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Changes in Surface Stress of Gold Electrode during
Underpotential Deposition of Pb
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The changes in surface stress of a gold film electrode during underpotential dep@sRidnof lead in pH 3.0, 0.5 M NaCIl®

solution containing 10 M Ph(CIQ,), or PbCl, were measured by a bending beam method to investigate the relation between
surface stress and structural change of the Pb-UPD layer. A maximum in the surfacestpessntial curve like an electrocap-

illary curve emerged at the onset of the UPD. Moreover, a hump in the surfacevarpstential curve also emerged in the range

of surface coverage of Pb frofip, = 0.4 to 0.8 during the UPD process. The changes in surface stress were piottathodic

charge required for Pb-UPD. Two linear and one plateau region appeared in the surfacessthnessathodic charge curve. The
plateau region corresponded to the hump in the surface stsepstential curve. It was deduced from the comparison with the
scanning tunnel microscopy, atomic force microscopy, and surface X-ray scattering spectroscopy results in the literature that the
plateau region is associated with the change in rotation angleRem0° to 2.5° of incommensurate hexagonal close-packed Pb
layer. Particularly, it was emphasized that the hump resulted from the release of compressive surface stress due to the change in
rotation angle of the UPD layer.
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Recent developments of scanning tunneling microsd&@iM), surface stress of the AliL1) electrode due to adsorption of electro-
atomic force microscopyAFM), and surface X-ray scattering spec- lyte anions in various acid solutions are proportional to the surface-
troscopy(SXS) have revealed surface structural changes of single-charge density,,. Ibact suggested from the similarity of the lin-
crystal metal electrodes in solution such as surface reconstrdctionear relation between surface stress and surface coverage observed
However, explanations for the structural changes are not sufficienexperimentally for adsorption of CO on (400) in high coverage
from the viewpoint of surface energetics because of the lack inregime that the changes in surface stress of a solid metal electrode
experimental data of surface thermodynamics such as surface temtue to adsorption are attributed to an adsorbate-induced changes in
sion, v, surface stresgy, and surface strair. In general, surface  the electronic structure of the substrate surface atoms. Furthermore,
stress and surface strain are tensors. In the case where a solid eldpactf claimed that the changes in surface stress are not always
trode is isotropic, surface stress and surface strain become scalar apdoportional to the surface-charge density. Schmickler and Pevia
the following Shuttleworth equatidrholds between surface stress, calculated the contribution of a metal side to surface stress and

g, and surface tension, surface tension within the jellium model for a solid metal electrode
9 and indicated the strong dependences of surface stress on adsorption
g=rv + o [1] energy and adsorbate interactions, supporting the results by Haiss
de 7
et al.

. L ) . ) Underpotential depositiofUPD) of foreign metal atoms on a
Moreover, the Gibbs adsorption isotherm for an isotropic solid elec-ngple metal electrode is one of the interesting subjects in relation to

trode is given by surface energetics since the structural changes of an adlayer have
been often observed for many UPD syst&fité by SXS and STM.
dy = —q,dE — 2 Tidw; + (g — v)/de [2] However, there are few studies of the changes in surface stress dur-
i

ing the UPD proces¥ In this study, the changes in surface stress of
a gold electrode during Pb-UPD were measured by a bending beam
whereq, is the surface charge density of the electrdélethe elec-  method to investigate the relation between surface stress and the
trode potential;l';, the surface excess ofh species; angk;, the structural change of Pb-UPD layer. Moreover, the kinetics of the
chemical potential ofth species. Lipkowskét al® have pointed out structural changes of Pb-UPD layer was discussed from the changes
that the contribution ofd — ) de to dy is so negligibly small that  in surface stress.
the values ofdy for an isotropic solid electrode can be obtained
from a cyclic voltammogram. Seet al*® found from the measure-
ment of changes in surface stress by a bending beam method that the Preparation of the gold electrode and electrolytesOne side
second term in the right side of Eq. ile., the difference between of a thin glass plate(thickness,t; = 150um; width, 5.0 mm;
and v is significantly large in the case where iodide ions are ad'length, 60 mm; Young’s modulu€, = 70.9 GPa; Poisson’s ratio,
sorbed on gold and hydroxide ions are adsorbed on platinum accony;  — ¢ 23) was precoated with a titanium film at a thickness of 15
panying a charge transfer. Gokhshfeimd Haisset al.” derived the 0, ¢ good adhesion by evaporation, and then a gold film with a
following equation between derivative of surface stress with yiciness of 220 nm was evaporated on the glass plate. The gold
surface-qharge density and derivative of electrode potential with surg;, thus prepared on the thin glass plate was mainly oriented to the
face strain (111 plane and used as a working electrode.
ag oE The electrolyte used in this experiment was 0.5 M Na{30lu-
(W) = (5) (3] tion with or without 104 M PbCl, or 10* M Pb(CIQ,),, the pH
mE Q of which was adjusted to 3.0 by adding FOM HCIO,. This elec-
. . trolyte was prepared from guaranteed reagent grade chemicals with
whereq,, is the surface-charge7den5|ty afQdis the total charge of_ ultrapure water supplied through a super Millipore Milli Q filter
the electrode surface. Haiss al.” have reported that the changes in system. Before introduction to the electrochemical cell, the electro-
lyte was deaerated with ultrapure argon gas in solution reservoirs.

