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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 )80 and 0.5 M LIiOH aqueous electrolyte interfaces

have been studied using cyclic voltammetric and ac impedance techniques. The behavior of the phase-shift (0
<90 for the optimum intermediate frequency corresponds well to that of the fractional surface coverfige (1

>0) at the interfaces. The phase-shift method, i.e., the phase-shift pwpfils. € for the optimum intermediate
frequency, can be used as a new electrochemical method to determine the Langmuir adsorption iSotkeEhns (

of the UPD H and the OPD H for the cathodig évolution reactions at the interfaces. At the poly-Pt/0.5 J804

aqueous electrolyte interface, the equilibrium constghtafd the standard free enerdyGfq,) of the OPD H are
2.1x<10* and 21.0 kJ/mol, respectively. At the poly-Pt/0.5 M LiOH aqueous electrolyte inteifacansits from 2.7

(UPD H) to 6.2<10° (OPD H) depending on the cathode potenf@ldnd vice versa. Similari\G,g, transits from

-2.5 kd/mol (UPD H) to 29.7 kdJ/mol (OPD H) depending Bbrand vice versa. The transition Ef and AG,ys 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 cathodievéiution reactions. The criterion of the UPD H and the

OPD H is the H adsorption sites and processes rather than, theoldtion reactions and potentials. The poly-Pt

wire electrode is more efficient and useful than the Pt(100) disc electrode for the cathaliclution reactions

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

conflicting.
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1. Introduction hydrogen (OPD H) are necessary and important to under-
stand the kinetics and mechanisms of the cathodic hydrogen
The kinetics and mechanisms of electroadsorbed hydro{H,) evolution reactions (HER) at the electrocatalytic metal/
gens at electrocatalytic metal (Pt, Rh, Pd, Ni, etc.)/aqueousqueous electrolyte interfaces. Also, it is well known that the
electrolyte interfaces have been extensively studied in elecUPD H and the OPD H occupy different surface adsorption
trochemical hydrogen technologiel? The under-potentially  sites on the single-crystal faces and act as two distinguishable
deposited hydrogen (UPD H) and the over-potentially depositecelectroadsorbed H species while only the OPD H can con-
tribute to the cathodic HERY” Therefore, it is necessary to
TE-mail: jhchun@daisy.kwangwoon.ac.kr compare the costs and related parameters of the polycrystalline
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and single-crystal electrodes for the cathodic HER under theslectrolytes were prepared from,$, (Junsei, special
same experimental conditions. grade) and LiOH (Alfa Aesar, Johnson Matthey, purity: 98%)
Many electrochemical methods and analyses on the Hwith purified water (resistivity:>>18 MQ cm) obtained from
adsorption sites and processes for the cathodic HER at tha Millipore system. The 0.5 M 30, and 0.5 M LiOH
electrocatalytic metal/aqueous electrolyte interfaces areaqueous electrolytes were deaerated with 99.999% purified
described and reviewed elsewhkfeThe cyclic voltammetric  nitrogen gas for 10 min before the experiments.
and electrochemical impedance spectroscopic methods have A standard 3-electrode configuration was employed using
been intensively used to study the cathodic HER at the interan SCE (Saturated Calomel Electrode) reference electrode
faces. However, the relation, transition, and criterion of theand a poly-Pt wire (Johnson Matthey, purity: 99.9985%, 1 mm
UPD H and the OPD H at the electrocatalytic metal/aqueousdiameter, estimated surface area: ~F)oworking electrode.
electrolyte interfaces have been studied from the point ofin contrast to the Pt(100) dié€, which was commercially
view of the HER and potentials rather than the H adsorptionprepared using the mechanical polishing, the poly-Pt wire
sites and processes, i.e., the Langmuir or the Frumkinwas prepared by flame cleaning and then quenched and

adsorption isotherms. cooled in the Millipore Milli-Q water and in air, sequentially.
The Langmuir adsorption isotherm has all the ingredientsA Pt wire (Johnson Matthey, purity: 99.95%, 1.5 mm diameter)
of equations of the kinetics and thermodynartfitt. is well was used as a counter electrode. Taking into account the

known that the Langmuir adsorption isotherm is a special cas€OPD H and its large current distributi the working and
of the Frumkin adsorption isotherm. The Langmuir adsorption counter electrodes were separately placed (~4 cm) in the
isotherm can be derived from the Frumkin adsorption isothermsame compartment of a Pyrex cell using Teflon holders.
by setting the interaction parameter is zero. Although the
Langmuir adsorption isotherm may be regarded a classical 2.2. Measurements
model and theory in physical electrochemistry, it is useful Cyclic voltammetric (scan potential: -0.24 to 1.25V vs. SCE,
and effective to study the adsorption sites of the UPD H andscan rate: 300 mV/s for the 0.5 M,\$0, and scan potential:
the OPD H and processes for the cathodic HER at the inter® to -0.90 V vs. SCE, scan rate: 300 mV/s for the 0.5 M
faces. Thus, there is a technological need for a fast, simpleliOH) and ac impedance (single sine wave, scan frequency:
and reliable technique to estimate or determine the Langmuirl0* to 1 Hz, ac amplitude: 5 mV, dc potential: 0 to -0.45V
adsorption isotherms for characterizing the relation, transi-vs. SCE for the 0.5 M $$0, and to -1.35V vs. SCE for the
tion, and criterion between the UPD H and the OPD H for 0.5 M LiOH) techniques were used to study the relation
the cathodic HER at the interfaces. between the phase-shift profile for the optimum intermediate

Recently, we have experimentally and consistently foundfrequency and the corresponding Langmuir adsorption iso-
that the phase-shift profile for the optimum intermediate fre- therm. The high scan rate- 00 mV/s) was used to measure
quency, i.e., the phase-shift method, can be used to detethe state of the poly-Pt working electrode at the commence-
mine the Langmuir or the Frumkin adsorption isotherms of ment of the cyclic scaf?
the UPD H and the OPD H for the cathodic HER at the The cyclic voltammetric experiment was performed using
electrocatalytic metal (Pt, Ir, Pd, Au, Ni)/aqueous electrolyte an EG&G PAR Model 273A potentiostat controlled with the
interfaces®29 It is useful and easy for studying the electrode PAR Model 270 software package. The ac impedance exper-
kinetics and thermodynamics, the relation, transition, and cri-iment was performed using the same apparatus in conjunction
terion between the UPD H and the OPD H for the cathodicwith a Schlumberger SI 1255 HF Frequency Response Ana-
HER at the electrocatalytic metal/aqueous electrolyte inter-lyzer controlled with the PAR Model 388 software package.
faces. In order to obtain comparable and reproducible results, all

