussian profiles shown in Figs. 6(b) and
7(b) are illustrated on the basis of A(—@)/AE and
AO/AE data for f,=158.9 Hz and 5.012 Hz summa-
rized in Tables 1 and 2, respectively. The Gaussian
profiles for other frequencies shown in Figs. 6 and
7 were obtained through the same procedures sum-
marized in Tables 1 and 2, respectively. Finally,
one can conclude that 6 vs. E profiles at f,=158.9
Hz and 5.012 Hz shown in Figs. 4(b) and 5(b) are
applicable to the determination of the Frumkin
adsorption isotherms of H at the Ni/0.5 M H,SO,
and 0.1 M LiOH aqueous solution interfaces,
respectively.

3.3. Frumkin, Langmuir, and Temkin adsorption
isotherms

The derivation and interpretation of the practical
forms of the electrochemical Frumkin, Langmuir,
and Temkin adsorption isotherms are described else-
where.’*” The Frumkin adsorption isotherm assumes
that the Ni surface is inhomogeneous or that the
lateral interaction effect is not negligible. The Frumkin
adsorption isotherm of H can be expressed as
follows®®

L 0 e}exp(g@) = K,C exp(~ EF/RT) )
_r

g= RT 3

K =K, exp(— gb) 6)

where 0 (0<0<1) is the fractional surface coverage,
g is the interaction parameter for the Frumkin
adsorption isotherm, K, is the equilibrium constant
at g=0, C" is the concentration of ions (H") in the
bulk solution, E is the negative potential, F is
Faraday’s constant, R is the gas constant, T is the
absolute temperature, » is the rate of change of the
standard Gibbs energy of H adsorption with 6, and
K is the equilibrium constant. Note that when g=0
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Fig. 6. Comparison of the normalized rates of change of —¢ and 0 with respect to E, i.e., A(—p)/AE and AB/AE, for four

different frequencies at the Ni/0.5 M H,SO, aqueous solution interface. —, fitted Gaussian profile; O, A(—¢)/AE; @, A0/
AE. (a) 7.962 Hz, (b) 158.9 Hz, (c) 796.2 Hz, and (d) 15890 Hz. The optimum intermediate frequency (f;) is 158.9 Hz.

in Eqs. (4) to (6), the Langmuir adsorption
isotherm is obtained. For the Langmuir adsorption
isotherm, when g =0, the inhomogeneous and
lateral interaction effects on the adsorption of H are
assumed to be negligible.

Thermodynamic equilibrium constants are dimen-
sionless because they are expressed in terms of
activities rather than concentrations. The conven-
tion in chemical kinetics is to use concentrations
rather than activities. Therefore, K described in the
Langmuir, Frumkin, and Temkin adsorption iso-
therms is the empirical equilibrium constant. This
constant is not dimensionless and must be multi-
plied by the concentration of the reference state to
be made equal to the thermodynamic equilibrium
constants. Nevertheless, to maintain consistency with
the conventions of chemical kinetics, such constant
as K is referred to as the equilibrium constant in
the Langmuir, Frumkin, and Temkin adsorption iso-

therms. The dimension of K is described else-
where.*”

At the Ni/0.5M H,SO4 and 0.1 M LiOH aqueous
solution interfaces, the numerically calculated
Frumkin adsorption isotherms of H using Eq. (4)
are shown in Figs. 8 and 9, respectively. Curves a,
b, and ¢ in Fig. 8 show the three numerically cal-
culated Frumkin adsorption isotherms of H corre-
sponding to g=0, 5.3, and 15.3, respectively, for
K,=4.1 x 10 mol™'. Curve b shows that the
Frumkin adsorption isotherm, K=4.1 x 107 exp
(=5.30) mol™!, is applicable to the adsorption of
H, and Eq. (5) gives r=13.1kJ-mol™'. On the
other hand, curves a, b, and ¢ in Fig. 9 show the
three numerically calculated Frumkin adsorption
isotherms of H corresponding to g=0, 7.4, and
17.4, respectively, for K,=3.6 x 10*mol™!. Curve
b shows that the Frumkin adsorption isotherm,
K=3.6 x10™ exp(-7.40) mol™, is applicable to the
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Fig. 7. Comparison of the normalized rates of change of —¢ and 6 with respect to E, i.e., A(—p)/AE and AB/AE, for four