Experimental

* Electrochemical Society Active Member. Measurements of changes in surface stress of the gold
2 E-mail: seo@elechem1-mc.eng.hokudai.ac.jp electrode.—The principle and apparatus of a bending beam method
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for measurement of changes in surface stress of a solid electrode oask . T ' ' ' T
were described elsewheb@!°A laser beam of He-Ne was irradi- @

ated perpendicular to the glass plate side of the working electrode 0.10- -
which was placed into an electrochemical cell with an optical win- 0.051 ]
dow. The irradiated beam also passed the liquid-air interface through e ’ —_—

the optical window at a normal incidence angle. The reflected beam & 0.00 ezg—
was directed toward a position-sensitive photodetedt®8ED, = -_
Hamamatsu, Inc., S13Dbcated at a distance &Y = 0.60 m from 005+ h
the working electrode. The distance between the solution level and .0.10- N
reflection point of the laser bear, was 40 mm. The changes in dc |

output signals of the PSD were converted into the changes in posi- -0.15 , | , | | L]
tion, Aa, of the reflected beam on the PSD. (b)T ' ' ‘ ' '

The changes in reflection anglag, of the laser beam due to L4r- without Pb”* 110
bending of the glass plate caused by the changes in surface stress are 12} 408
given by 10} 106

Ag = Aa/nW [5] L 0.8 404 %
= 06 402 =
wherengis the refractive index of the solution. The termmafin Eq. S0 o
5 has not been so far taken into consideration for most of the studies ~  4F q00 <
on changes in stress by using a bending beam method. As claimed 0.2 —-0.2
by Lang and Sed? the insertion ofng into Eq. 5 is indispensable 0.0k loa
because the reflected beam is refractive at the solution/air interface. i
Otherwise, the omission afs would produce 20-30% errors in the 0.2 106
final calculation ofAg. The changes in reciprocal to the curvature -0.4 ' L L : ' —-0.8

. . : 02 00 02 04 06 08
radius of bending of the glass plat®(1/R), are directly related to
the changes in reflection anglég, as follows E/Vvs. SHE

A(1/R) = Ag/2L (6] Figure 1. (a) CV and (b) surface stresss. electrode potential Xg vs. E)

curve measured at a potential sweep rate of 5 m\Misr the gold electrode

. | SWE S
In the case where the thickness of the metal film electrodeis in pH 3.0, 0.5 M NaClQ solution with 107 M Pb(CIQy), .

sufficiently less than that of the glass platg, the changes in sur-

face stressAg, can be calculated by using Stoney’s equatfon. ) . ) )
the CV of Fig. 1a are consistent with those observed for the single-

