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Abstract. The Langmuir adsorption isotherms of the over-potentially deposited hydrogen (OPD H) for the cathodic H
evolution reaction (HER) at the poly-Au and Rh|}.54,SQ, aqueous electrolyte interfaces have been studied using
cyclic voltammetric and ac impedance techniques. The behavior of the phase®shi@<{(9C°) for the optimum
intermediate frequency corresponds well to that of the fractional surface coverafie: @) at the interfaces. The
phase-shift profile -(p 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 E) of the OPD H for the
cathodic HER at the interfaces. At the poly-Au[@.54,SO, aqueous electrolyte interface, the equilibrium constant

(K) and the standard free energ§Gfq) of the OPD H are 2:810° and 32.2 kJ/mol, respectively. At the poly-
Rh|0.5M H,SQ, aqueous electrolyte interface, and AG,¢s of the OPD H are 4:410* or 1.2<102 and 19.3 or

11.0 kJ/mol depending oB, respectively. In contrast to the poly-Au electrode interface, the two different Langmuir
adsorption isotherms of the OPD H are observed at the poly-Rh electrode interface. The two different Langmuir
adsorption isotherms of the OPD H correspond to the two different adsorption sites of the OPD H on the poly-Rh
electrode surface.
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1. Introduction adsorption sites and act as two distinguishable electroadsorbed
H species while only the OPD H can contribute to the cathodic
The cathodic hydrogen evolution reaction (HER) at noble HER. However, the relation, transition, and criterion of the
and transition metal (Pt, Ir, Rh, Pd, Au, Ni)|aqueous electrolyteUPD H and the OPD H at the interfaces have been studied
interfaces is one of the most extensively studied interfacialon a point of view of the Hevolutions and potentials rather
electrochemistry. Many electrochemical methods, e.g., cyclicthan the H adsorption sites and processes, i.e., the Langmuir
voltammetric and electrochemical impedance spectroscopicr the Frumkin adsorption isotherms.
methods, have been used to study the adsorption processes ofThe Langmuir adsorption isotherm is based on the kinetics
the under-potentially deposited hydrogen (UPD H) and theand thermodynamics of the electrode interfaces. Although the
over-potentially deposited hydrogen (OPD H) for the Langmuir adsorption isotherm may be regarded a classical model
cathodic HER at the interfacé® However, the kinetics and and theory in physical electrochemisfly it is useful and
mechanisms of the cathodic HER have been studied mainlyeffective to study the H adsorption sites and processes for the
using steady state polarization experiments and so there areathodic HER at the interfaces. Thus, there is a need in the art
quite few reliable kinetic data, i.e., the equilibrium constant andfor a fast, simple, and reliable technique to estimate or deter-
the fractional surface coverage due to the adsorption processiine the Langmuir adsorption isotherms for characterizing the
of the OPD H, at the interfaces. In addition, the phase-shiftrelation, transition, and criterion between the UPD H and the
method, i.e., the relationship between the phase-shift profileOPD H for the cathodic HER at the interfaces.
for the optimum intermediate frequency and the Langmuir or Recently, we have experimentally and consistently found
the Frumkin adsorption isotherm, has not been developed othat the phase-shift method can be effectively used to estimate
suggested to study the adsorption processes of the UPD khe Langmuir or the Frumkin adsorption isotherms of the UPD
and the OPD H for the cathodic HER at the interfaces. H and the OPD H for the cathodic HER at noble and transition
The relation, transition, and criterion of the UPD H and metal (Pt, Ir, Pd, Pt-Rh, Au, Rh, Ni)|aqueous electrolyte
the OPD H have been studied to understand the kinetics anihterfaces$’?. It is useful and effective for studying the elec-
mechanisms of the cathodic HER at the noble metal (Pt, Irtrode kinetics and the relation, transition, and criterion between
Rh, Pd, Au)|aqueous electrolyte interf&ceslt is well known the UPD H and the OPD H for the cathodic HER at the
that the UPD H and the OPD H occupy different surface interfaces.
In this paper we will represent the Langmuir adsorption
isotherms of the OPD H for the cathodic HER at the poly-Au
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and Rh|0.5 M KBO, aqueous electrolyte interfaces using the 3. Results and Discussion
phase-shift method. Partially, it is complementary to the
Langmuir adsorption isotherm of the OPD H for the cathodic 3.1. UPD H peak
HER at the poly-Au electrode interf&@e It appears that the Figure 1 shows the typical cyclic voltammogram of the
phase-shift method is useful and effective to study the elecsteady state at the poly-Au|W6H,SO, aqueous electrolyte
trode kinetics and thermodynamics of the OPD H for the interface. As pointed out by Jerkiewiet al'*®, the UPD H
cathodic HER at the poly-Au and Rh electrode interfaces. peak is not experimentally observable at the interface. Since,
the under-potentially deposited oxygen atoms are formed on the
2. Experimental adsorption sites of the UPD H and so the plateau occurs at ca.
0.141 to -0.079V vs. RHE. The plateau corresponds to the
2.1. Preparations total charge passed during ionization of the under-potentially
Taking into account Hconcentrations and effects of diffuse deposited oxygen atoms on the adsorption sites of the UPD H.
double layer and p#?, an acidic aqueous electrolyte was However, it implies that the Langmuir adsorption isotherm of
prepared from k5O, (Junsei, special grade) with purified the UPD H cannot be obtained at the cathodic potential range.
water (resistivity:>18 MQ cm) obtained from a Millipore = Consequently, it can be interpreted that the cathodic HER on
system. The 0.81 H,SO, aqueous electrolyte was deaerated the poly-Au electrode surface seems to occur only on the ad-
with 99.999% purified nitrogen gas for 20 min before the sorption sites of the OPD H. The anionic adsorption effects,
experiments. which are not serious for the adsorption process of the OPD H,
A standard 3-electrode configuration was employed using anon the adsorption sites of the UPD H have not been consid-
SCE reference electrode and a poly-Au wire (Johnson Mattheyered*®. The UPD H peak and the corresponding cathode
purity: 99.999%, 1 mm diameter, estimated surface area:ppotential are necessary and useful to verify the Langmuir
~0.57 cn) or a poly-Rh wire (Johnson Matthey, purity: 99.8%, adsorption isotherm of the UPD H or the OPD H for the
1 mm diameter, estimated surface area: ~1.1% evorking cathodic HER at the interface.
electrode. Both the poly-Au and Rh working electrodes were
prepared by flame cleaning and then quenched and cooled in 3.2. Phase-shift profile for the optimum intermediate
the Millipore Milli-Q water and in air, sequentially. A Pt wire frequency
(Johnson Matthey, purity: 99.95%, 1.5 mm diameter) was The equivalent circuit for the cathodic HER is usually
used as a counter electrode. Taking into account the OPD Hxpressed as shown in Fig. 3(&}. Taking into account the
and its current distributiéf, the working and counter electrodes relaxation time effect, which is inevitable under the ac impe-
were separately placed (~4 cm) in the same compartmentiance experimefit?, the equivalent circuit elements shown