In this paper we will propose the phase-shift method for measurements were carried out using the same preparations,
the Langmuir adsorption isotherm and represent the relationprocedures, and conditions at room temperature. The interna-
transition, and criterion between the UPD H and the OPD Htional sign convention is used, i.e., cathodic currents and
for the cathodic HER at the poly-Pt/0.5 3D, and 0.5 M lagged phase shifts or angles are taken as negative. Finally,
LiIOH aqueous electrolyte interfaces. It is complementary to thein order to clarify the hydrogen adsorption in the different
Langmuir adsorption isotherms of electroadsorbed hydrogensaqueous electrolytes, all potentials in the text, the Figures,
for the cathodic HER at the poly-Pt wité? and the Pt(100) and the Tables are given on the RHE (Reversible Hydrogen
dis® electrode interfaces. It appears that the phase-shiftElectrode) scale.
method is useful and necessary to determine or estimate the
Langmuir adsorption isotherm and to compare and select an 3. Results and Discussion
efficient electrode for the cathodic HER at the interfaces.

3.1. Under-potentially deposited hydrogen (UPD H)
2. Experimental peak
Figure 1 shows the cyclic voltammogram of the steady state

2.1. Preparations at the poly-Pt/0.5 M 50O, aqueous electrolyte interface. The

Taking into account Hconcentrations and effects of dif- UPD H peaks occur at ca. 0.215 and 0.077 V vs. RHE. The
fuse double layer and pH) acidic and alkaline aqueous anionic adsorption effects, which are not serious for the
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Fig. 1. The typical cyclic voltammogram at the poly-Pt/0.5 M HSO, (b)
aqueous electrolyte interface. Estimated surface area: ~1 énScan
potential: O to 1.49 V vs. RHE. Scan rate: 300 mV/s. 20th scan. Fig. 2. (a) The equivalent circuit for the cathodic H evolution

reactions at the poly-Pt/0.5M HSO, and 0.5M LiOH aqueous
electrolyte interfaces and (b) The simplified equivalent circuit for

adsorption process of the OPD H, on the UPD H peaks haveyq intermediate frequencies at the interfaces.

not been consideréd? Fig. 1 also shows that the cyclic vol-
tammogram of the poly-Pt/0.5 M,B0, aqueous electrolyte
interface is similar to that of the Pt(100)/0.5 M3®,,%® the as:Rs is the electrolyte resistandg; is the equivalent resis-
Pt(100)/0.3 M HE? or the H-Pt/0.5 M HSQ, aqueous elec- tance due to the adsorption process of H (UPD H, OPD H)
trolyte interfaceé® However, the shape of the cyclic voltam- and its relaxation time effect at the interfaBg,is the equiv-
mogram of the poly-Pt electrode is different from that of the alent resistance due to the recombination reac@pns the
Pt(100) electrodes which were prepared by the flame annealingquivalent capacitance due to the adsorption process of H
method®%1731-39)t implies that the preparation of the poly- (UPD H, OPD H) and its relaxation time effect at the interface,
Pt wire, as well as the commercially prepared Pt (100)and Cp is the double-layer capacitance. The impeda@je (
discs?®?9 is effective rather than perfect. In other words, the of the equivalent circuit shown in Fig. 2(a) is given®By:
various UPD H peaks correspond to the adsorptions of H on

the different single-crystal faces, e.g., (100), (110), (111), Z=Rs+ {(Re + Ro + jwR:RoCp)/[1 - tPR:R-CpCp

etc., which are attributed to imperfections in the orientation + JwW(ReCp + R-Cp + RoCp)1} (1)

of the single-crystal substrat€s>3 Also, it implies that the

activities of the adsorption sites of the UPD H and the OPD wherej is an operator and is equal to the square root of
H depend strongly on the different single-crystal faces them--1, i.e.,j?> = -1, andw (= 27%) is the angular frequency.

selves rather than the sizes and/or the orientations of the The two equivalent circuit elements, i.B; andCy are the
same single-crystal faces on the poly-Pt electrode surfaceequivalent resistance and capacitance associated with the
However, the difference of the electrode kinetic and thermo-faradaic resistanceR) and the adsorption pseudocapacitance
dynamic parameters between the poly-Pt wire and the(C,) of the UPD H and/or the OPD H, respectively. Under
Pt(100) dis€” electrodes is negligible (Table 3). It is under- the ac impedance experimefR; is smaller tharR, due to
stood that the poly-Pt wire mostly consists of the same singlethe relaxation times of the previously adsorbed H, i.e., the
crystal face (100) substrates. increase of Fon the electrode surface. On the other h&ad,

The UPD H peaks and the corresponding cathode potentialis greater tharC, due to the relaxation times of the previously
are necessary and useful to verify the Langmuir adsorptionadsorbed H, i.e., the increase of éh the electrode surface.
isotherms of the UPD H and the OPD H for the cathodic Since, in general, a resistance is inversely proportional to
HER at the interface. This is discussed in more detail later. charged species but a capacitance is proportional to charged

species on the electrode surface. It implies that the relaxation

3.2. Phase-shift profile for the optimum intermediate time effects ofR- and Gy can be cancelled out or compensated
frequency together. This is discussed in more detail later.