Ag = [E42/6(1 — v)]A(1/R) [7] crystal gold(111 electrode in the same electrolyte solutfdrindi-
cating that the evaporated gold thin-film electrode used in this ex-
A gold plate was used as the counter electrode. The electrod@eriments is mainly oriented to th@l1l) plane. In the cathodic
potential was measured with an Ag/AgCI electrode in a saturatedpotential sweep from the anodic limit, the increaselig down to
KClI solution and referred to the standard hydrogen elect(BHtE). 0.2 V responds to the decrease in positive surface charge density or
The cyclic voltammograniCV) was measured at a potential sweep desorption of perchlorate ion from the electrode surface, whereas the
rate of 5 mV s in the potential region between0.24 and 0.8 V. decrease in\g at potentials lower than 0.2 V is brought about by
(SHE) and simultaneously the dc output signals of the PSD wereypp of Pb. The humps at abot0.05 V in theAg vs. Ecurve of
recorded on a personal computer. The anodic limit was chosen at 0.Big. 1b may be associated with the structural change of the UPD
V to avoid the onset of the surface oxygenation reaction on gold,phase as discussed later.
while the cathodic limit was chosen at0.24 V, corresponding to Figure 2a and b show the CV and the surface stesslectrode
the equilibrium potential of Pb/Bb(107* M). The potential step  potential (\g vs. E)curve measured at a potential sweep rate of 5
from 0.8 V to a certain potential in the UPD region was also per- my s for the gold electrode in pH 3.0, 0.5 M NaCJGolution
formed to fc_)IIow the transient _of the surface stress. Tge temperatureiy 104 M PbCL. There are no significant differences between
of solution in the electrochemical cell was kept at 25°C. Fig. 1 and 2, except for that(Ag) between 0.2 V and anodic limit
Results and Discussion (0.8 V) in Fig. 2b is larger by 0.2 J fif than that in Fig. 1b. This
) _ difference may result from the strong specific adsorption of chloride
Cyclic voltammogram and surface stress vs. electrode potentialon as compared to perchlorate ion in the potential region between
curve.—Figure 1a and b show the CV and the surface sWess (.2 and 0.8 V. Although there is some hysteresis in CV and\the
electrode potentialXg vs. E)curve measured at a potential sweep vs. Ecurve between cathodic and anodic potential sweeps in Fig. 1
rate of 5 mV §? for the gold electrode in pH 3.0, 0.5 M NaGJO  and 2, in this paper the discussion is focused on the results obtained
solution with 104 M Pb(CIlQ,),. The surface stresf\g, was re- in the cathodic potential sweep in which Pb-UPD proceeds.
ferred to zero at the anodic limit of 0.8 V. The sign of change in
surface stress to the tensile direction was taken to be positive as Relation between surface stresdg, and cathodic charge
is usually defined. The blankg vs. Ecurve measured in pH 3.0, density,Aq.—Figures 3 and 4 show the relation between surface
0.5 M NaClIQ, solution without PB* is also shown in Fig. 1b  stressAg, and cathodic charge densityg, for the gold electrodes
for comparison. This blank curve was shifted to positive by in pH 3.0, 0.5 M NaCIQ solutions with 10* M Pb(CIQ,), and
Ag = 0.4J m?2 to avoid the overlapping of both curves. The blank PbCh, respectively. In Fig. 3 and 4, the surface stresg, was
Ag vs. Ecurve changes monotonously in both cathodic and anodicobtained in the cathodic potential sweep from the anodic limit while
potential sweeps while thag vs. Ecurve in the presence of Pbh  the cathodic charge densityq., was obtained with integration of
has maxima at about 0.2 V and humps at abeGt05 V in both the corresponding CV, referred to zero at the anodic limit. The ca-
cathodic and anodic potential sweeps. These maxima and humpodic charge density\q,, thus defined is different from the sur-
correspond to the cathodic and anodic current peaks in the CV oface charge densitp o, , which is obtained with integration of CV
Fig. 1a associated with underpotential deposition and desorption ofrom the potential of zero chardpzc). The pzc can be determined
Pb. The main cathodic and anodic current peaks at abou@5 V in by capacitance or impedance measurement. As pointed out by Seo
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E 0.4+ . Figure 4. Relation between surface stredgy, and cathodic charge density,
02k _ Aq_, (or surface coverage of Pbpy) for the gold electrode in pH 3.0, 0.5 M
’ \ NaClQ, solution with 104 M PbCl,.
0.0+ -
02k N seen from Fig. 3 and 4 that the relation betweemn and Aq, con-
) 1 I I ! L i sists of three lineafa), (c), and(e), and two plateaub) and (d)
02 00 02 04 06 08 domains. In the lineafa) domain, no UPD of Pb but adsorption of
E/Vvs. SHE perchlorate ions or chloride ions proceeds. The slopes of the linear

(a) domain are—1.19 V in Fig.7 3 and—1.24 V in Fig. 4, respec-
Figure 2. () CV and (b) surface stresss. electrode potentialAg vs. E) tively. According to Hais®t al.,” the slopes derived from the linear
curve measured at a potential sweep rate of 5 m\Mfsr the gold electrode  relation between changes in surface stress and surface charge den-
in pH 3.0, 0.5 M NaCIQ solution with 10* M PbCl,. sity for the evaporated gold film electrode in 0.1 M HGl@nd