Pyrex cell using Teflon holders. in Fig. 2(a) are defined aBs is the electrolyte resistandg;
is the equivalent resistance due to the adsorption process of
2.2. Measurements H, i.e., the UPD H and/or the OPD H, and its relaxation time

Cyclic voltammetric (scan potential: -0.30 to 1.65V vs. SCE, effect at the interfaceRs is the equivalent resistance due to
scan rate: 200 mV/s) and ac impedance (single sine wavethe recombination reactioi@p is the equivalent capacitance
scan frequency: o 1 Hz, ac amplitude: 5 mV, dc potential: due to the adsorption process of H, i.e., the UPD H and/or
0 to -0.575V vs. SCE) techniques were used to study thehe OPD H, and its relaxation time effect at the interface,
relation between the phase-shift profile for the optimum and C; is the double-layer capacitance. The impeda@je (
intermediate frequency and the corresponding Langmuir
adsorption isotherm. The high scan rate100 mV/s) was 10 e '
used to measure the state of the poly-Au and Rh working .
electrodes at the commencement of the cyclicZcan

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 experimen
was performed using the same apparatus in conjunction with
a Schlumberger SI 1255 HF Frequency Response Analyze
controlled with the PAR Model 388 software package. In order
to obtain comparable and reproducible results, all measurement
were carried out using the same preparations, procedures, ar
conditions at room temperature. The international sign conven- 20F 7
tion is used, i.e., ¢hodic currents and lagged phase shifts or 00 os 0 15 20
angles are taken as negative. Finally, in order to clarify the POTENTIAL ( E)/V vs. RHE

hydrogen adsorption in the different aqueous electrolytes, aIIFig_ 1. The typical cyclic voltammogram at the poly-Au|0.51

potentials in the text, the Figures, and the Tables are givery so, aqueous electrolyte interface. Estimated surface area: ~0.57
on the RHE (Reversible Hydrogen Electrode) scale. cm?. Scan potential: -0.059 to 1.891 V vs. RHE. Scan rate: 200 mV/s.
10th scan.
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of the equivalent circuit shown in Fig. 2(a) is given by:

Z=Rs+{(Re + Ro + jwR:R:Cp)/[1 - wRReCrCp
+ Jw(ReCp + ReCp + ReCp)]} 1)

wherej is an operator and is equal to the square root of -1,
i.e., j?=-1, andw (= 2r) is the angular frequency.

The two equivalent circuit elements, i.B;, andCy, are the
equivalent resistance and capacitance associated with th
faradaic resistancé?g) and the adsorption pseudocapacitance
(Cy of the UPD H and/or the OPD H, respectively. Under
the ac impedance experimef; is smaller tharR, due to
the relaxation times of the previously adsorbed H, i.e., the b)
increase of Hon the electrode surface. On the other h&ad,
is greater tharC, due to the relaxation times of the previously Fig. 2. (a) The equivalent circuit for the cathodic H evolution
adsorbed H, i.e., the increase of h the electrode surface. reaction at the poly-Au|0.5M H,SO, aqueous electrolyte interface
Since, in general, a resistance is inversely proportional toand (b) _The S|mpln‘|ed equivalent circuit for the intermediate

. . . h frequencies at the interface.
charged species but a capacitance is proportional to charge
species. It implies that the relaxation time effectkeofand
Cpr can be cancelled out or compensated together. circuit shown in Fig. 2(a) are described elsewtere

Essentially, both the relaxation time and lateral interaction The impedanceZ) of the equivalent circuit for the inter-
effects at the interface are proportional to the fractional surfacemediate frequencies shown in Fig. 2(b) and the corresponding
coverage of the UPD H and/or the OPD H. It implies that the phase shift@) or angle are given BY:
behavior ofR: and Cr depends strongly on that &, and