Various equivalent circuits were proposed to model the fre- Essentially, both the relaxation time and lateral interaction
guency responses of the interfaces for intermediate adsorptionsffects at the interfaces are proportional to the fractional sur-
under different condition¥:*43%*DThe equivalent circuit for  face coveraged] of the UPD H and/or the OPD H. It implies
the cathodic HER is usually expressed as shown in Fig.that the behaviors dR- and C; depend strongly on those of
2(a)1014363941Taking into account the relaxation time effect R, andC, Also, it implies that the lateral interaction effect
which is inevitable under the ac impedance experifféAt,  depends strongly oR- and Cs i.€., R, and C, or 6. There-
the equivalent circuit elements shown in Fig. 2(a) are definedfore, the adsorption process of the UPD H and/or the OPD H
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corresponding to the combination Bf and C, can be cor- on R- andCp, i.e., R, andC, or 6. It was pointed out by
rectly expressed in terms of the phase delay. This aspect waSileadi and Conway*¥ that the shape of the, vs. E is the
not well interpreted in the previously published pap&fs. exact form of thed vs. E. It implies that the lagged phase
Of course, the experimental results presented there andghift (-¢) also depends markedly on the adsorption process of
related discussions are unchanged. However, it is well knowrthe UPD H and/or the OPD H at the interface. However, as
that the fractional surface coverage depends on the appliegreviously described, it should not be confusgdwith C,
dc potential at the interfaces. Also, it is well known that the which has a maximum value @t= 0.5 and can be neglected
phase shift or angle depends on the applied dc potential at that =0 and 1:023%6:39407|s0, it should not be confused that
interfaces. At present, it is difficult to derive the theoretical the simplified equivalent circuit shown in Fig. 2(b) is not
relation between the phase shift and the fractional surfacechange of the cathodic HER itself but only the intermediate
coverage at the interfacé. frequency response itself. Consequently, it is understood that
The frequency responses of the equivalent circuit shown inthe simplified equivalent circuit for the intermediate frequencies
Fig. 2(a) are important and useful to study the relationshipis effective and valid to determine the Langmuir adsorption
between the phase shift and the fractional surface coveragesotherm for the cathodic HER.
for the cathodic HER at the interfaces. At low frequencies, Figures 3(a) and (b) show the profiles of the measRred
the equivalent circuit can be expressed as a series circuit ofind Cp versus the cathode potentid)(for the optimum
Rs R andRs At high frequencies, the equivalent circuit can intermediate frequency (ca. 3 Hz) at the poly-Pt/0.5 )8®]
be expressed as a series circuiRgindCp. At intermediate  aqueous electrolyte interface, respectively. As previously
frequencies, the equivalent circuit can be simplified as adescribed, Fig. 3(a) shows tHat is smaller tharR, Since,
series circuit oRs, Re, andCp shown in Fig. 2(bf® In prac- the left-hand side of the profildR{ vs. E) is lower than the
tice, Rp is much greater thaRr. Also, Cp is much greater right-hand side of the profile. It is attributed to the superpo-
thanCp except aB=0. In addition, Re| is much greater than sition of the Langmuir adsorption process and the relaxation
| L/wCp| for the intermediate frequencies. Therefd®e,and time effect of R, and the nature of resistance which is
Cp can be eliminated from the equivalent circuit for the inversely proportional to charged species. On the other hand,
cathodic HER shown in Fig. 2(a). It implies that the simplified as previously described, Fig. 3(b) shows tBatis greater
equivalent circuit for the intermediate frequencies shown inthan C, Since, the profile @ vs. E) increases from the
Fig. 2(b) can be applied to the poly-Pt/0.5 MS@, and right-hand side to the left-hand side, i.e., towards more nega-
0.5 M LiOH electrolyte interfaces regardless of évolution. tive potentials. Similarly, it is attributed to the superposition
However, it should be noted that the simplified equivalent of the Langmuir adsorption process and the relaxation time
circuit shown in Fig. 2(b) is not change of the cathodic HER effect of Cy and the nature of capacitance which is propor-
itself but only the intermediate frequency response itself. Intional to charged species. However, it should be noted that
other words, it is valid and effective for studying the UPD H the equivalent resistance profilg:(vs. E) shown in Fig. 3(a)
and/or the OPD H at the interfaces. The frequency response~
of the equivalent circuit shown in Fig. 2(a) are described

10 T — T 60
elsewherg®*V " : .
The impedanceZ) of the equivalent circuit for the interme- s 5
diate frequencies shown in Fig. 2(b) and the corresponding E gf | 1°° G
phase shift ¢ or angle are given &7 = A ;‘
(&) '
' 140 —
Z= R+ Re) - /o @ 4 el o s
N Z : {30
¢=-tar'[1/aRs + Re)Crl 3) = -, b
< 4r ' 7
o ¥ i wl
ReORy (<Ry, Re>Rs, Cp > Cp, andCp O Cy (> C) (4) S 20 g
E I8
whereR, is the faradaic resistance for the discharge reaction @ 2 110 2
of the UPD H or the OPD H and depends on the fractional < ° %
surface coveraged) of the UPD H or the OPD H, ar@, is g of-eeeeee basaasn g 2
the adsorption pseudocapacitance and also depen@sobn | N , ) )

the UPD H or the OPD Ef) It should be noted that bof, 016  -0.06 0.04 0.14
(or Re) andC,, (or Cp) cannot exist unless charge is trans- POTENTIAL ( £)/V vs. RHE
ferred across the interphase.
A minus sign shown in Eq. (3) implies a lagged phase. In Fig. 3. The profiles of the measured equivalent circuit element&,
practice, the value dRs at the poly-Pt/0.5 M k8O, agueous Cp) versusE for the optimum intermediate frequency (ca. 3 Hz) at

. . . the poly-Pt/0.5 M H,SO, aqueous electrolyte interface. Single sine
electrolyte interface is ~1.1-1G4 cn? which can be neglected wave. Scan frequency: 10 to 1Hz. ac amplitude: 5mV. dc

comparing to that oR: (Fig. 3). Therefore, from Eq. (3), it  potential: 0.14 to -0.18 VV vs. RHE. (a) Equivalent resistance profile
is readily understood that the lagged phase depends strong (R vs.E) and (b) Equivalent capacitance profile Cp vs.E).
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has the peak due to the Langmuir adsorption process. On th&able 1. The measured phase shift @ for the optimum
other hand, the equivalent capacitance profte {s. E) intermediate frequency (ca. 3Hz) and the estimated fractional
shown in Fig. 3(b) has not the peak. It implies that thetH surface coverage @) at the poly-Pt/0.5 M H,SO, aqueous electrolyte

. . . . interface

the interface increases consistently with increase of the
applied dc potential, i.e., the cathode potenfl As previ- E (Vvs. RHE) 9(deg) 6
ously described, it is attributed to the superposition of the 0.08 88.6 =
Langmuir adsorption process and the relaxation time effect, 0.06 88.3 0.003
and the reciprocal nature between the resistance and the 0.04 83.3 0.060
capacitance at the interface. It also implies that the relaxation 0.02 66.3 0.252
time effects ofR- and Gy depend strongly of. However, it 0.00 468 0.473
should be noted that Fig. 3(b) shows tBatincreases rapidly

