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Abstract. The Langmuir adsorption isotherm of the over-potentially deposited hydrogen (OPD H) for the cathodic
H, evolution reaction (HER) at the poly-Au|0.5 M3, aqueous electrolyte interface has been studied using cyclic
voltammetric and ac impedance techniques. The behavior of the phase °shiftp{090°) for the optimum inter-
mediate frequency corresponds well to that of the fractional surface coverage>(@) at the interface. The phase-

shift profile (« vs. E) for the optimum intermediate frequency, i.e., the phase-shift method, can be used as a new
method to estimate the Langmuir adsorption isothétws(E) of the OPD H for the cathodic HER at the interface.

At the poly-Au|0.5M HSOQO, electrolyte interface, the equilibrium constak) @nd standard free energfG,q9 of

the OPD H are 2:8310° and 32.2 kJ md] respectively.
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1. Introduction occupy different surface adsorption sites and act as two dis-
tinguishable electroadsorbed H species. And only the OPD H
The kinetics and mechanisms of the cathodice¥blution can contribute to the cathodic HER. However, the relation,
reaction (HER) at noble metal (Pt, Ir, Rh, Au, Pd) | aqueoustransition, and criterion of the UPD H and the OPD H at the
electrolyte interfaces have been extensively and intensivelynoble metal | aqueous electrolyte interfaces have been studied
studied in interfacial electrochemistry. Many electrochemical on a point of view of the Hevolutions and potentials rather
methods and analyses on the H adsorption sites and prahan the H adsorption sites and processes, i.e., the Langmuir
cesses for the cathodic HER at the noble metal | aqueouadsorption isotherms.
electrolyte interfaces are described and reviewed elsefiere.  The Langmuir adsorption isotherm is based on the kinetics
Especially, the cyclic voltammetric and electrochemical and thermodynamics of the electrode interfaces. Although
impedance spectroscopic methods have been extensively usede Langmuir adsorption isotherm may be regarded a classi-
to study the cathodic HER at the interfaces. However, itcal model and theory in physical electrochemi&thyt is
seems to be that the phase-shift profile for the optimumuseful and effective to study the H adsorption sites and pro-
intermediate frequency, i.e., the phase-shift method, has notesses for the cathodic HER at the interfaces. Thus, there is
been used to study the H adsorption sites and processes atneed in the art for a fast, simple, and reliable technique to
the interfaces. estimate or determine the Langmuir adsorption isotherms for
The relation, transition, and criterion of the under-poten- characterizing the OPD H for the cathodic HER at the Au |
tially deposited hydrogen (UPD H) and the over-potentially acidic aqueous electrolyte interfaces.
deposited hydrogen (OPD H) are necessary and important to Recently, we have experimentally and consistently found
understand the kinetics and mechanisms of the cathodi¢hat the phase-shift method can be effectively used to esti-
HER24617t is well known that the UPD H and the OPD H mate the Langmuir or the Frumkin adsorption isotherms of
the UPD H and the OPD H for the cathodic HER at the
YE-mail: jhchun@daisy.kwangwoon.ac.kr interfacest®?? Although the proposition of the phase-shift
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method is not based on the kinetics or the thermodynamics 1.0 T T T T
it is useful and effective for studying the relation, transition, « 0 ;
and criterion between the UPD H and the OPD H for the 5 O05f \7,/, 1
cathodic HER at the noble metal | aqueous electrolyte inter- E oo; P 4»\//74/ |
faces. = P Ty

In this paper we will represent the Langmuir adsorption E o5k \ | J
isotherm of the OPD H for the cathodic HER at the poly- 2 ! ‘
Au|0.5M HSO, aqueous electrolyte interface using the W .10t “ E
phase-shift method. It appears that the phase-shift method i & [
useful and effective to estimate or determine the Langmuir g 15T “J‘ i
adsorption isotherm and to study the electrode kinetics at the 5 i
interface. © 2T . . L ]