different frequencies at the Ni/0.1 M LiOH aqueous solution interface. —, fitted Gaussian profile; O, A(-9)/AE; @, A0/
AE. (a) 0.1 Hz, (b) 5.012 Hz, (¢) 50.12 Hz, and (d) 501.2 Hz. The optimum intermediate frequency (f,) is 5.012 Hz.
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Fig. 8. Comparison of the experimental and fitted data for
the Frumkin adsorption isotherms (0 vs. E) of H at the Ni/
0.5 M H,SO, aqueous solution interface. Experimental
data: . Solid curves show values calculated using Eq.
(4) (the Frumkin adsorption isotherm) for (a) g=0, (b)
g=53, and (c) g=15.3 with K,=4.1 x 10 mol". The
Frumkin adsorption isotherm shown in curve b of Fig. 8
is K=4.1 x 107’ exp(-5.30) mol .
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Fig. 9. Comparison of the experimental and fitted data for
the Frumkin adsorption isotherms (6 vs. E) of H at the Ni/
0.1 M LiOH aqueous solution interface. Experimental
data: . Solid curves show values calculated using Eq.
(4) (the Frumkin adsorption isotherm) for (a) g=0, (b)
g=74, and (¢) g=17.4 with K,=3.6 x 10~*mol". The
Frumkin adsorption isotherm shown in curve b of Fig. 9
is K=3.6 x 107 exp(-7.40) mol .
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Fig. 10. Comparison of the experimentally determined
Frumkin adsorption isotherm and three fitted Temkin
adsorption isotherms (0 vs. E) of H at the Ni/0.5 M H,SO,

aqueous solution interface. Experimental data: . The
solid curve shows the Frumkin adsorption isotherm
calculated using Eq. (4). Dashed lines show values
calculated using Eq. (7) (the Temkin adsorption isotherm)
and the correlation constants for (a) g =0, (b) g=9.9, and
(¢) g=239 with K,=4.1x 10%mol™!. The Temkin
adsorption isotherm shown in dashed line b of Fig. 10,
K=4.1x1078 exp(—9.90) mol’, is valid and effective only
for 0.2 <6 <0.8.

adsorption of H, and Eq. (5) gives r=18.4kJ -
mol ™.

At intermediate values of 0 (i.e., 0.2 <6 <0.8),
the pre-exponential term, [0/(1 —0)], varies little with
0 in comparison with the variation of the exponen-
tial term, exp(gh) (see Eq. (4)). Under these approxi-
mate conditions, the Temkin adsorption isotherm
can be simply derived from the Frumkin adsorption
isotherm. The Temkin adsorption isotherm of H can
be expressed as follows®®

exp(g0) = K,C " exp(— EF/RT) @)

Figs. 10 and 11 show the determination of the
Temkin adsorption isotherms corresponding to the
Frumkin adsorption isotherms shown in curves b of
Figs. 8 and 9, respectively. The dashed line labeled
b in Fig. 10 shows that the numerically calculated
Temkin adsorption isotherm of H using Eq. (7) is
K=4.1x10"% exp(-9.90) mol™!, and Eq. (5) gives
r=24.6kJ-mol™'. On the other hand, the dashed
line labeled b in Fig. 11 shows that the numeri-
cally calculated Temkin adsorption isotherm of H
using Eq. (7) is K=3.6 x 107 exp(-120) mol™!, and

10 T \‘ T
0.8}
0.6}
Q:

04F

0.2F

\
-

0.0 L L . !
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4
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Fig. 11. Comparison of the experimentally determined