- . -0.02 34.9 0.607
beyond the peak potential (ca. 0V vs. RHE) of the equivalent
resistance profileRg vs. E). It is understood thaC, has a -0.04 23.0 0.742
maximum value at the peak potential, i@s 0.5, due to the -0.06 112 0.876
Langmuir adsorption process. The determination of the opti- -0.08 5.2 0.943
mum intermediate frequency is discussed in more detail later. -0.10 3.1 0.967
Consequently, it can be interpreted that the relaxation time 012 17 0.983
effects ofR- and Gy are the useful and unique feature to ana- 014 0.8 0.993
lyze the adsorption process of H at the poly-Pt/0.5 }8®j 0.16 03 0.699
aqueous electrolyte interface. The lateral interaction effect of 018 02 -

the Langmuir adsorption process is negligible at the interface
From Figs. 2(b), 3, and Eq. (3), it is understood that the “Estimated using the measured phase sigft (-

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 effectsRyf andCp are completely can- 30 T T N
celled out or compensated together. Also, it is understood tha = \\

the adsorption process of H at the interface can be expresse & 2°[ — Slopeof-1 1
in terms of the lagged phase. In practiRe,is greater than G N AN Slope of 0 ]
Rs and so the lagged phase shifg)(€an be substantially N

determined by the series circuit R andCs In other words, ;.,’ 15k i
-@ is substantially characterized by the series circuiRpf =

andC, or 6, i.e., the adsorption process of the UPD H and/ § 10 1
or the OPD H. It implies that the behavior of the phase shift <

(0°< -p=90) for the optimum intermediate frequency can % 05f ... S T
be related to that of the fractional surface coveragef(z 0). = (b) -.:I:::;:::

It also implies that the change rate 4 ¢)/AE or d(-¢)/dE eor ' . o]
corresponds well to that df@/AE or dO/dE (Fig. 7). This is 0 1 2 3 4
discussed in more detail later. However, it appears that the FREQUENCY [ log ( /Hz )]

mathematical relation between the phase shif &nd the

fractional surface coveragé)(has not been derived or Fig. 4. The comparison of the two extremely distinguishable
reported elsewhere. frequency response curves at the poly-Pt/0.5 M 430, aqueous

. . . . electrolyte interface. Vertical solid line: ca. 3 Hz. Single sine wave.
Figure 4 shows the comparison of the two clearly distin- 5can frequency: 16 to 1 Hz. ac amplitude: 5mV. dc potential: (a)

guishable frequency responses at the poly-Pt/0.58CH 0.08 V and (b) -0.18 V vs. RHE.

aqueous electrolyte interface. The absolute value of the

impedance vs. the frequency|(ys.f) is plotted on a log-log

scale. In Fig. 4(a), the slope portion of the frequency implies that the Langmuir adsorption process of H and its

response curve represents the capacitive behavior of the polyrelaxation time effect at the interface are maximized or

Pt/0.5 M HSO, aqueous electrolyte interface. Since, a slope almost saturated. In other wordspf the OPD H can be set

of -1 represents the ideal capacitive behavior. It implies thatto unity as shown in Table ®.Therefore, from Eq. (3),¢

the Langmuir adsorption process of H and its relaxation timehas a minimum value>(0°) as shown in Fig. 5(e).

effect at the interface are minimized. In other wor@gan Figure 5 shows the comparison of the phase-shift curves (-

be set to zero as shown in Table 1. Therefore, from Eq. (3)gvs.f) for the different cathode potentials at the poly-Pt/0.5 M

- has a maximum value<(90°) as shown in Fig. 5(a). On H,SO, aqueous electrolyte interface. In Fig. 5, it should be

the other hand, in Fig. 4(b), the horizontal portion of the noted that the lagged phase shifts or angles and related

frequency response curve represents the resistive behavior gfhase-shift curves are markedly characterized at the interme-

the poly-Pt/0.5 M HSO, aqueous electrolyte interface. Since, diate frequencies. The low side (ca. 3 Hz) of a slope of 1

a slope of zero represents the ideal resistive behavior. Ishown in Fig. 4(a), i.e., the low side of the intermediate fre-
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Fig. 5. The comparison of the phase-shift curves at the poly-PU  Fig 7. The comparison of the change rates of th(-g)/AE and the
0.5M H,SO, aqueous electrolyte interface. Vertical solid line: ca.  AgAE for the optimum intermediate frequency (ca. 3 Hz) at the
3 Hz. Single sine wave. Scan frequency: 46 1 Hz. ac amplitude: poly-Pt/0.5 M H,S0, aqueous electrolyte interface.
5 mV. dc potential: (a) 0.08 V, (b) 0.02V, (c) 0V, (d) -0.04 V, and (e) -
0.18 V vs. RHE.
file (-gvs.E) for the optimum intermediate frequency can be
related to the form of the Langmuir adsorption isotheém (
r T T vs. E) at the interface. On the other hand, for the rang@ of

0 T T
1ok ] > 0.5, the relaxation time effect at the interface should be
> considered as well as the lateral interaction effect. Since, as
g 2r ] shown in Fig. 3, the relaxation time effectsRaf (or R,) and
é 30+ . Ce (or Cp at the interface increase significantly with increas-
L awok ] ing of 6 (= 0.5), i.e. beyond ca. 0V vs. RHE. However, sur-
o prisingly, Figs. 6-8 show that the various effects and
% 50f ) iderations, i.e., the i diate f d
) considerations, i.e., the intermediate frequency response an
é 60 I 4 related equivalent circuit, the relaxation time effect, the lateral
T Ll ] interaction effect, etc., are well supplemented and compen-
! - sated together at the interface. Consequently, it can be inter-
801 ] preted that the form of the Langmuir adsorption isothefm (
L : : S : : vs. E) is the exact shape of the phase-shift profilevs. E)
04 03 02 -01 00 01 02 03 04 . . . .
for the optimum intermediate frequency. Both the relaxation
POTENTIAL ( E)/V vs. RHE . . . .
time and lateral interaction effects on the Langmuir adsorp-
Fig. 6. The phase-shift profile (p vs. E) for the optimum tion process are negligible at the interface.
intermediate frequency (ca. 3Hz) at the poly-P/0.5M bBO, Figure 7 shows the comparison of the change rates of the
aqueous electrolyte interface. -p vs. E and the@ vs. E, i.e., theA(-@)/AE or d(-¢)/dE and