0.1 MHCIO, + 5 X 102 M CsCl solutions were—0.91 V for

et al. for Cu-UPD on A& and by Conwayet al. for Pb-UPD on ClO,~ and—0.67 V for CI". The discrepancy in_ slope bet\_/veen the_
Au,? the pzc likely shifts with surface coverage of the metal ada- present result anc_i Ref. 7 may come from_the differences in p_otentlal
tom. Therefore, it seems difficult to determine the pzc during pp-SWeep rate, solqtlon PH, electrolyte spe(:les.,.and concentration. The
UPD on Au. However, if the CV has no significant hysteresis in plateau(b) domain corresponds to the transition from the anion ad-

anodic and cathodic directions, the relative chang&@fwould not sorption phase to the Pb-UPD phase. The slopes of the liaar

deviate from that ofAo), except for the opposite sigipositive or domain are 0.55 V in Fig. 3 and 0.36 V in Fig. 4. The difference
IM P pp iy between coadsorption of CJO and CI" with Pb atoms may reflect

. on the difference in slope of the line@r) domain. Coadsorption of
Fnetal atoms and anion species has been well studied for the UPD of
Cu on Au(111 in the presence of SO and CI.2425 Shi et al2®
estimated the surface concentration of €badsorbed with copper
atoms during Cu-UPD on Aa11) by measuring the CV in perchlo-
0 rate solutions with different Cland C3* concentrations and using

b the Gibbs adsorption isotherm, and reported that the maximum sur-
10 08 06 04 02 00 face concentration of coadsorbed Gs about 10% of the concen-

change inAq, in place of surface charge densityg),. The Eq. 3
may be applicable to discuss the relation betwagrandAq.. Itis

1.2 ! N ' ' I " 4 tration of CI" in the close-packed monolayer of CIThe coadsorp-
tion of CI™ may occur during Pb-UPD on Au as well as Cu-UPD.
1.0 ' N However, there have been few studies on coadsorption off@l
08 | UPD of Pb on Au*?8Vicenteet al?® by using a rotating-disk elec-
o ; 119V trode found that Cl apparently enhances the adsorption of Pb on
g 06 ATV Au.
o 04 ! ! The plateaud) domain coincides with the potential region of the
P S 7 hump inAg vs. Ecurves of Fig. 1b and 2b. The emergence of hump
02+ RS 1 4 ! 4 in Ag vs. Ecurve may be associated with the structural change of
: ' surface phase. Therefore, it is suggested that the structural change of
00~ ‘ - UPD phase takes place at the platédudomain. The slopes of the
02k : B linear (e) domain are 0.58 V in Fig. 3 and 0.52 V in Fig. 4, respec-
' ' | tively. The difference in slope at the line@) domain between Fig.
0.4 [ 1 1 l L ] 3 and 4 is very small as compared to that at the lifeadomain,
-5 -4 -3 -2 -1 0 which may be associated with the structure of Pb-UPD phase after
ch/C m-2 the structural change at the plate@) domain.

If the intersection point of two extrapolated lines in the linear

Figure 3. Relation between surface streds, and cathodic charge density, (@) and (c) domains is regarded as onset of Pb-UPie.,
Adqc, (or surface coverage of Phy) for the gold electrode in pH 3.0,05M Aq. = —0.94 Cm 2 in Fig. 3 andAq. = —1.06 C m? in Fig. 4,
NaClQ, solution with 104 M Pb(CIOy),. the cathodic chargesA(Aq.),, required for completion of the
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Figure 6. Transients of cathodic current density, and of surface stress,
Ag, by a potential step from 0.8 t60.24 V for the gold electrode in pH 3.0,
0.5 M NaClQ, solution with 104 M PbCl,.