Frumkin adsorption isotherm and three fitted Temkin
adsorption isotherms (0 vs. E) of H at the Ni/0.1 M LiOH

aqueous solution interface. Experimental data: Hl. The
solid curve shows the Frumkin adsorption isotherm
calculated using Eq. (4). Dashed lines show values
calculated using Eq. (7) (the Temkin adsorption isotherm)
and the correlation constants for (a) g=0, (b) g=12, and
(¢©) g=24 with K,=3.6x10°mol'. The Temkin
adsorption isotherm shown in dashed line b of Fig. 11,
K=3.6x 107 exp(—120) mol ', is valid and effective only
for 0.2 <6 <0.8.

Eq. (5) gives r=29.8 k] - mol™!. Note that the
Temkin adsorption isotherms of H represented by
the dashed lines b in Figs. 10 and 11 are valid
and effective only for 0.2 <0<0.8.

3.4. Correlation constants between the adsorption
isotherms

For 0.2<6<0.8, all of the Langmuir adsorption
isotherms are always parallel to each other.® Cor-
respondingly, all of the slopes of the Langmuir
adsorption isotherms, i.e., all of g for the Temkin
adsorption isotherms, are all the same. We have
experimentally and consistently found and confirmed
that g for the Temkin adsorption isotherms are
approximately 4.6 greater than those for the Lang-
muir adsorption isotherms. Similarly, g for the
Temkin adsorption isotherms are approximately 4.6
greater than those for the Frumkin adsorption iso-
therms (see Table 3). Because the Frumkin adsorp-
tion isotherms are determined on the basis of the
Langmuir adsorption isotherms, i.e., g=0 (see Figs.
8 and 9). In addition, we have experimentally and
consistently found and confirmed that the equilib-
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Table 3. Comparison of the interaction parameters (g) and equilibrium constants (K) for the Frumkin and Temkin
adsorption isotherms of H, the standard Gibbs energies (AG() of H adsorption, and the rates of change (r) of AG§ with 6
at the Ni/0.5 M H,SO, and 0.1 M LiOH aqueous solution interfaces

Solution Adsorption isotherm g K/mol™ AGg/K] - mol™! #/kJ - mol™!
0.5 M H,S0, Frumkin® 53 4.1x10”exp(~530) 47.8 <AGZ<61.0 13.1
0.5 M H,S0, Temkin® 99  4.1x 10 exp(~9.90) 47.0<AG§<61.7 24.6
0.1 M LiOH Frumkin® 7.4 3.6 x 10 exp(~7.46) 19.6 <AG§<38.0 18.4
0.1 M LiOH Temkin® 12.0 3.6 x 1073 exp(—1280) 19.9 <AG§<37.8 29.8

“Frumkin adsorption isotherm is valid and effective at 0 <6 < 1. *Temkin adsorption isotherm is valid and effective only at

02<6<0.8.

rium constants (K,) for the Temkin adsorption iso-
therms are approximately 10 times greater than
those (K, or K) for the correlated Frumkin or
Langmuir adsorption isotherms (see Figs. 10 and
11). These aspects are described elsewhere.!7-1821-20)

In this work, one can also confirm that the val-
ues of g and K, for the Temkin adsorption iso-
therms are approximately 4.6 and 10 times greater
than those for the correlated Frumkin or Langmuir
adsorption isotherms, respectively. The Temkin
adsorption isotherms correlating with the Frumkin
or Langmuir adsorption isotherms, and vice versa,
are readily determined using the correlation con-
stants. Note that this is a unique feature between
the Temkin and Frumkin or Langmuir adsorption
isotherms.