C, Also, it implies that the lateral interaction effect depends Z= (Rs+ Re) - j/wCp 2
strongly onRe andGC; i.e.,R, andC, Therefore, the adsorption
process of the UPD H and/or the OPD H corresponding to the ¢=-tan*[1/o(Rs+ Re)Cp] 3

combination ofR- andCy can be correctly expressed in terms
of the phase delay. This aspect was not well interpreted in the Re O R, (<Rp), Re>Rs, Cp>Cp, andCp 0 C,(>Cy (4)
previously published papéfs®. Of course, the experimental
results presented there and related discussions are unchangedwhereR, is the faradaic resistance for the discharge reaction
However, it is well known that the fractional surface coverage of the UPD H or the OPD H and depends on the fractional
depends on the applied dc potential at the interface. Also, isurface coveraged) of the UPD H or the OPD H, ar@, is
is well known that the phase shift or angle depends on thehe adsorption pseudocapacitance and also deper@is B
applied dc potential at the interface. It should be noted that bo, (or Rs) andC, (or Cp) cannot
The frequency responses of the equivalent circuit shown inexist unless charge is transferred across the interphase.
Fig. 2(a) are important and useful to study the relationship A minus sign shown in Eqg. 3 implies a lagged phase. In
between the phase shift and the fractional surface coveragpractice, the value d®s at the poly-Au|0.5 M EBO, aqueous
for the cathodic HER at the interface. At low frequencies, electrolyte interface is ~1-1@ cn? which can be neglected
the equivalent circuit can be expressed as a series circuit ofomparing to that oR: (Fig. 3). Therefore, from Eq. 3, it is
Rs Re andRs At high frequencies, the equivalent circuit can readily understood that the lagged phase depends strongly on
be expressed as a series circuiRgindCp. At intermediate Re and Gy i.e.,R, andC, or 6. It was pointed out by Gileadi
frequencies, the equivalent circuit can be simplified as aand ConwajP that the shape of the, vs. E is the exact form
series circuit ofRs, R, and Cp shown in Fig. 2()'%). In of the 8 vs. E. It implies that the lagged phase shifp)(also
practice,Rp is much greater thaR-. Also, Cr is much greater  depends markedly on the adsorption process of the UPD H
thanCp except aB=0. In addition,R- is much greater than and/or the OPD H at the interface. However, as previously
| LiCr| for the intermediate frequencies. Theref&eandCp described, it should not be confusgg with C, which has a
can be eliminated from the equivalent circuit for the cathodic maximum value aé = 0.5 and can be neglectedéat 0 and
HER shown in Fig. 2(a). It implies that the simplified equivalent 12-2°32) Also, it should not be confused that the simplified
circuit for the intermediate frequencies shown in Fig. 2(b) equivalent circuit shown in Fig. 2(b) is not change of the ca-
can be applied to the poly-Au and Rh|0.5 M5By aqueous  thodic HER itself but only the intermediate frequency response
electrolyte interfaces regardless of elolution. However, it  itself. Consequently, it is understood that the simplified
should be noted that the simplified equivalent circuit shown equivalent circuit for the intermediate frequencies is effective
in Fig. 2(b) is not change of the cathodic HER itself but only and valid to determine the Langmuir adsorption isotherm for
the intermediate frequency response itself. In other words, ithe cathodic HER.
is valid and effective for studying the UPD H and/or the OPD Figures 3(a) and (b) show the profiles of the measRred
H at the interfaces. The frequency responses of the equivalerand Cp versus the cathode potentig) for the optimum inter-
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- : . . 40 cussed in more detail later. Consequently, it can be interpreted
that the relaxation time effects & and C, are the useful

and unique feature to analyze the adsorption process of H at
the poly-Au|0.8M H,SO, aqueous electrolyte interface. The
relaxation time effects dR- and Cy are essentially cancelled
out or compensated together. The lateral interaction effect of
the Langmuir adsorption process is negligible at the inter-
face.

From Figs. 2(b), 3, and Eqg. 3, it is understood that the real
surface area problem of the poly-Au electrode is not important
or serious to study the phase-shift profile. Since, the real sur-
face area effects dk- and Cp are completely cancelled out
or compensated together. Also, it is understood that the

adsorption process of H at the interface can be expressed in

ok A‘AsrrAraa. 1° terms of the lagged phase. In practiBe,is greater tharRs
. e \ and so the lagged phase shifp)(ean be substantially deter-

04 03 0.2 0.1 0.0 0.1 mined by the series circuit &% andCn In other words, ¢

POTENTIAL (£)/V vs. RHE is substantially characterized by the series circuiRptind

Fig. 3. The profiles of the measured equivalent circuit elementR{, C,or 6, i.e., the adsorption process of the UPD H and/or the
Cs) versusE for the optimum intermediate frequency (ca. 100 Hz) at OPD H. It implies that the behavior of the phase shift(0
the poly-Au|0.5M H,SO, aqueous electrolyte interface. Single sine -p= 90°) for the optimum intermediate frequency can be

wave. Scan frequency: 10to 1 Hz. ac amplitude: 5 mV. dc poten- .
tial: -0.009 to -0.309 V vs. RHE. (a) Equivalent resistance profile related to that of the fractional surface coverage @E 0).