0.5 0.0 0.5 1.0 15 2.0
2. Experimental POTENTIAL ( E)/V vs. SCE

21 p . Fig. 1. The typical cyclic voltammogram at the poly-Aul 0.5 M
- re.paratlons ) H,SO, electrolyte interface. Surface area: ~0.57 cmScan potential:
Taking into account Hconcentrations and effects of pH, -0.30to 1.65 V vs. SCE. Scan rate: 200 mV*s10th scan.

an acidic aqueous electrolyte was prepared fro8C (Jun-

sei, special grade) with purified water (resistivigt8 MQ

cm) obtained from a Millipore system. The 0.5 MS3®,
aqueous electrolyte was deaerated with 99.999% purified
nitrogen gas for 10 min before the experiments.

A standard 3-electrode configuration was employed using
an SCE reference electrode and a poly-Au wire (Johnsor
Matthey, purity: 99.999%, 1 mm diameter, surface area:
~0.57 cm) working electrode. The poly-Au working electrode
was prepared by flame cleaning and then quenched in the
Millipore Milli-Q water. A Pt wire (Johnson Matthey, purity:
99.95%, 1.5 mm diameter) was used as a counter electrode
The working and counter electrodes were separately placet
(~4 cm) in the same compartment Pyrex cell using Teflon
holders. (b)

Fig. 2. (a) The equivalent circuit for the cathodic H evolution

22.M remen

i easlu eme ts. ial: 1 Vv reaction at the poly-Au| 0.5 M HSO, electrolyte interface and (b)
Cyclic voltammetric (S(l:an pOtent_'a' -0.30 to _'65 _VS' The simplified equivalent circuit for the intermediate frequencies at

SCE, scan rate: 200 mVsand ac impedance (single sine the interface.

wave, scan frequency: 4@ 1 Hz, ac amplitude: 5 mV, dc
potential: 0 to -0.575 V vs. SCE) techniques were used tosteady state at the poly-Au | 0.5 M3D, aqueous electrolyte
study the relation between the phase-shift profile for the opti-interface. As pointed out by Jerkiewiez al,?*?® the UPD
mum intermediate frequency and the corresponding LangmuiH peak is not experimentally observable at the interface.
adsorption isotherm. However, the plateau due to the UPD H occurs at ca. -0.10
The cyclic voltammetric experiment was performed using to -0.162 V vs. SCE. It implies that the Langmuir adsorption
an EG&G PAR Model 273A potentiostat controlled with the isotherm of the UPD H is not experimentally observable at
PAR Model 270 software package. The ac impedance experthe cathode potential rang@®® The anionic adsorption
iment was performed using the same apparatus in conjunctioeffects on the plateau have not been consider@dGener-
with a Schlumberger SI 1255 HF Frequency Response Anaally, the UPD H peak and the corresponding cathode poten-
lyzer controlled with the PAR Model 388 software package. tial are necessary and useful to verify the Langmuir
In order to obtain comparable and reproducible results, alladsorption isotherm of the UPD H or the OPD H for the
measurements were carried out using the same preparationsathodic HER at the interface.
procedures, and conditions at room temperature. The interna-
tional sign convention is used, i.e., cathodic currents and 3.2. Phase-shift profile for the optimum intermediate

lagged phase shifts or angles are taken as negative. frequency
Various equivalent circuits were proposed to model the fre-
3. Results and Discussion guency responses of the interfaces for intermediate adsorptions
under different condition®¥:'+26-*UThe equivalent circuit for
3.1. The cyclic voltammogram the cathodic HER is usually expressed as shown in Fig.

