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Abstract : At Pt(111), Pt(100), Pt, and Rh interfaces, the Frumkin adsorption isotherm of under-
potentially deposited hydrogen (UPD H) and related electrode kinetic data are determined using
the standard Gibbs energy of adsorption. The Temkin adsorption isotherm of UPD H correlating
with the Frumkin adsorption isotherm of UPD H is readily determined using the correlation
constants between the Temkin and Frumkin or Langmuir adsorption isotherms. At the Pt(111),
Pt(100), Pt, and Rh interfaces, the lateral repulsive interaction between the UPD H species is
interpreted using the interaction parameter for the Frumkin adsorption isotherm. The lateral
repulsive interaction between the UPD H species at the Pt(111), Pt(100), Pt, and Rh interfaces
is significantly different from the lateral attractive interaction between the overpotentially depos-
ited hydrogen (OPD H) species at Pt, Ir, and Pt-Ir alloy interfaces.
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1. Introduction

It is well known that underpotentially deposited
hydrogen (UPD H) and overpotentially deposited
hydrogen (OPD H) occupy different surface adsorp-
tion sites and act as two distinguishable electroad-
sorbed H species, and that only OPD H can
contribute to the cathodic H, evolution reaction
(HER).!"> Although the Frumkin and Langmuir
adsorption isotherms may be regarded as classical
models and theories, it is preferable to consider the
Frumkin and Langmuir adsorption isotherms for
UPD H and OPD H rather than equations of the
electrode kinetics and thermodynamics for UPD H
and OPD H because these adsorption isotherms are
associated more directly with the atomic mecha-
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nisms of UPD H and OPD H.® However, there is
not much reliable information on the Frumkin and
Temkin adsorption isotherms of UPD H and OPD
H and related electrode kinetic data, i.e., the frac-
tional surface coverage vs. potential (@ vs. E),
interaction parameter (g), and equilibrium constant
(K). A quantitative relationship between the Temkin
and Frumkin or Langmuir adsorption isotherms of
UPD H and OPD H has not been developed to
study the cathodic HER. Note that the Frumkin
adsorption isotherms of UPD H and OPD H and
related electrode kinetic data (8 vs. E, g, K) have
never been experimentally determined using conven-
tional methods.>® Therefore, the thermodynamic
data for UPD H, i.e., the standard Gibbs energy of
adsorption (AG4’) and rate of change () of AGY
with 8(0 £ 0<1), have been frequently investi-
gated and reported.!™
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To determine the Frumkin, Langmuir, and Temkin
adsorption isotherms of UPD H and OPD H, the
phase-shift method and correlation constants have
been originally developed on the basis of relevant
experimental results and data.” The theoretical and
experimental backgrounds and basic procedure of
the phase-shift method for determining the Frumkin,
Langmuir, and Temkin adsorption isotherms are
described elsewhere.®)

In this paper, we determined the electrode kinetic
data (g, K) for the Frumkin adsorption isotherms (&
vs. E) of UPD H at Pt(111), Pt(100), Pt, and Rh/
aqueous solution interfaces using AGs with 62
The Temkin adsorption isotherms of UPD H corre-
lating with the Frumkin adsorption isotherms of
UPD H were readily determined using the correla-
tion constants.”® The Frumkin and Temkin adsorp-
tion isotherms of UPD H and electrode kinetic data
(@ vs. E, g, K) have never been determined using
AGy with 8(0<6<1) and the correlation con-
stants.

2. Determination of the Frumkin
adsorption isotherm using the standard
Gibbs energy of adsorption

Under the Frumkin adsorption conditions, the rela-
tionship between the equilibrium constant (K) and
the standard Gibbs energy of adsorption (AGy’) is”

2.3RT log K =-AG¢ )]
K=K, exp(-gb) )
g=r/RT (3)

where R is the gas constant, 7 is the absolute
temperature, K is the equilibrium constant for the
Frumkin adsorption isotherm, AG,’ is the standard
Gibbs energy of adsorption with 8(0 < 8<1), K, is
the equilibrium constant for the Frumkin adsorp-
tion isotherm at g=0, g is the interaction parame-
ter for the Frumkin adsorption isotherm,
0(0<0<1) is the fractional surface coverage, and
r is the rate of change of AG, with (0 < 0<1).
The dimension of K is described elsewhere.!” The
electrode kinetic and thermodynamic data (g, r,