(Re vs.E) and (b) Equivalent capacitance profile Cp vs.E). It also implies that the change rateA:(f-(p)/A!E or d("P)_/dl_E
corresponds well to that @6/AE or d6/dE (Fig. 7). This is

discussed in more detail later. However, it appears that the
mediate frequency (ca. 100 Hz) at the poly-Au N.5,SO, mathematical relation between the phase shiff &nd the
aqueous electrolyte interface, respectively. As previouslyfractional surface coverage has not been derived or reported
described, Fig. 3(a) shows tHat is smaller tharR, Since, elsewhere.
the left-hand side of the profild{ vs. E) is lower than the Figure 4 shows the comparison of the two extremely disti-
right-hand side of the profile. It is attributed to the superposition nguishable frequency responses at the poly-AuyDi3,S0,
of the Langmuir adsorption process and the relaxation timeaqueous electrolyte interface. The absolute value of the im-
effect, and the nature of resistance which is inversely proporpedance vs. the frequency[|vs.f) is plotted on a log-log
tional to charged species. On the other hand, as previouslgcale. In Fig. 4(a), the slope portion of the frequency
described, Fig. 3(b) shows th@f is greater tharC, Since, response curve represents the capacitive behavior of the poly-
the profile Cp vs. E) increases from the right-hand side to Au|0.5M H,SQ, electrolyte interface. Since, a slope of -1
the left-hand side, i.e., towards more negative potentials.represents the ideal capacitive behavior. It implies that the
Similarly, it is attributed to the superposition of the Langmuir
adsorption process and the relaxation time effect, and the
nature of capacitance which is proportional to charged species
However, it should be noted that the equivalent resistance pro
file (Re vs. E) shown in Fig. 3(a) has the peak due to the
Langmuir adsorption process. On the other hand, the equivaler
capacitance profileGp vs. E) shown in Fig. 3(b) has not the
peak due to the relaxation time effect. It implies that tfe H
at the interface increases consistently with increase of the
applied dc potential, i.e., the cathode potential, or the fractiona
surface coverage. As previously 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 implie
that the relaxation time effects BE and C> depend strongly o ; ] — . s 4
on 6. However, it should be noted that Fig. 3(b) shows that FREQUENCY [ log ( f/ Hz )]
Cr increases rapidly beyond the peak potential (ca. -0.129V _ ) S
vs. RHE) of the equivalent resistance profiRe ¢s. E). It is Fig. 4. The comparison of the two extremely distinguishable

. ., frequency response curves at the poly-Au|0M8 H,SO, aqueous
understood tha, has a maximum value at the peak potential, gjecirolyte interface. Vertical solid line: ca. 100 Hz. Single sine

i.e., 8=0.5, due to the Langmuir adsorption process. The wave. Scan frequency: 10to 1 Hz. ac amplitude: 5 mV. dc potential:
determination of the optimum intermediate frequency is dis- (a) -0.059 V and (b) -0.309 V vs. RHE.
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Langmuir adsorption process of H and its relaxation time M H,SQO, aqueous electrolyte interface. In Fig. 5, it should be
effect at the interface are minimized. In other woBdsan be noted that the lagged phase shifts or angles and related phase-
set to zero as shown in Table 1. Therefore, from Eqp Bas shift curves are markedly characterized at the intermediate
a maximum value<{ 90°) as shown in Fig. 5(a). On the other frequencies. The center (ca. 100 Hz) of a slope of 1 shown in
hand, in Fig. 4(b), the horizontal portion of the frequency Fig. 4(a), i.e., the center of the intermediate frequencies (ca.
response curve represents the resistive behavior of the poly30-300 Hz), can be set as the optimum intermediate frequency
Au|0.5 M HSO, aqueous electrolyte interface. Since, a slope for the phase-shift profile ¢-vs. E). Of course, the exactly
of zero represents the ideal resistive behavior. It implies thatsame shape of the phase-shift profile can also be obtained at ca.
the Langmuir adsorption process of H and its relaxation time30 and 300 Hz, i.e., the range of the intermediate frequencies.
effect at the interface are maximized or almost saturated. InThe determination of the optimum intermediate frequency for
other words9 of the OPD H can be set to unity as shown in the phase-shift profile is described elsewfRré&inally, the
Table 1. Therefore, from Eq. 3p has a minimum valuex( cathode potentials and the corresponding phase shifts for the
0°) as shown in Fig. 5(e). optimum intermediate frequency (ca. 100 Hz) can be plotted as
Figure 5 shows the comparison of the phase-shift curges (- the phase-shift profile ¢-vs. E) shown in Fig. 6.

vs. f) for the different cathode potentials at the poly-Au|0.5 As shown in Fig. 3, the relaxation time effectsRaf and