Fig. 1 shows the typical cyclic voltammogram of the 2(a)l%4262°3UTaking into account the relaxation time effect
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on the ac impedance experiméht? the equivalent circuit VT T T —70
elements shown in Fig. 2(a) are definedRsis the electro- e N N
lyte resistanceRr is the equivalent circuit element of the 2 P s | 160 §
faradaic resistanceRf) for the discharge reactiof®- is the E G
equivalent circuit element of the faradaic resistance for the ;& | 150 E“
recombination reactiorCp is the equivalent circuit element = 20 e
of the adsorption pseudocapacitar€g,(andCp is the double- 9 140 Q
layer capacitance. < 15T =<
The two equivalent circuit elements, i.B;, andCy, are the g 130 %
equivalent resistance and capacitance associated with th % 1of i
adsorption processes of the UPD H and/or the OPD H, res 8 q20 &
pectively. Under the ac impedance experim&atjs similar Z sk 1 g
to R, but is not equal t&R, In generalR- is smaller tharR, g 110 2
due to the relaxation times of the previously adsorbed H, i.e., > ™~ ]
the UPD H and/or the OPD H, on the electrode surface. o or Fassass- ' 10

Also, Cp is similar toC,, but is not equal t&C, In general,

Ce is greater tharC, due to the relaxation times of the pre-

viously adsorbed H, i.e., the UPD H and/or the OPD H, on
the electrode surface. It implies that the behavioRofnd Fig. 3. The profiles of the measured equivalent circuit element&§,
Cr depends strongly on that aqo and Cp Therefore, the Cp) respect to E for the optimum intermediate frequency (ca.

. 100 Hz) at the poly-Au|0.5M HSO, electrolyte interface. Single
adsorption processes of the UPD H and/or the OPD H Corre .o wave. Scan frequency: o 1 Hz. ac amplitude: 5mV. dc

sponding to the combination & and Cp can be correctly  potential: -0.25 to -0.55 V vs. SCE. (a) Equivalent resistanciy)
expressed in terms of the phase delay. This aspect was niand (b) Equivalent capacitance Cp).
well interpreted in the previously published pagérd) Of
course, the experimental results presented there and relate..
discussions are unchanged. This is discussed in more detaghase. From Eq. (1), it is readily understood that the lagged
later. phase depends strongly & andCs i.e.,R,andC,or 6. In
At low frequencies, the equivalent circuit can be expressedother words, the phase shifig(-depends markedly on the
as a serial connection &, R, andR. At high frequencies, adsorption processes of the UPD H and/or the OPD H at the
the equivalent circuit can be expressed as a serial connectioimterface. However, as previously described, it should not be
of Rs andCp. At intermediate frequencies, the equivalent cir- confusedCp with C, which has a maximum value &t= 0.5
cuit can be simplified as a serial connectionRgf R, and  and can be neglected t= 0 and 110262°31
Cr shown in Fig. 2(b). Since, practicallgs is greater than Figs. 3(a) and (b) show the profiles of the measiRed
Cp. However, it implies that the simplified equivalent circuit and Cp respect tcE for the optimum intermediate frequency
for the intermediate frequencies can be applied to the poly{ca. 100 Hz) at the poly-Au | 0.5 M,BO, electrolyte inter-
Au|0.5M HSO, electrolyte interface regardless of elvolu- face, respectively. As previously described, Fig. 3(a) shows
tion. In other words, it is valid and effective for studying the that R- is smaller tharR, Since, the left-hand side of the
UPD H and/or the OPD H at the interface. The frequencyprofile is lower than the right-hand side of the profile. It is
responses of the equivalent circuit shown in Fig. 2(a) areattributed to the increase of*Hi.e., the relaxation time
described elsewhef&3? effect, at the interface. On the other hand, as previously
From the simplified equivalent circuit for the intermediate described, Fig. 3(b) shows th@h is greater tharC, Since,
frequencies shown in Fig. 2(b), the corresponding phase shifthe profile of Cy increases from the right-hand side to the

06 05 04 03 -02
POTENTIAL ( E)/V vs. SCE

or angle § can be derived as follows: left-hand side, i.e., towards more negative potentials. Similarly,
it is attributed to the increase of H.e., the relaxation time
@=-tan'[1/aw(Rs+ R:)Cpl 1) effect, at the interface. However, it should be noted that the
equivalent resistance profild&{ vs. E) shown in Fig. 3(a)
R OR, (<Ry) andCp 0 Cy (> Cyp) (2) has the peak due to the Langmuir adsorption process. On the
other hand, the equivalent capacitance profip ¥s. E)
Cy= Yda/dE) 3 shown in Fig. 3(b) has not the peak. It implies that thetH