Table 1. Comparison of the interaction parameters (g),
rates of change (r) of AGy’ with 6 and standard Gibbs
energies of UPD H (AGy’) for the Frumkin adsorption
isotherms at the Pt group metal interfaces

Interface g rkImol™ AGy/kImol™ Ref.
Pi(111)/0.05 M Ao b
.80, 11.0 273 26 <AGP<-87 2.3
PY0.S MH,SO, - - O5<AGH<-12¢ 23
Pt/0.5 M HCIO4 - - 21 SAGy<-7¢ 23
Rh/0.5 M H,S0O, - - —18 SAG<-8° 2
PY(111)/0.1 M B o o
HCIO, 112 275 -27<AGS<-8 4
P{(100)/0.1 M . o o
HCIO, 4.0 9.9 38 SAG< 297 4
Pt/0.5 M H,SO, 1.9 - - 5

“ Adapted for this work. * AGg® with 8(0 < 0 <2/3).° AGy
with 8(0 < 0<1). 4 AGy® with 6(0.05 < £<0.6). Note that
the Fgrumkin adsorption isotherms are valid and effective at
0<0<1.

AGy’) for the Frumkin adsorption isotherms of
UPD H at the Pt(111), Pt(100), Pt, and Rh inter-
faces are summarized in Table 1.

The Frumkin adsorption isotherm assumes that
the lateral interaction effect is not negligible. It is
well known that the Langmuir adsorption isotherm
is a special case of the Frumkin adsorption iso-
therm. Note that when g=0 in Eqgs. 2 and 3, the
Langmuir adsorption isotherm is obtained. For the
Langmuir adsorption isotherm, the lateral interaction
effect is assumed to be negligible. The Frumkin
adsorption isotherm (@vs. E) can be expressed as
follows?

[l—fé}exp(gﬂ) = K,C"exp(-EF/RT) @)

where C" is the concentration of ions (i.e., H")
in the bulk solution, E is the negative potential,
and F is Faraday’s constant.

The electrode kinetic data (g, K,, K) for the
Frumkin adsorption isotherms of UPD H shown in
Table 2 are calculated using Egs. 1 to 4 and the rel-
evant experimental data shown in Table 1. In Table
2, we assume that the adsorptions of UPD H shown
in Table 1 depend on (0 < 0<1) and E regardless
of the temperature ranges. The ranges of & given in
Table 1 (see Footnotes b to d) do not influence the
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Table 2. Determination of the interaction parameters (g) and equilibrium constants (K) of UPD H for the Frumkin and
Temkin adsorption isotherms at the Pt group metal interfaces using the standard Gibbs energies of UPD H (AGy’) and

the correlation constants

Interface Fromkin Temicin Ref.
g K/mol™ g K/mol™
Pt(111)/0.05 M H,SO4 11.0 3.6 x 10%exp(~116y’ 15.6 3.6 x 10° exp(~15.66) this work
Pt/0.5 M H,SO4 5.2¢ 2.4 x 10" exp(-5.26)° 9.8 2.4 x 10° exp(-9.86) this work
Pt/0.5 M HCIO4 5.6¢ 4.8 x 10° exp(-3.66)" 10.2 4.8 x 10*exp(~10.26) this work
Rh/0.5 M H,SO, 4.0¢ 1.4 x 10° exp(-46) 8.6 1.4 x 10" exp(-8.66) this work
Pt(111)/0.1 M HCIO, 1.2 5.4 x 10*exp(-11.26) 15.8 5.4 x 10° exp(~15.86) this work
Pt(100)/0.1 M HCIO, 4.0 4.6 x 10®exp(-46)’ 8.6 4.6 x 107 exp(~8.66) this work
Pt/0.5 M H,SO, 1.9 A exp(-1.90) 6.5 10A exp(—6.56) this work

“ Calculated using Eq. 3 and the relevant experimental data shown in Table 1. > Calculated using Eqgs. 1 to 4 and the relevant
experimental data shown in Table 1. € A is the equilibrium constant at g = 0, i.e. K. Note that the values of g and K, for the
Temkin adsorption isotherms are approximately 4.6 and 10 times greater than those for the correlated Frumkin adsorption
isotherms, respectively. The Temkin adsorption isotherms are valid and effective only at 0.2 < & <0.8.

determination of the Frumkin adsorption isotherms of
UPD H. Because only one Frumkin adsorption iso-
therm of UPD H is determined regardless of the
ranges of & over the same potential range.”