Cr are very small or negligible for the rangetf 0.5, i.e.,

Table 1. The measured phase shifte} for the optimum intermediate the right'h‘f‘nd side of the profil&k{ vs. E and Cp vs. E) .
frequency (ca. 100 Hz) and the estimated fractional surface cove- shown in Fig. 3. It should be noted that the lateral interaction

rage @) at the poly-Au|0.5M H,SO, aqueous electrolyte interface effect between the adsorbed OPD H is also negligible at the
E (V vs. RHE) ¢ (deg) ga range off <0.5. Therefore, the shape of the phase-shift pro-
-0.009 86.1 =0 file (- vs. E) for the optimum intermediate frequency can be
-0.034 86.0 0.001 related to the form of the Langmuir adsorption isothem (
0.059 85.0 0.013 vs. E) at the interface. On the other hand, for the rang@ of
' ' ' > 0.5, the relaxation time effect at the interface should be
-0.084 80.4 0.067 considered as well as the lateral interaction effect. Since, as
-0.109 63.7 0.263 shown in Fig. 3, the relaxation time effectsRaf (or R,) and
-0.134 338 0.630 Ce (or Cp at the interface increase significantly with increas-
-0.159 15.0 0.833 ing of 8 (= 0.5), i.e. beyond ca. -0.129 V vs. RHE. However,
-0.184 74 0.923 as expected, Figs. 6-8 show that the various effects and con-
-0.209 42 0.960 siderations, i.e., the intermediate frequency response and
related equivalent circuit, the relaxation time effect, the lateral
-0.234 2.4 0.981 . .
interaction effect, etc., are well supplemented and compensated
-0.259 1.6 0.991 together at the interface. Consequently, it can be interpreted
-0.284 11 0.996 that the form of the Langmuir adsorption isothe@nvé. E)
-0.309 0.8 = is the exact shape of the phase-shift profigus. E) for the
2Estimated using the measured phase sigft (- optimum intermediate frequency. Both the relaxation time and
lateral interaction effects on the Langmuir adsorption process
are negligible at the interface.
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Fig. 5. The comparison of the phase-shift curves at the poly-Au| POTENTIAL ( £)/V vs. RHE

0.5M H,SO, aqueous electrolyte interface. Vertical solid line: ca.

100 Hz. Single sine wave. Scan frequency: “10o 1Hz. ac Fig. 6. The phase-shift profile @ vs. E) for the optimum
amplitude: 5 mV. dc potential: (a) -0.009 V, (b) -0.109 V, (c) -0.134 V, intermediate frequency (ca. 100 Hz) at the poly-Au|0.51 H,SO,
(d) -0.159 V, and (e) -0.309 V vs. RHE. aqueous electrolyte interface.
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. ; Tafel reactions is not necessary and important for the Langmuir
; adsorption isotherm. Since, the Langmuir adsorption isotherm
5r O A(-¢)/AE . corresponding to the phase-shift profile for the optimum
o AO/AE 1 intermediate frequency is strongly dependent on the adsorption
§ sites of the UPD H and the OPD H rather than the sequential
T processes for the cathodic HER.
T It is assumed that the UPD H and the OPD H for the
l cathodic HER are an equilibriiifh 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 kinetic and
thermodynamic parameters at the equilibrium. Therefore, tak-

CHANGE RATE (arb. unit)

04 03 02 01 00 0.1 0.2 ing into account the relaxation time effect on the ac impedance
POTENTIAL (£)/V vs. RHE experiment and the overpotential for the cathodic HER at the
Fig. 7. The comparison of the change rates of ti-@)/AE and the interfacg, the state of the La.mgmui.r adsorption isptherm cor-
AG/AE for the optimum intermediate frequency (ca. 100 Hz) at the ~ responding to the phase-shift profile for the optimum inter-
poly-Au|0.5M H,SO, aqueous electrolyte interface. mediate frequency is considered as a quasi-equiliBiufiso,

it should be noted that both the faradaic resistance and the

Figure 7 shows the comparison of the change rates of thedsorption pseudocapacitance occur at the quasi-equilfium
- vs. E and thed vs. E, i.e., theA(-@)/AE or d(-¢)/dE and It cannot exist unless charge is transferred across the interphase.
the AB/AE or d6/dE, at the poly-Au|0.8M H,SO, aqueous At the poly-Au electrode interface, the consideration of the
electrolyte interface. The derivation of thé@)/AE and the Langmuir adsorption isotherm for H is more preferable to
AB/AE is based on the experimental data shown in Table 1.discussion in terms of an equation of the kinetics and thermo-
As expected, Table 1 and Fig. 7 show that both\{he)/AE dynamics for H. Since, the Langmuir adsorption isotherm
or d(-q)/dE and theAB/AE or d6/dE are maximized af = can be associated more directly with the atomic mechanism of
0.5 and are minimized &=0 and 1. Fig. 7 also shows that H adsorption and is experimentally determined.
a plot of theA(-@)/AE or d(-g)/dE is exactly same as that of The Langmuir adsorption isotherm is based on the assump-
the AB/AE or dB/dE. In other words, a behavior of the phase tions that the surface is homogeneous and that the lateral
shift (0° <-gp< 90°) corresponds well to that of the fractional interaction effect is negligible. The HER under the Langmuir
surface coverage 16> 0). Also, it should be noted that Fig. adsorption conditions is described elsewfér€onsidering
7 is similar to a typical shape of the change rate of thethe application of the Langmuir adsorption isotherm to the
adsorption pseudocapacitan€)(for the Langmuir adsorption ~ adsorption of H on the poly-Au electrode surface, the Langmuir
conditiong”2%%2) As previously described, it implies that the adsorption isotherm at the quasi-equilibrium can be expressed
relaxation time effects oR: and Cp, the lateral interaction as follows”:
effect, etc., cannot be considered or are not conflicting to _ N
analyze the adsorption process of the UPD H and/or the OPD [0/(1 - 8)] = KCy Texp(-EF/RT)] ©®)
H at the interface. In other words, the lagged phase sfift (-  where® is the fractional surface coverage of the UPD H or
described in Eqg. 3 depends stronglyRyandC,, i.e.,6. For the OPD HK is the equilibrium constant for the UPD H or
the Frumkin adsorption process, both fX(ep)/AE or d(-¢)/ the OPD H,Cy4" is the H concentration in the bulk electrolyte,
dE and theAB/AE or d6/dE will be changed depending on E is the applied dc potentidf, is the Faraday constamR,is
the interaction parameté Also, the peak will be changed as the gas constant, aridis the absolute temperature. In Eq. 5,
a plateau depending on the interaction parameter. Consequently, should be noted thd is not the overpotential but the applied
it can be interpreted that the shape of the phase-shift profiladc potential. The UPD H and the OPD H are a replacement
(-@ vs. E) for the optimum intermediate frequency corresponds reaction in which a number of water molecules are desorbed
well to the form of the Langmuir adsorption isotheBrv§. E) from the poly-Au electrode surface, i.e., the adsorption sites of
at the interface. Both the relaxation time and lateral interactionthe UPD H and the OPD H, for eacli &Hisorbed. In addition,
effects on the Langmuir adsorption process are negligible ats previously described, the fractional surface cove@gef (