the interface increases consistently with increase of the
wherew (= 2rt) is the angular frequencl, is the faradaic  applied dc potential, i.e., the cathode poten&l As previ-

resistance for the discharge reaction of the UPD H or theously described, it is attributed to the superposition of the
OPD H, C, is the adsorption pseudocapacitance for the Langmuir adsorption process and the relaxation time effect at
Langmuir adsorption conditiong,is the charge corresponding the interface. Fig. 3(b) also shows ti@t increases rapidly
to the saturation coverage 6f 0 is the fractional surface  beyond the peak potential (ca. -0.37 V vs. SCE) of the equiv-
coverage of the UPD H or the OPD H, dids the applied  alent resistance profilR{ vs. E). It is understood thaE, has
dc potential. A minus sign shown in Eq. (1) implies a lagged a maximum value at the peak potential due to the Langmuir
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Fig. 5. The comparison of the phase-shift curves at the poly-
Au|0.5M H,SO, electrolyte interface. Vertical solid line: ca.
100 Hz. Single sine wave. Scan frequency:“t6 1 Hz. ac amplitude:

5 mV. dc potential: (a) -0.25V, (b) -0.35V, (c) -0.375V, (d) -0.40V,
and (e) -0.55 V vs. SCE.

FREQUENCY [ log ( f/ Hz )]

Fig. 4. The comparison of the two extremely distinguishable
frequency response curves at the poly-Au | 0.5 M 430, electrolyte
interface. Vertical solid line: ca. 100 Hz. Single sine wave. Scan
frequency: 10'to 1 Hz. ac amplitude: 5 mV. dc potential: (a) -0.30 V
and (b) -0.55V vs. SCE.

- P - : _Table 1. The measured phase shift @ for the optimum
adsorption process. The determination of the optimum inter intermediate frequency (ca. 100 Hz) and the estimated fractional

mediate -frequency. is discussed in more deta}il Iat_er. Consegoyerage @) at the poly-Au|0.5 M H,SO, electrolyte interface
quently, it can be interpreted that the relaxation time effect

on R= and Cp is not conflicting to analyze the H adsorption E Vvs. SCE) 9 (deg) o
processes at the interface. 0250 86.1 =0
From Figs. 2(b), 3, and Eq. (1), it is understood that the -0.275 86.0 0.001
adsorption processes of the UPD H and/or the OPD H at the -0.300 85.0 0.013
interface can be expressed in terms of the lagged phase. -0.325 80.4 0.067
Practically,R- is much greater thaRs and so the phase shift -0.350 63.7 0.263
(-¢ can be substantially determined by the serial connection 0.375 33.8 0.630
of Re andCj i.e.,R,andC, or 6. It implies that the behavior -0.400 15.0 0.833
of the phase shift (& -¢< 90°) for the optimum intermedi-
ate frequency can be related to that of the fractional surface -0.425 4 0.923
coverage (x 6= 0). In other words, the change rateA§fg)/ -0.450 4.2 0.960
AE or d(-@/dE corresponds well to that of6/AE or dO/dE. -0.475 24 0.981
This is discussed in more detail later. However, it appears -0.500 1.6 0.991
that the mathematical relation between the phase shjft (- -0.525 1.1 0.996
and the fractional surface coverag® lias not been derived -0.550 0.8 =
or reported elsewhere. 2Estimated using the measured phase syt (-