the AG/AE or dO/dE, at the poly-Pt/0.5 M kB0, aqueous
guencies (ca. 1-10 Hz), can be set as the optimum intermediatelectrolyte interface. The derivation of thé-¢/AE and the
frequency for the phase-shift profilegp(vs. E). Of course, ABIAE is based on the experimental data shown in Table 1.
the exactly same shape of the phase-shift profile can also bAs expected, Table 1 and Fig. 7 show that both/ag)/AE
obtained at ca. 1 and 10 Hz, i.e., the range of the intermediater d(-¢)/dE and theA&/AE or d6/dE are maximized af= 0.5
frequencies. The determination of the optimum intermediateand are minimized af=0 and 1. Fig. 7 also shows that the
frequency for the phase-shift profile is described else-plot of the A(-¢)/AE or d(-@)/dE is exactly same as that of
wherel®2% Finally, the cathode potentials and the corre- the AG/AE or dO/dE. In other words, the behavior of the
sponding phase shifts for the optimum intermediate phase shift (9< -¢< 90°) corresponds well to that of the
frequency (ca. 3 Hz) can be plotted as the phase-shift profildractional surface coverage ¥16=> 0). Also, it should be

(- vs. E) shown in Fig. 6. noted that Fig. 7 is similar to the typical shape of the change
As shown in Fig. 3, the relaxation time effectsRaf and rate of the adsorption pseudocapacitar€g for the Lang-

C» are very small or negligible for the range@£ 0.5, i.e., muir adsorption condition§:3-3°49 As previously described,

the right-hand side of the profileR{ vs. E or Cp vs. E) it implies that the relaxation time effects Bf and Cy the

shown in Fig. 3. It should be noted that the lateral interactionlateral interaction effect, etc., cannot be considered or are not
effect between the adsorbed OPD H is also negligible at theconflicting to analyze the adsorption process of the UPD H
range of8< 0.5. Therefore, the shape of the phase-shift pro-and/or the OPD H at the interface. In other words, the lagged
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phase shift () described in Eq. (3) depends strongly R can be expressed as folloffs:

andC,, i.e., 6. For the Frumkin adsorption process, both the

A(-@)/AE or d(-¢)/dE and theA6/AE or d6/dE will be [6/(1 - )] = KCh.[exp(EF/RT)] (5)
changed depending on the interaction pararfiet&rlso, the

peak will be changed as a plateau depending on the interaction where @ is the fractional surface coverage of the UPD H or
parameter. Consequently, it can be interpreted that the shaphe OPD H\K is the equilibrium constant for the UPD H or
of the phase-shift profile ¢-vs. E) for the optimum intermedi-  the OPD H,Cy. is the H concentration in the bulk electrolyte,
ate frequency corresponds well to the form of the LangmuirE is the applied dc potentidF, is the Faraday constamR, is
adsorption isothermé(vs. E) at the interface. Both the relax- the gas constant, anl is the absolute temperature. In Eq.
ation time and lateral interaction effects on the Langmuir (5), it should be noted th& is not the overpotential but the

adsorption process are negligible at the interface. applied dc potential. The UPD H and the OPD H are a
replacement reaction in which a number of water molecules
3.3. Langmuir adsorption isotherm are desorbed from the poly-Pt electrode surface, i.e., the

In electrosorption, the electrode potentid) (s introduced adsorption sites of the UPD H and the OPD H, for eath H
as an independent variable and affects the adsorption ofdsorbed. In addition, as previously described, the fractional
charged species in a major way. Also, the electrode potentiaburface coveraged) of the OPD H for the cathodic HER
affects the adsorption of polar neutral molecules and neutrahpproaches unity, i.e9=1, at high negative overpotentiafs.
organic species having no permanent dipole morfént. Considering the adsorption sites on the different single-
Similarly, the Volmer, the Heyrovsky, and the Tafel reactions crystal face$®13151629and the similar feature between the
for the cathodic HER are considered at the poly-Pt/0.5 M cyclic voltammograms shown in Fig. 1 and R&t$%*039the
H,SO, and 0.5 M LIOH aqueous electrolyte interfaces. How- poly-Pt wire, which mostly consists of the same single-crystal
ever, the distinction between the Volmer, the Heyrovsky, andface (100) substrates, can also be considered as a homoge-
the Tafel reactions is not necessary and important. Since, aseous electrode. In other words, the imperfections in the
pointed out in Ref$?*?Ythe Langmuir adsorption isotherm orientation and size of the same single-crystal face (100)
corresponding to the phase-shift profile for the optimum substrates are not serious for the Langmuir adsorption process.
intermediate frequency is strongly dependent on the adsorptioTherefore, it can be assumed that the poly-Pt electrode has
sites of the UPD H and the OPD H rather than the sequentialhe homogeneous surface. On the other hand, the oxide layer
processes for the cathodic HER. formations or the different single-crystal face substrates are

It is assumed that the UPD H and the OPD H for the ca-serious for the Langmuir adsorption process and should be
thodic HER are an equilibriuf? Since, the adsorption pro- considered as a heterogeneous surface. In this case, the
cesses of the UPD H and the OPD H are very fast comparedemkin or the Frumkin adsorption process should be applied
to the mass transport processes. However, from a viewpointo the interfacé®
of change rate with respect to time, the electrical circuit ele- As previously described, it is well known that the shape of
ments at the steady state are equivalent to the electrode kinettbe adsorption pseudocapacitanCg s. E) is the exact form
and thermodynamic parameters at the equilibrium. Thereforepf the Langmuir adsorption isothernd ¢s. E).410:40.49.50)
taking into account the relaxation time effect on the ac impe-However, it is based on the numerical simulation rather than
dance experiment and the overpotential for the cathodic HERhe experimental data. For the Pt electrode interfidess
at the interfaces, the state of the Langmuir adsorption isothernalso well known tha® by the OPD H for the cathodic HER
corresponding to the phase-shift profile for the optimum approaches unity, i.e8=1, at high negative overpotentials as
intermediate frequency is considered as a quasi-equilibriumshown in Table 1. It implies that th@vs. E for the OPD H
Also, it should be noted that both the faradaic resistance andt the Pt electrode interface depends strongly on the frac-
the adsorption pseudocapacitance occur at the quasi-equililtional surface coverage 06 < 1) rather than the lateral
rium 39 It cannot exist unless charge is transferred across thénteraction effect. However, as previously described, the
interphase. experimental results (Figs. 6 and 8) also show that the shape