3.5. Standard Gibbs energy of adsorption

Under the Frumkin adsorption conditions, the
relationship between the equilibrium constant (K)
for H and the standard Gibbs energy (AG§) of H
adsorption is*®

2.3RT log K=-AG§ ®

For the Ni/0.5M H,SO, aqueous solution interface,
use of Egs. (6) and (8) shows that AGy is in the
range (47.8 <AG{<61.0) kJ-mol™! for K=4.1x
107 exp(=5.30) mol™! and 0<0 < 1. This result
implies a decrease of |AGg| with 6 (0<6<1). Note
that AG§ is a negative number, i.e., AG§<0. The
interaction parameters (g) and equilibrium constants
(K) for the Frumkin and Temkin adsorption
isotherms, the standard Gibbs energies (AG§) of H
adsorption, and the rates of change (r) of AG§ with
6 at the Ni/0.5M H,SO4 and 0.1 M LiOH aqueous
solution interfaces are summarized in Table 3.

4. Conclusions

At the Ni/0.5M H,SO4 and 0.1 M LiOH aqueous
solution interfaces, the Frumkin and Temkin adsorp-
tion isotherms (0 vs. E) of H, the interaction
parameters (g), the equilibrium constants (K), the
standard Gibbs energies (AG§) of H adsorption, and
the rates of change (r) of AG§ of H adsorption
with 0 are determined using the phase-shift method
and correlation constants. The value of K for the
Frumkin adsorption isotherm of H, K=3.6 x 107
exp(=7.40), in 0.1 M LiOH aqueous solution is
much greater than that, K =4.1 x 107 exp(-5.30), in
0.5M H,SO4 aqueous solution.

The Frumkin adsorption isotherms should be used
to determine the electrode kinetic and thermody-
namic parameters of the Ni/0.5M H,SO, and 0.1 M
LiOH aqueous solution interfaces. The lateral repul-
sive interaction (g > 0) between the adsorbed H
species appears. The lateral interaction effect, i.e., g
and r, is not negligible. The values of K in alka-
line aqueous solutions are much greater than those
in acidic aqueous solutions.

The phase-shift method and correlation constants
are the most accurate and reliable ways to deter-
mine the Frumkin, Langmuir, and Temkin adsorp-
tion isotherms and related electrode kinetic and
thermodynamic parameters of the interfaces. They
are useful and effective in facilitating selection of
the optimal electrode material to yield an electro-
chemical system of maximum hydrogen evolution
performances.

Acknowledgement

This work was supported by the Research Grant



64 J. Korean Electrochem. Soc., Vol. 15, No. 1, 2012

of Kwangwoon University in 2011.

Symbols and Acronyms

C" : concentration of ions in the bulk solution

Cp : real double-layer capacitance

Cp : real capacitance due to C, and superposition
of various effects

CV : cyclic voltammetry

C, : adsorption pseudocapacitance for the dis-
charge step

D : adsorbed deuterium atom

E : potential

EIS : electrochemical impedance spectroscopy

F : Faraday’s constant

f: frequency

fo 1 optimum intermediate frequency

AG¢ : standard Gibbs energy of adsorption

g : interaction parameter

H : adsorbed hydrogen atom

HER : hydrogen evolution reaction

j : imaginary unit

K : equilibrium constant

K, : equilibrium constant at g=0

R : gas constant

Rp : real resistance due to R, and superposition of
various effects

Rp : real resistance due to Ry and superposition of
various effects

Ry : Faradaic resistance for the recombination step
Ry : real solution resistance

R, : Faradaic resistance for the discharge step

r : rate of change of the standard Gibbs energy of
adsorption with 0

SCE : saturated calomel electrode

SHE : standard hydrogen electrode

T : absolute temperature

Z : impedance

AB/AE : normalized rate of change of 6 vs. E
A(—@)/AE : normalized rate of change of —¢ vs. E

0 : fractional surface coverage (0<0<1)

—¢ : lagged phase-shift or phase-angle (90°>—¢
>0°

o : angular frequency

Footnote
[1] In our e-mail communications, Horvat-

Radosevic and Kvastek admitted that all of their
objections to the phase-shift method in Ref. 31
were confused and misunderstood. The exact same
confusion and misunderstanding about the phase-
shift method also appear in Refs. 27 and 29.
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