Fig. 4 shows the comparison of the two extremely distin-
guishable frequency responses at the poly-Au | 0.5J%0H
electrolyte interface. The absolute value of the impedance vsimplies thatf can be set unity as shown in Table 1. Therefore,
the frequency 4| vs.f) is plotted on a log-log scale. In Fig. from Eq. (1), ¢ has a minimum valuex0°) as shown in
4(a), the slope portion of the frequency response curve repreFig. 5(e) and Table 1.
sents the capacitive behavior of the poly-Au| 0.5 MB®, Fig. 5 shows the comparison of the phase-shift curges (-
electrolyte interface. Since, a slope of -1 represents the ideals. f) for the different cathode potentials at the poly-Au| 0.5
capacitive behavior. It implies th&@ has a minimum value M H,SO, electrolyte interface. In Fig. 5, it should be noted
as shown in Fig. 3(b). It also implies thatan be set zero as that the phase-shift curves and phase angles are markedly
shown in Table 1. Therefore, from Eq. (1§ has a maximum  characterized at the intermediate frequencies. The center fre-
value €& 90°) as shown in Fig. 5(a) and Table 1. On the other quency (ca. 100 Hz) of a slope of 1 shown in Fig. 4(a), i.e.,
hand, in Fig. 4(b), the horizontal portion of the frequency the center frequency of the intermediate frequencies (ca. 30 to
response curve represents the resistive behavior of the poly300 Hz), can be set as the optimum intermediate frequency
Au | 0.5 M HSO, electrolyte interface. Since, a slope of zero for the phase-shift profile ¢ vs. E). Of course, the exactly
represents the ideal resistive behavior. It implies that the Hsame phase-shift profile can also be obtained at ca. 30 and
adsorption at the interface is almost saturated. In other300 Hz, i.e., the range of the intermediate frequencies. The
words, Cp has a maximum value as shown in Fig. 3(b). It determination of the optimum intermediate frequency for the
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Fig. 6. The phase-shift profile (¢ vs. E) for the optimum Fig. 8. The comparison of the experimental and fitted data for the

intermediate frequency (ca. 100 Hz) at the poly-Au|0.5M kSO, Langmuir adsorption isotherm (8 vs. E) at the poly-Au|0.5M
electrolyte interface. H,SO;, electrolyte interface.K = 2.3x 10°(OPD H).

6 , . ——— . . effect onR- and Cp can be neglected to analyze or estimate
the adsorption processes of the UPD H and/or the OPD H at
5F O A(-0)/AE . the interface. In other words, the lagged phase described in
o AO/AE Eqg. (1) depends strongly oR, and C,, i.e., 8. For the

T Frumkin adsorption process, both thé@)/AE or d(-¢)/dE

and theAG/AE or d8/dE will be changed depending on the
interaction parameter. Consequently, it can be interpreted that
the phase-shift profile ¢ vs. E) for the optimum intermedi-

ate frequency corresponds well to the Langmuir adsorption
isotherm @ vs.E) at the interface regardless of &lolution.

CHANGE RATE ( arb. unit )

- 3.3. Langmuir adsorption isotherm
L . . . L L The Langmuir adsorption isotherm is based on the
o7 06 05 04 03 02 01 0.0 assumptions that the surface is homogeneous and that lateral

POTENTIAL (E)/V vs. SCE interaction effects are negligible. The hydrogen evolution

Fig. 7. The comparison of the change rates of th(-¢)/AE and the reactions under the Langmuir adsorption conditions are

AGAE for the optimum intermedi_ate frequency (ca. 100 Hz) at the described elsewherd Considering the application of the

poly-Au 0.5 M H2SO; electrolyte interface. Langmuir adsorption isotherm to the formation of H on the

poly-Au surface, the Langmuir adsorption isotherm can be

phase-shift profile is described elsewh®®@ Finally, the  expressed as follows

cathode potentials and the corresponding phase shifts for the

optimum intermediate frequency (ca. 100 Hz) can be plotted [8/(1 - 6)] = KCy.[exp(EF/RT)] 4)

as the phase-shift profileg{vs. E) shown in Fig. 6.