At the Pt electrode interfaces, the consideration of theof the phase-shift profile for the optimum intermediate fre-
Langmuir adsorption isotherm for H is more preferable to quency is the exact form of the Langmuir adsorption isotherm.
discussion in terms of an equation of the kinetics and ther-Consequently, it can be interpreted that the various definitions
modynamics for H. Since, the Langmuir adsorption isothermand considerations, i.e., the simplified equivalent circuit for
can be associated more directly with the atomic mechanisnthe optimum intermediate frequency, the relaxation time
of H adsorption and is experimentally determifféd. effect, the quasi-equilibrium, the homogeneous surface, the

The Langmuir adsorption isotherm is based on thelateral interaction effect, etc., are well supplemented and
assumptions that the surface is homogeneous and that the latompensated together for the Langmuir adsorption isotherm
eral interaction effect is negligible. The HER under the at the interface.

Langmuir adsorption conditions is described elsewhere. At the poly-Pt/0.5 M HSQ, aqueous electrolyte (pH 0.62)
Considering the application of the Langmuir adsorption iso- interface, the fitted data, i.e., the numerically calculated
therm to the adsorption of H on the poly-Pt electrode surfacelLangmuir adsorption isotherm using Eq. (5), are shown in Fig.
the Langmuir adsorption isotherm at the quasi-equilibrium 8. As expected, the Langmuir adsorption isotheéwg. E)
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Fig. 8. T_he compgrispn of the experimental and fitted data for the Fig. 9. The typical cyclic voltammogram at the poly-Pt/0.5 M LiOH
Langmuir adsorption isotherm (8 vs. E) at4the poly-Pt/0.5 M H;SO, aqueous electrolyte interface. Estimated surface area: ~1 énScan
aqueous electrolyte interfaceK = 2.1x 107 (OPD H). potential: 0.24 to -0.66 V vs. RHE. Scan rate: 300 mV/s. 20th scan.

shown in Fig. 8 corresponds well to the phase-shift profile (-

vs. E) for the optimum intermediate frequency shown in Fig. T
6. From Fig. 8, it can be easily inferred that 2.1< 10* is 10k ]
applicable to the formation of H at the interface. o

The Langmuir adsorption isotherm shown in Fig. 8 is § 20[ 1
attributed to the OPD H. As expected, the Langmuir adsorption § 30k .
isotherm due to the UPD H has not been observed at the catt Tl—' 40 i ]
ode potential range. It is understood that the adsorption sites ¢ & |
the UPD H are almost masked due to a higrceéhcentration # sof .
of the 0.5 M HSQ, aqueous electrolyte and/or the anionic adsor- & 60 i ]
ption effectsunder the steady state conditigiig2131517:21-24) ;E(
Also, it should be noted that the experimental data shown in ' 70 ]
Figs. 3-8 and Table 1 are observed beyond the UPD H peak g0k _

and the corresponding cathode potentials shown in Fig. 1. Ir
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 UPDEjq 10, The phase-shift profile @ vs. E) for the optimum
H can also be easily observed at the poly-Pt/alkaline aqueouintermediate frequency (ca. 13 Hz) at the poly-Pt/0.5M LiOH
electrolyte interface (Figs. 11 and 12). This is discussed inaqueous electrolyte interface. (a) UPD H and (b) OPD H regions.
more detail later.

For the aqueous electrolytes, the standard free energy of H
adsorption is given by the difference between the free energyOPD H on the adsorption sites of the poly-Pt surfaqaines
of adsorption of H and that of a number of water molecules21.0 kJ/molto remove the appropriate number of water mol-
on the adsorption sites of the poly-Pt surface. Under theecules. As shown in Fig. 8, 21.0 kJ/mol corresponds to the
Langmuir adsorption conditions, the relation between theapplied dc potentials, i.e., ca. 0.15 to -0.2 V vs. RHE.
equilibrium constantK) for H adsorption (UPD H, OPD H)
and the standard free energ§GLy9) of H adsorption (UPD 3.4. Transition between the UPD H and the OPD H

-1.0 -0.8 -0.6 -0.4 -0.2
POTENTIAL ( E)/V vs. RHE

H, OPD H) is given usintf) as Figure 9 shows the cyclic voltammogram of the steady
state at the poly-Pt/0.5 M LIiOH aqueous electrolyte interface.
2.3RTlog K = -AGygs (6) 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-

The definition of AG,qs is described elsewhet&?® At the sponding cathode potentials are necessary and useful to verify
poly-Pt/0.5 M HSQ, aqueous electrolyte interface, it is readily the Langmuir adsorption isotherms of the UPD H and the
calculated using Eq. (6) th&tG,4s is 21.0 kd/mol foK =2.1 OPD H for the cathodic HER at the interface.
x10* (OPD H). As expected, in contrast to the exothermic Figures 10 and 11 show the phase-shift profiles. E)
reaction, i.e.AGys< 0, at the UPD H regioh®121315:2L.234950)  for the optimum intermediate frequency (ca. 13 Hz) and the
the endothermic reaction, i.&AG,qs> 0, occurs at the OPD  corresponding Langmuir adsorption isotherfhw§. E) at the
H region of the poly-Pt electrode interface. It implies that the poly-Pt/0.5 M LiOH aqueous electrolyte (pH 12.4) interface,
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Fig. 11. The comparison of the experimental and fitted data for the ~ Fig. 12. The numerically calculated Langmuir adsorption isotherm
Langmuir adsorption isotherm (@ vs.E) at the poly-Pt/0.5 M LiOH (6 vs.E) at the poly-Pt/0.5M LIiOH aqueous electrolyte interface.
aqueous electrolyte interface. (a)k = 2.7 (UPD H) and (b)K = 6.2x (@)K=2.7 (UPD H) and (b)K = 6.2x 10° (OPD H).