3. Determination of the Temkin
adsorption isotherm using the correlation
constants

At intermediate values of 6, i.e., 0.2<6<0.8,
the pre-exponential term, [@(1-6)], in Eq. 4 varies
little with @ in comparison with the variation of
the exponential term, exp(gé). Under these approxi-
mate conditions, the Temkin adsorption isotherm
can be simply derived from the Frumkin adsorption
isotherm. The Temkin adsorption isotherm (Ovs.E)
can be expressed as follows”

exp(gh) = K,C" exp(—EF/RT) 3)

The physical meaning of g for the Temkin
adsorption isotherm (Eq. 5) is clearly different from
that for the Frumkin adsorption isotherm (Eq. 4).
Note that g in Eq. 5 is practically determined by
the slope of experimental data for 0.2 < 8<0.8 (see
Figs. 1 to 3). The evaluation of the applicability of
the Frumkin and Temkin adsorption isotherms over
the same potential range is described elsewhere.”

The cathodic HER at the Pt group metal interfaces
is one of the most extensively studied topics in elec-
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Fig. 1. Comparison of the Frumkin and four fitted
Temkin adsorption isotherms at the Pt/0.5 M H,SO,
aqueous solution interface (adapted from Ref. 11). All
potentials (E) are given on the standard hydrogen
electrode (SHE) scale. Experimental data: ll . The solid
curve shows the Frumkin adsorption isotherm, i.e.,
K=3.5x10"° exp(2.56) mol!, calculated using Eq. 4.
Dashed lines show the Temkin adsorption isotherms
calculated using Eq. 5 and the correlation constants for
(a)g=-4,(b)g=0, (c) g=2.1, and (d) g=8.5 with
K, =3.5<10"* mol”". Note that the Temkin adsorption
isotherm, i.e., K = 3.5x107* exp(—2.16& mol ™, is valid and
effective only at 0.2 < 6< 0.8.

0.0 L
-0.3 -0.2

0.2

trochemistry, electrode kinetics, hydrogen energy, and
fuel cells, etc.>® Figs 1, 2, and 3 show the determi-
nation of the Temkin adsorption isotherms of OPD
H corresponding to the Frumkin adsorption isotherms
of OPD H at Pt,'V Ir,'¥ and Pd'" interfaces, respec-
tively. The dashed lines in Figs. 1 to 3 show the
numerically calculated Temkin adsorption isotherms
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Fig. 2. Comparison of the Frumkin and four fitted
Temkin adsorption isotherms at the Ir/0.5 M H,SO,
aqueous solution interface (adapted from Ref. 11). All
potentials (£) are given on the standard hydrogen
electrode (SHE) scale. Experimental data: . The solid
curve shows the Frumkin adsorption isotherm, i.e.,
K =2.7x10"° exp(2.46) mol ', calculated using Eq. 4.
Dashed lines show the Temkin adsorption isotherms
calculated using Eq. S and the correlation constants for
(a) g=-4, (b) g=0, (c) g=2.2, and (d) g =8.5 with
K, =2.7x10"* mol"!. Note that the Temkin adsorption
isotherm, i.e., K = 2.7x10~* exp(—2.26) mol, is valid and
effective only at 0.2 <6 < 0.8.

using Eq. 5. The Temkin adsorption isotherms corre-
sponding to the Frumkin adsorption isotherms are
labeled c. Note that the values of g and K, for the
Temkin adsorption isotherms are approximately 4.6
and 10 times greater than those for the correlated
Frumkin adsorption isotherms, respectively. The
Temkin adsorption isotherms are valid and effective
only at 0.2< 8<0.8.

As shown in Figs. 1 to 3, g for the Temkin
adsorption isotherm can be simply determined by
the slope of experimental data for 0.2 < £<0.8.
This implies that the two different adsorption iso-
therms, i.e., the Temkin and Frumkin or Langmuir
adsorption isotherms, appear to fit the same data
regardless of their adsorption conditions. Corre-
spondingly, the physical meaning of g for the
Temkin adsorption isotherm is clearly different from
that for the Frumkin adsorption isotherm regardless
of their mathematical approximations. In other
words, g for the Temkin adsorption isotherm (Eq.
5) does not imply the correct lateral interaction
between the UPD H or OPD H species. This is the
reason why the applicability and its limitations of
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Fig. 3. Comparison of the Frumkin and four fitted
Temkin adsorption isotherms at the Pd/0.5 M H,SO,
aqueous solution interface (adapted from Ref. 12). All
potentials (E) are given on the standard hydrogen
electrode (SHE) scale. Experimental data: [ll. The solid
curve shows the Frumkin adsorption isotherm, i.e.,
K=3.3x10"% exp(-1.60) mol'!, calculated using Eq. 4.
Dashed lines show the Temkin adsorption isotherms
calculated using Eq. 5 and the correlation constants for
(a) g=—4,(b) g=0, (c) g=6.2, and (d) g =15.2 with
K, = 3.3x107* mol!. Note that the Temkin adsorption
isotherm, i.e., K = 3.3x107* exp(—6.26) mol ™, is valid and
effective only at 0.2 <6 < 0.8.