the interface. the OPD H for the cathodic HER approaches unity, @.e.,
1, at high negative overpotentials.
3.3. Langmuir adsorption isotherms of the OPD H Considering the adsorption sites on the same single-crystal

In electrosorption, the electrode potential is introduced asfaces of the poly-Pt, Ir, Au, and Rh electrode surfdc¢és’)
an independent variable and affects the adsorption of chargethe surface of the poly-Au wire can also be considered as a
species in a major way. The Volmer, the Heyrovsky, and thehomogeneous surface. In other words, the imperfections in the
Tafel reactions for the cathodic HER are considered at theorientation and size of the same single-crystal face substrates
poly-Au|0.5M H,SQ, aqueous electrolyte interface. However, are not serious for the Langmuir adsorption process. Therefore,
the distinction between the Volmer, the Heyrovsky, and theit can be assumed that the poly-Au electrode has the homo-
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geneous surface. On the other hand, the oxide layer formationsuted to the OPD H. As expected, the Langmuir adsorption
or the different single-crystal face substrates are serious for thesotherm due to the UPD H has not been observed at the ca-
Langmuir adsorption process and should be considered as ahodic potential range. It is understood that the adsorption sites
inhomogeneous surface. In this case, the Temkin or theof the UPD H are almost masked due to a higrceéhcentra-
Frumkin adsorption process should be applied to the intertion of the 0.5 M HSQ, aqueous electrolyte and/or the anionic
face®=") adsorption effects under the steady state condrigrig)

As previously described, it is well known that the shape of Also, it should be noted that the experimental data shown in
the adsorption pseudocapacitanCg {(s. E) is the exact form  Figs. 3-8 and Table 1 are observed beyond the UPD H plateau
of the Langmuir adsorption isotherrl ¥s. E)?7-2%%2) How- and the corresponding cathode potentials shown in Fig. 1. In
ever, it is based on the numerical simulation rather than theother words, the Langmuir adsorption isotherm of the OPD
experimental data. For the poly-Au electrode interface, itH is located beyond that of the UPD H as shown in Fig. 14.
should be noted th#& by the OPD H for the cathodic HER For the aqueous electrolyte, the standard free energy of H
approaches unity, i.e§=1, at high negative overpotentials adsorption is given by the difference between the free energy
as shown in Table 1. It implies that tBevs. E for the OPD of adsorption of H and that of a number of water molecules on
H at the poly-Au electrode interface depends strongly on thethe adsorption sites of the poly-Au electrode surface. Under
fractional surface coverage {06 < 1) rather than the lateral the Langmuir adsorption conditions, the relation between the
interaction effect. However, as previously described, theequilibrium constant for H adsorption (UPD H, OPD H) and
experimental results (Figs. 6 and 8) also show that the shape d¢he standard free energhG.q9) of H adsorption (UPD H,
the phase-shift profile for the optimum intermediate frequency OPD H) is given usin, as
is the exact form of the Langmuir adsorption isotherm. Con-
sequently, it can be interpreted that the various assumptions 2.3RT log K = -AGgqs (6)
and considerations, i.e., the simplified equivalent circuit for the
optimum intermediate frequency, the relaxation time effects, The definition ofAG,y is described elsewhéfé®. At the
the quasi-equilibrium, the homogeneous surface, the laterapoly-Au|0.5M H,SO, aqueous electrolyte interface, it is
interaction effect, etc., are well supplemented and compensateckadily calculated using Eq. 6 thaG,qs is 32.2 kd/mol foK
together for the Langmuir adsorption isotherm at the interface= 2.3x< 10° (OPD H). As expected, in contrast to the exo-

At the poly-Au|0.5M H,SO, aqueous electrolyte (pH 0.62) thermic reaction, i.e.AG,s < 0, at the UPD H regidfi'®),
interface, the fitted data, i.e., the numerically calculatedthe endothermic reaction, i.&G,4s> 0, occurs at the OPD H
Langmuir adsorption isotherm using Eg. 5, are shown in Fig.region of the poly-Au electrode interface. It implies that the
8. As expected, the Langmuir adsorption isothe®nvy. E) OPD H on the adsorption sites of the poly-Au electrode surface
shown in Fig. 8 corresponds well to the phase-shift profile (-requires 32.2 kJ/mdb remove the appropriate number of
@ vs. E) for the optimum intermediate frequency shown in water molecules. As shown in Fig. 8, 32.2 kJ/mol Kor
Fig. 6. From Fig. 8, it can be easily inferred tKat 2.3X 2.3<10° (OPD H) corresponds to the applied dc potentials,
10° is applicable to the formation of H at the interface. Fig- i.e., ca. -0.3 to 0.05 V vs. RHE.
ures 9(a), (b), and (c) show the numerically calculated Langmuir
adsorption isotherms corresponding to the three different val- 3.4. Transition between the Langmuir adsorption iso-
ues ofK = 2.3x10% 2.3x 10° and 2.3< 108, respectively.  therms of the OPD H