10° (OPD H).

vs. RHE) on the cyclic voltammogram and the corresponding

Table 2. The measured phase shift ¢ for the optimum cathode potentials.
intermediate frequency (ca. 13 Hz) and _the estimated fractional Figure 12 shows the numerically calculated Langmuir
_surface coverage @) at the poly-Pt/0.5 M LiOH aqueous electrolyte adsorption isothermsd(vs. E) corresponding to the two dif-
interface ferent values oK or AG,4s shown in Fig. 11. Fig. 12 also
E (Vvs. RHE) 9 (deg) o shows that the transition region (-0.484 to -0.709 V vs. RHE)
-0.26 84.1 = shown in Fig. 11 and Table 2 is related to the overlapped
-0.31 83.9 0.002 region between the Langmuir adsorption isotherm (a), i.e.,
-0.36 81.4 0.033 the UPD H region, and the Langmuir adsorption isotherm
.0.41 721 0.145 (b), i.e., the OPD H region. It implies that the processes of
046 54.1 0.364 the UPD H and the OPD H for the-cathodic HER at the
0510 58.3 0313 poly-Pt electrode interface proceed independently of each
) other. In other words, the UPD H and the OPD H are the
071 745 0.116 independent processes depending on the adsorption sites of
-0.76 67.8 0.198 H rather than the sequential processes for the cathodic HER.
-0.81 38.7 0.550 However, as expected, the valuekobf the UPD H is much
-0.86 15.4 0.833 (~10°-10" times) greater than that of the OPD"#£% It
091 70 0.935 implies that only the OPD H can contribute to the cathodic
-0.96 3.4 0.978 HER.
Under the Langmuir adsorption conditidfisthe transition
-1.01 2.0 0.995 . . . S
region implies that the equilibrium constam) (for H ad-
= -1.06 : 16 =1 sorption and the standard free enerd§ ;) of H adsorption
bES“mated using the measured phase shift ( shift depending on the applied dc potenti), (.e., the cath-
Transition between the UPD H and the OPD H. ode potential. In other words, the poly-Pt electrode surface

has the two distinct adsorption sites of the UPD H and the
respectively. As expected, Table 2, Figs. 10, and 11 alsdOPD H corresponding to the two different valueskobr
show that theg vs. E corresponds well to thé vs. E at the AGg,ys Figs. 11 and 12 show th#t transits from 2.7 (UPD
interface. Table 2, Figs. 10, and 11 are obtained through théd) to 6.2< 10% (OPD H) depending ofE and vice versa.
previously described procedures. In Figs. 10 and 11, theSimilarly, Figs. 11, 12, and Eq. (6) show th#b,4 transits
regions (a) and (b) correspond to the UPD H and the OPD Hrom -2.5 kJ/mol (UPD H) to 29.7 kJ/mol (OPD H) depending
regions, respectively. It should be noted that the Langmuiron E and vice versa. A minus sign A5,y implies that the
adsorption isotherm of the UPD H shown in Fig. 11(a) is exothermic reaction occurs at the UPD H region. In other
located the region of the UPD H peaks on the cyclic voltam-words, the process of the UPD H is spontaneous at the inter-
mogram shown in Fig. 9 and the corresponding cathodeface. Consequently, it can be interpreted that the UPD H and
potentials shown in Table 2. On the other hand, the Langmuithe OPD H on the adsorption sites of the poly-Pt surface act
adsorption isotherm of the OPD H shown in Fig. 11(b) is as two distinguishable electroadsorbed H species. The criterion
located beyond the UPD H peaks (ca. -0.381 and -0.517 Vof the UPD H and the OPD H is the H adsorption sites and
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Table 3. The electrode kinetic and thermodynamic parameters for results are determined on the basis of the general electro-

the potential ranges at the poly-Pt and the P(100)/0.5 M 430, and chemical adsorption isotherm rather than the Langmuir or the
0.5 M LIOH aqueous electrolyte interfaces Frumkin adsorption isotherm. In addition, it should be noted
UPD H OPDH that the prepared single-crystal Pt(100) electrodes are perfect
Electrode/Electrolyte K K and so they have homogeneous surfaces. Also, it should be
AGygs(kJ/mol) AGggs(kJ/mol) noted that the form of the Langmuir adsorption isotherm
- 2.1% 10% depends strongly on the fractional surface coverage rather than
poly-Pt/0.5 M HSO, - 210 the lateral interaction effedt'%:1821.2340.49.50q\vever, as
- 1_5X'104 shown in Fig. 8 and Table 1, the endothermic reaction, i.e.,
Pt(100)/0.5 M HSQ, * AG,4s> 0, occurs at the OPD H region. As previously
. 218 - described, it implies that the adsorption process of the OPD
poly-PY0.5 M LIOH 2.7 6.2x 10 H on the adsorption sites of the poly-Pt electrode surface
-2.5 29.7 needs 21.0 kJ/mol. Therefore, it is easily understood that the
) 1.9 6.1x 10° obtained experimental data, i.&G,4s of the OPD H: 21.0
PY(100)/0.5 M LIOH * 16 29.7 kJ/mol for K = 2.1< 10%, shown in Fig. 8 and Table 3 are
* Commercially prepared single-crystal disc. Ref. 23. well complementary to the existing thermodynamic results,

i.e., AG,4s 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-
processes rather than the ébolution reactions and potentials. thermic reaction, i.e AG,ys< 0, occurs at the UPD H region.

In other words, the UPD H on the adsorption sites of the

3.5. Comparison of the electrode kinetic and ther-  Pt(100) electrode surface is the spontaneous adsorption pro-
modynamic parameters cess.