Fig. 7 shows the comparison of the change rates ofghe - where@ is the fractional surface coverage of the UPD H or
vs. E and thef vs. E, i.e., theA(-¢)/AE or d(-@)/dE and the  the OPD H\K is the equilibrium constant for the UPD H or
ABIAE or dO/dE, at the poly-Au| 0.5 M EBO, electrolyte the OPD H,Cy. is the H concentration in the bulk electro-
interface. The derivation of tha(-¢@/AE and theAB/AE is lyte, E is the applied dc potential, i.e., the cathode potential,
based on the experimental data shown in Table 1. AsF is the Faraday constamR,is the gas constant, afdis the
expected, Table 1 and Fig. 7 show that bothAte)/AE or absolute temperature.
d(-@/dE and theAGAE or dO/dE are maximized ab = 0.5 At the poly-Au|0.5M HSO, aqueous electrolyte (pH
and are minimized a#=0 and 1. Fig. 7 also shows that the 0.62) interface, the fitted data, i.e., the calculated Langmuir
A(-@/AE or d(-@)/dE corresponds well to thAG/AE or do/ adsorption isotherm using Eq. (4), are shown in Fig. 8. As
dE. In other words, the behavior of the phase shfft (@< expected, the Langmuir adsorption isothef@nws$. E) shown
90°) corresponds well to that of the fractional surface coveragein Fig. 8 corresponds well to the phase-shift profilg \(s.

(1= 6= 0). Also, it should be noted that Figs. 3(a) and 7 areE) for the optimum intermediate frequency shown in Fig. 6.
similar to the typical shape of the adsorption pseudocapaci+rom Fig. 8, it can be easily inferred thét= 2.3x 10° is

tance C,) for the Langmuir adsorption conditiait?6-2%-3 applicable to the formation of H at the interface. Under the
As previously described, it implies that the relaxation time same conditions, Fig. 9 shows the numerically calculated
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1.0 T > 6> 0) at the interface. The phase-shift profilg ¢s. E) for
= the optimum intermediate frequency, i.e., the phase-shift
T L,k ) method, can be effectively used as a new method to estimate
& the Langmuir adsorption isothernd ¢s. E) of the OPD H
S for the cathodic HER at the interface. At the poly-Au|0.5 M
% o8 | H,SO, electrolyte interface, the equilibrium constal) and
%) standard free energylG,q9 of the OPD H are 2:310° and
§ 04F 1 32.2 kJ mot, respectively.
S
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Langmuir adsorption isothermd {/s. E) for three different
values ofK = 2.3x 10%, 2.3< 10°, and 2.% 108

The Langmuir adsorption isotherm shown in Fig. 8 is 1.

attributed to the OPD H. As previously described, the Lang-
muir adsorption isotherm due to the UPD H is not observed

adsorption sites of the UPD H are almost masked due to a
high H" concentration of the 0.5 M 80, electrolyte and/or

the anionic adsorption effects under the steady state condi-
tiong "-91213.1517.20-2 |50 it should be noted that the experi-

mental data shown in Figs. 3-8 and Table 1 are observed®

beyond the plateau and the corresponding cathode potentiaIG' ‘ ) DL
7. A. Zolfaghari, F. Villiard, M. Chayer, G. Jerkiewick,Alloys Comp.

range (ca. -0.10 to -0.162 V vs. SCE) shown in Fig. 1. In
other words, the Langmuir adsorption isotherm of the OPD 4

Of course, the Langmuir adsorption isotherm of the UPD H

can be easily observed in alkaline aqueous electrof}tés
Under the Langmuir adsorption conditions, the relation

between the equilibrium constat)(for H adsorption (UPD

H, OPD H) and the standard free energyG4{s) of H

adsorption (UPD H, OPD H) is given usifijas

12.

13.
2.3RTlog K = -AGyqs (5)

14.
At the poly-Au| 0.5 M HSOQ, electrolyte interface, it is

15

readily calculated using Eq. (5) thaG,gs is 32.2 kJ mot
for K=2.3< 10° (OPD H).

Conclusions

17.

The phase-shift method for the Langmuir adsorption iso-

therm of the OPD H for the cathodic HER is proposed. The18.

simplified equivalent circuit for the optimum intermediate
frequency and the corresponding phase-shift equation ar
well fitted to the poly-Au| 0.5 M bSO, aqueous electrolyte
interface regardless of;Hvolution. The behavior of the phase
shift (°< -¢< 90°) for the optimum intermediate frequency 21
corresponds well to that of the fractional surface coverage (122

16.
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