The Langmuir adsorption isotherm shown in Fig. 8 is attri- Figure 10 shows the cyclic voltammogram of the steady state
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Fig. 8. The comparison of the experimental and fitted data for the Fig. 9. The numerically calculated Langmuir adsorption isotherms
Langmuir adsorption isotherms @ vs. E) at the poly-Au|0.5M (0 vs.E) at the poly-Au|0.5M H,SO, aqueous electrolyte interface.
H,SO, aqueous electrolyte interfaceK = 2.3 10° (OPD H). (@)K = 2.3x10% (b) K = 2.3X10°% and (c)K = 2.3xX 10%.
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at the poly-Rh|0.8M H,SO, aqueous electrolyte interface. Figures 12 and 13 show the phase-shift profigus. E)
The UPD H peak occurs at ca. 0.039 V vs. RHE. The Rh elecfor the optimum intermediate frequency (ca. 25 Hz) and the
trode interface has the closest resemblance to the Pt electrod®rresponding Langmuir adsorption isothenvé. E) at the
interface except for the overall cathodic shift by about 0.3 V poly-Rh|0.5M H,SO, aqueous electrolyte interface, respec-
for the onset of the adsorption and desorption of oxygen.tively. As expected, Figs. 12 and 13 also show thatghes-
The feature of the cyclic voltammogram shown in Fig. 10 is E corresponds well to th@ vs. E at the interface. Figs. 12 and
described elsewhéefe®4% However, as previously described, 13 are obtained through the previously described procedures.
the UPD H peak and the corresponding cathode potential arén Figs. 12 and 13, both the regions (a) and (b) correspond
necessary and useful to verify the Langmuir adsorption iso-to the OPD H region. It should be noted that the Langmuir
therms of the UPD H and the OPD H for the cathodic HER adsorption isotherms of the OPD H shown in Figs. 13(a) and
at the poly-Rh electrode interface. (b) are located beyond the UPD H peak (ca. 0.039 V vs. RHE)
Figure 11 shows the comparison of the phase-shift curveson the cyclic voltammogram shown in Fig. 10 and the corre-
(- vs. ) for the different cathode potentials at the poly-Rh| sponding cathode potential.
0.5M H,SQ, aqueous electrolyte interface. As shown in Fig. 5, Figures 14 (c¢) and (d) show the numerically calculated
Fig. 11 also shows that the lagged phase shifts and relateHangmuir adsorption isotherm® ¥s. E) corresponding to the
phase-shift curves are markedly characterized at the intermetwo different values oK shown in Figs. 13 (a) and (b),

diate frequencies. respectively. Figs. 14 (c) and (d) also show that the transition
1.0 [— . . . , : . . . region (ca. 0.087 to -0.002 V vs. RHE) shown in Figs. 13 (a)
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and (b) is related to the overlapped region between the Lang- 3.5. Comment on the existing thermodynamic results

muir adsorption isotherms of the OPD H. It implies that the The comparison of the obtained experimental data and the
two processes of the OPD H for the cathodic HER at theexisting thermodynamic results is important and necessary to
poly-Rh electrode interface proceed independently of eachconfirm the validity and significance of the phase-shift
other. In other words, the two processes of the OPD H aremethod for the Langmuir adsorption isotherms of the OPD
the independent processes depending on the adsorption sités The validity and significance of the phase-shift method
of the OPD H rather than the sequential processes for thdor the Langmuir or the Frumkin adsorption isotherms of the
cathodic HER. However, as expected, the valu& af the OPD H at the poly-Pt and Ni|aqueous electrolyte interfaces
UPD H is much (~191f times) greater than that of the OPD are described elsewhé&té?.

H181923) |t implies that only the OPD H can contribute to the  The thermodynamic results for the UPD H on the poly-Rh
cathodic HER. electrode surface have been intensively studied by Jerkiewicz
Under the Langmuir adsorption conditidfisthe transition et al*?. In contrast to the UPD H, it seems to be that the
region implies that the equilibrium constant for H adsorption equilibrium constant and standard free energy of the OPD H

and the standard free energ¥QG.q9 Of H adsorption shift  at the poly-Rh|0.81 H,SO, aqueous electrolyte interface

depending on the applied dc potential, i.e., the cathode poterhave not been reported elsewhere. However, it is understood

tial. In other words, the poly-Rh electrode surface has thethat the obtained experimental data, i&G.qs of the OPD

two different adsorption sites of the OPD H corresponding toH: 11.0 kd/mol forK = 1.2< 102 or 19.3 kJ/mol foiK = 4.1

the two different values df or AG,gs Figs. 12 and 13 show < 10% shown in Fig. 13 are well complementary to the

that K transits from 1.% 102 (OPD H) to 4.K 10* (OPD existing thermodynamic results, i.AG,qs of the UPD H: -17