Table 3 shows the electrode kinetic and thermodynamic For example, it is readily calculated using Eq. (6) Has
parametersK, AG.q) for the potential ranges (0.241 to - 7.2<10% for AGus= -22 kd/mol (UPD H) and is 37.8 for
0.209 V vs. RHE for the 0.5 M 430, and to -1.109 V vs.  AGgugs= -9 kJ/mol (UPD H). Figs. 13(a), (b), and (c) show
RHE for the 0.5 M LiOH) at the poly-Pt and the Pt(100)/ the Langmuir adsorption isotherm8 Ys. E) corresponding
0.5 M H,SQO, and 0.5 M LiOH aqueous electrolyte inter- to the existing thermodynamic result§ € 7.2< 10° for
faces?® It suggests that the difference Kf and AG,gs AG,4s= -22 kd/mol andK = 37.8 for AG4¢s= -9 kJ/mol) and
between the poly-Pt wire and the Pt(100) disc electrodes camhe obtained experimental date € 2.1< 10* for AGags=
be neglected. As previously described, it implies that the21.0 kJ/mol), respectively. In contrast to the nebulous ther-
poly-Pt wire mostly consists of the same single-crystal facemodynamic distinction between the UPD H and the OPD
(100) substrates. It also implies th&tand AG.ys depend  H,**°%the Langmuir adsorption distinction between the UPD
strongly on the H adsorption sites on the single-crystal faceH and the OPD H is plotted clearly as shown in Fig. 13 as
(100) of the poly-Pt surface rather than the orientation andwell as Figs. 11 and 12. However, it should be noted that the
size of grains, i.e., small crystalline zones, on the poly-PtLangmuir adsorption isotherms of the UPD H shown in Figs.
surface. However, it should be noted that the preparation ofL3(a) and (b) are located the region of the UPD H peaks on
the Pt(100) disc electrode is more difficult than that of the the cyclic voltammogram shown in Fig. 1. It implies tkat
poly-Pt wire electrode. As expected, the Pt(100) disc is severa'
times expensive than the poly-Pt witeOn 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.

08| 4

3.6. Comment on the existing thermodynamic results

The comparison of the obtained experimental data and the
existing thermodynamic results is important and necessary tc
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 th
Frumkin adsorption isotherm of the OPD H correspond well 0.0 . , , .
to the existing electrode kinetic and thermodynamic results ' 0.2 0.0 0.2 0.4 0.6 0.8
for the OPD H® POTENTIAL ( E)/V vs. RHE

The relation between the UPD H and the OPD H at the I:)lFig. 13. The numerically calculated Langmuir adsorption isotherm

glectrgde interfgces, ona _the.rmOdynamiC basis, has bee(evs.E) at the Pt/0.5 M H,SO, aqueous electrolyte interfaces. (e
intensively studied by Jerkiewiogt al881213.15.16.49.50ag =7.2x 10° (UPD H), (b)K = 37.8 (UPD H)"® and (c)K = 2.1 10*
pointed out by Jerkiewicet al,'® the existing thermodynamic ~ (OPD H).

06| 1
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of the UPD H is much greater than that of the OPD H at theis proposed. The simplified equivalent circuit for the optimum
interfaces. Also, it implies that the experimental data pre-intermediate frequency and the corresponding phase-shift
sented using the phase-shift method and related discussiorexquation are well fitted to the poly-Pt/0.5 M3$©, and 0.5 M

are reasonable and valid at the interfaces. LiOH aqueous electrolyte interfaces regardless pfetblu-

As shown in Figs. 11 and 12, Fig. 13 also shows that thetion. The behavior of the phase shiff {0-p=< 9(°) for the
UPD H and the OPD H are the independent processe®ptimum intermediate frequency corresponds well to that of
depending on the H adsorption sites of the poly-Pt surfacethe fractional surface coverage=19> 0) at the interfaces.
rather than the sequential processes for the cathodic HERThe phase-shift profile ¢vs. E) for the optimum intermediate
Considering the independent processes of the UPD H andrequency, i.e., the phase-shift method, can be used as a new
OPD H, i.e., the two different adsorption sites of the UPD H electrochemical method to determine the Langmuir adsorption
and the OPD H, the superposition or the extension betweelisotherm @ vs. E) of the UPD H and the OPD H for the
the Langmuir adsorption isotherms of the UPD H and thecathodic HER at the interfaces. At the poly-Pt/0.5 ¥B6,
OPD H cannot be occurred at the cathode potential rangeaqueous electrolyte interface, the equilibrium constanatd
Therefore, as expected, the overlapped region between ththe standard free energfG.q) of the OPD H are 24 10*
Langmuir adsorption isotherms of the UPD H and the OPDand 21.0 kJ/mol, respectively. At the poly-Pt/0.5 M LiOH
H must be occurred as shown in Figs. 12 and 13. aqueous electrolyte interfadg,transits from 2.7 (UPD H) to

Taking into account the phase-shift profile for the optimum 6.2< 10% (OPD H) depending oE and vice versa. Similarly,
intermediate frequency based on the Frumkin adsorption is0AG,qs transits from -2.5 kd/mol (UPD H) to 29.7 kJ/mol
therm?®?>29the two different adsorption sites of the UPD H (OPD H) depending oE and vice versa. The transition kf
and the OPD HY?¥ the high activity of the adsorption sites and AG, is attributed to the two distinct adsorption sites of
of the UPD H’®%® the nebulous thermodynamic distinction the UPD H and the OPD H on the poly-Pt surface. The UPD
between the UPD H and the OPD*#? and the nature of H and the OPD H on the adsorption sites of the poly-Pt sur-
the anions at the Pt/0.5 M,80, aqueous electrolyte inter- face act as two distinguishable electroadsorbed H species.
faces!®1213151%t can be explained tha#t of the UPD H has  The UPD H and the OPD H are the independent processes
reached unity already at the onset of the OPD H as shown imlepending on the H adsorption sites of the poly-Pt surface
Figs. 12 and 13. Of course, as previously described, there isather than the sequential processes for the cathgdes/dd
neither the superposition nor the extension between thdution reactions at the poly-Pt interface. The criterion of the
Langmuir adsorption isotherms of the UPD H and the OPDUPD H and the OPD H is the H adsorption sites and pro-
H at the cathode potential range. It can also be confirmed byesses rather than the KEvolution reactions and potentials.
referring to Figs. 11-13. Consequently, it can be interpretedThe electrode kinetic and thermodynamic parametirs (
that the Langmuir adsorption isotherm shown in Fig. 8 is AG,4) depend strongly on the H adsorption sites of the poly-
attributed to the OPD H for the cathodic HER. The experi- Pt surface. The poly-Pt wire electrode is more efficient and
mental data presented using the phase-shift method for theseful than the Pt(100) disc electrode for the cathodic H
OPD H are well complementary to the existing thermody- evolution reactions in the aqueous electrolytes. The phase-shift
namic results for the UPD H. method is well complementary to the thermodynamic method

The thermodynamic distinction between thé &hd the rather than conflicting.
anionic adsorption effects on the adsorption sites of the UPD
H at the poly-Pt/0.5 M B8O, electrolyte interface cannot be Acknowledgements
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