the Temkin adsorption isotherms for UPD H and
OPD H should be considered at the Pt group metal
interfaces. The g and K for the Temkin adsorption
isotherms of OPD H at noble metal interfaces are
summarized elsewhere.”

As stated above, we have experimentally and
consistently found and confirmed that the equilib-
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.” %112 These fac-
tors (ca. 4.6 and 10) can be taken as correlation
constants between the Temkin and Frumkin or
Langmuir adsorption isotherms. Finally, one can
conclude that the Temkin adsorption isotherm of
UPD H correlating with the Frumkin or Langmuir
adsorption isotherm of UPD H, and vice versa, is
readily determined using the correlation constants.
The electrode kinetic data (g, K,, K) for the
Temkin adsorption isotherms (& vs. E) of UPD H at
the Pt(111), Pt(100), Pt, and Rh interfaces are
readily determined using the correlation constants
and are summarized in Table 2.
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4. Interaction parameter for the Frumkin
adsorption isotherm

At the Pt(111), Pt(100), Pt, and Rh interfaces, the
positive values of g for the Frumkin adsorption iso-
therms shown in Table 2 imply the lateral repulsive
interaction between the UPD H species, which
leads to a decrease in the absolute value of the
standard Gibbs energy (‘AG‘;‘) of UPD H with @
(0<0<1) (see Table 1). Note that AG4’ is a nega-
tive number, i.e. AG4 <O0.

At Pt, Ir, and Pt-Ir alloy interfaces,” the negative
values of g for the Frumkin adsorption isotherms
imply the lateral attractive interaction between the
OPD H species, which leads to an increase in
AGY| of OPD H with 6(0<@<1)."'¥ This is a
unique feature of OPD H species at the Pt group
metal interfaces.'® However, the lateral attractive
interaction (g <0) between the OPD H species at
the Pt, Ir, and Pt-Ir alloy interfaces is significantly
different from the lateral repulsive interaction
(g>0) between the OPD H species at a Pd inter-
face even though the Pd belongs to the Pt group
metals.”!""! This aspect is frequently overlooked
and confused in the Temkin adsorption isotherm of
OPD H at the Pt group metal interfaces.

5. Conclusions

At the Pt(111), Pt(100), Pt, and Rh interfaces, the
electrode kinetic data (g, K,, K) for the Frumkin
and Temkin adsorption isotherms (@ vs. E) of UPD
H are readily determined using the standard Gibbs
energy of adsorption (AG4") and the correlation
constants. The lateral repulsive interaction (g>0)
between the UPD H species at the Pt(111), Pt(100),
Pt, and Rh interfaces is significantly different from
the lateral attractive interaction (g<0) between the
OPD H species at the Pt, Ir, and Pt-Ir alloy inter-
faces. The lateral attractive interaction (g<0)
between the OPD H species is a unique feature of
the Pt, Ir, and Pt-Ir alloy interfaces. The lateral
repulsive interaction (g>0) between the OPD H
species is a unique feature of the Pd interface.

For 0.2 < #<0.8, the two different adsorption iso-
therms, i.e., the Temkin and Frumkin or Langmuir
adsorption isotherms, appear to fit the same data

regardless of their adsorption conditions. The physi-
cal meaning of g for the Temkin adsorption iso-
therm is clearly different from that for the Frumkin
adsorption isotherm. The applicability and its limita-
tions of the Temkin adsorption isotherms for UPD
H and OPD H should be considered at the Pt
group metal/aqueous solution interfaces. The Temkin
adsorption isotherm correlating with the Frumkin or
Langmuir adsorption isotherm, and vice versa, is
readily determined using the correlation constants.
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