H) depending orE and vice versa. Similarly, Figs. 12, 13, to -8 kJ/mol, shown in Refs. 1 and 2. As expected, in contrast

and Eg. 6 imply thaDNG.qs transits from 11.0 kJ/mol (OPD to the OPD H region, the exothermic reaction, N&;qs< 0,

H) to 19.3 kJ/mol (OPD H) depending &and vice versa.  occurs at the UPD H region. It implies that the UPD H on the

It also implies that the endothermic reaction, i6G,45> 0, adsorption sites of the poly-Rh electrode surface is the sponta-

occurs at the OPD H region of the poly-Rh|M5H,S0, neous adsorption process. From the existing thermodynamic

aqueous electrolyte interface. However, it can be interpretedesults, it is readily calculated using Eq. 6 tKais 9.6< 10?

that the two different adsorption sites of the OPD H on thefor AG,4s= -17 kJ/mol (UPD H) and is 25.3 fadxGays= -8

poly-Rh electrode surface act as two distinguishable electrokJ/mol(UPD H).

adsorbed H species. At present, it is unclear whether the two Figures 14(a), (b), (c), and (d) show the Langmuir adsorption

different Langmuir adsorption isotherms of the OPD H are isotherms § vs. E) corresponding to the existing thermody-

attributed to the preparation, e.g., cutting, polishing, etc., or thenamic results, i.eK = 9.6< 107 for AGygs= -17 kJ/mol(UPD

nature, e.g., purity, oxide layer, etc., of the poly-Rh electrodeH) andK = 25.3 for AG.gs= -8 kJ/mol(UPD HY-?, andthe

surface. Finally, Table 2 shows that the endothermic reactiorobtained experimental data, i.&,= 1.2< 102 for AGags=

occurs at the adsorption sites of the OPD H on the noble and1.0 kJ/molOPD H) andK = 4.1< 10* for AG.gs= 19.3 kJ/

transition metal (Au, Rh, Pt, Ir, Pd, Ni) electrode surfdcés mol (OPD H), respectively. In contrast to the nebulous thermo-
dynamic distinction between the UPD H and the OPH'#4

Table 2. The comparison of the equilibrium constant ) and the Langmm.r adsorption distinction betw_een_ the UPD H and

standard free energy 8G.) of the OPD H at the noble and  the OPD H is plotted clearly as shown in Fig. 14. However,

transition metal (Au, Rh, Pt, I, Pd, Ni)]aqueous electrolyte
interfaces 10

AGads F
Electrode | Electrolyte K (ka/mol) Reference =
2 08| 4
poly-Au|0.5 M HS0O, 2 2.3x 10° 32.2 - o
! . 41x10° 19.3 ) =
poly-Rh|0.5 M HSO, 12% 102 110 G osl _
3 @\ © ® | @
Pt(100)|0.5 M HSO, 2  1.5x 10* 21.8 19 ©
<
poly-Pt|0.5 M HSQ, 2 2.1x10* 21.0 20 2 0.4t 4
poly-Ir|0.1 M HSO, 2.0x 10* 21.1 18 Q 1 1
5.0x 107 35.9 e 7
- b
poly-Pd|0.1 M HSO, 1.0x 10° 28.5 17 | |
. 5.9x 106 29.8 ool . 1 1 { N
poly-Ni|0.05 M KOH® 013 51 21 04 0.2 0.0 0.2 0.4 0.6
6 POTENTIAL (E)/V vs. RHE
poly-Ni|1 M NaOH 42x10 07 37 _ _ _ _
: : Fig. 14. The comparison of the numerically calculated Langmuir
#Langmuir adsorption process. _ adsorption isotherms @ vs.E) at the poly-Rh|0.5M H,SO,aqueous
*Commercially prepared single-crystal disc. electrolyte interface. (a)K = 9.6X 107 (UPD H) (b) K = 25.3 (UPD HJ?,

PFrumkin adsorption process. (c)K = 1.2X 102 (OPD H), and (d)K = 4.1X 10* (OPD H).
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it should be noted that the Langmuir adsorption isotherms ofinterfaces. At the poly-Au|0.61 H,SO, aqueous electrolyte

the OPD H shown in Figs. 13(a) and (b) are located beyondnterface, the equilibrium constark)(and the standard free

the region of the UPD H peak on the cyclic voltammogram energy AG.q) of the OPD H are 2:310° and 32.2 kJ/mol,

shown in Fig. 10. In Fig. 14, as expect&dpf the UPD H respectively. At the poly-Rh|0M H,SO, aqueous electrolyte

is about 18-1C° times greater than that of the OPD H. It interface,K andAG,gs of the OPD H are 4:110% or 1.2<

implies that the experimental data presented using the phase0? and 19.3 or 11.0 kJ/mol depending Brrespectively. In

shift method and related discussions are reasonable and valicontrast to the poly-Au electrode interface, the two different

at the interfaces. Langmuir adsorption isotherms of the OPD H are observed at
Figure 14 also shows that the UPD H and the OPD H arethe poly-Rh electrode interface. The two different Langmuir

the independent processes depending on the H adsorptioadsorption isotherms of the OPD H correspond to the two

sites on the poly-Rh electrode surface rather than the sequentidifferent adsorption sites of the OPD H on the poly-Rh elec-

processes for the cathodic HER. Considering the independerttode surface.

processes of the UPD H and OPD H, i.e., the two different
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