Figure 5. Transients of cathodic current density, and of surface stress,
Ag, by a potential step from 0.8 t©0.24 V for the gold electrode in pH 3.0,
0.5 M NaClQ, solution with 104 M Pb(CIQy),.

would not provide the considerable errdia most 6%). Vicente
first UPD monolayer at the cathodic limit are3.72 C m'2 in et al?® showed that the cathodic charge during Pb-UPD on Au in-
Fig. 3 and—4.20 C m ?in Fig. 4, respectively. The atomic density creased with Cl concentration. It should be noted that the value of
of an atomically flat Aulll) surface without reconstruction is |A(Aq.),| in perchlorate solution containing CKFig. 4) is larger
1.38x 10" atom m? Assuming the sorption valency of Pb, by 0.5C m?than that of A(Aqy),| in perchlorate solution without
vy =2 and the hexagonal close-packed monolayer of Pb andC|~ (Fig. 3), which is consistent with the results obtained by Vicente
taking the difference in radius between Rb=¢ 0.175 nm) and Au et al?4
(r = 0.144 nm) atoms into account, the cathodic charge required STM?® and AFM® studies showed that on reconstructed 1)
for the completion of the first UPD monolayer on an atomically flat surfaces Pb deposition initially takes place at the step edges. After-
Au(111) surface isA(Aqy), = 3.02 C m2. Therefore, the surface wards, small Pb islands are formed on the terrace, and these islands
roughness of the Au electrode can be estimated by dividingcoalesce to form the full monolayer at abet0.05 V. It was con-
|A(AQ)m = 3.72Cm2 in Fig. 3 and 4.20 ci? in Fig. 4 by firmed that the Pb island consists of the closed-packed hexagonal
A(AQy), = 3.02 C m2. The surface roughness thus estimated is in Structure with an atom-atom spacing of 0.350.02 nm. Moreover,
the range of 1.2 to 1.4. Furthermore, the surface coverage of Pthe SXS study of UPD of Pb on Alill) (Ref.27)indicated that the
Bpp,, can be estimated by dividing(Aq,) by A(Aq.), required for Pb monolayer with compressive, incgmmensurate hexagonal struc-
completion of the first UPD monolayer. The estimated surface cov-ture rotated from the gold substrdt@11] direction byR = 2.5° at
erage of Pb in the plateaid) domain ranges fronfp, = 0.41 to the potential lower thar-0.11 V, but not rotatedi.e., R = 0°) at
0.83 in Fig. 3 and fromfp, = 0.47 to 0.83 in Fig. 4, which are the potential higher thar-0.08 V. It is deduced from comparison of
consistent with the coverage isotherms of the Au(1113/PEI0,~ our present results with STM, AFM, and SXS results that the initial
system obtained by Engelsmaenal?* According to the SXS study ~ Pb deposition at the step edge and followed by formation of small
of UPD of Pb on A111) by Toneyet al.?” the Pb-UPD layer forms  islands on the terrace take place in the lin@@rdomain, while the
a compressive, incommensurate, hexagonal structure and its averagealesce of Pb island proceeds in the plat@iulomain, accompa-
near-neighbor spacing changes from 0.35 to 0.34 nm as the UPDying the change in rotation angle of the incommensurate hexagonal
proceeds. Even if the lattice constant of the UPD layer changes dustructure fromR = 0° to 2.5°, and, eventually, the line@) domain
to compression, the surface coverage of Pb estimated &0hY) responds to the formation of the full monolayer with= 2.5°.
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Figure 8. Transients of cathodic current density, and of surface stress,

Figure 7. Transients of cathodic current density, and of surface stress, A0, by a potential step from 0.810 0.3 V for the gold electrode in pH 3.0, 0.5
Ag, by a potential step from 0.8 to 0.0 V for the gold electrode in pH 3.0, 0.5 M NaClO, solution with 10 M PbCl,.
M NaClQ, solution with 107 M PbC,.

compressive surface stress. The potertiad.05 V) at which the
The surface stress measurement for the solid/gas interfaces sug uemgo?éﬁt?ala(tg%ejr%)lna:hve\lhpi(r:is?hné Ssttl:Sé/tS:glyghe;Irlgt: ﬁ:l?Dhgl_{Jflg%m
zjrfNagélsjii(e)s’s%a?/re Slziggul\smir? ?:Zﬁaisnhgm?gcéhg(t)\}gfa ngPg'ﬁggges " layer fromR = 0° to 2.5° takes place, because the pH and concen-
P 9 ) t{gtion (PB* or CIO;) of the electrolyte solutions used for experi-

presence of the plateau means the relaxation of surface stress due i b h dZ%adi
the reconstruction of the surface at certain surface coverage whicf'€nts are different between the present and‘Sxudies.

was revealed in the solid/gas interface. For example, in case of the Kinetics of structural change of the Pb-UPD phase evaluated
Ni(111)/C interface, the change in surface stress to the compressiveferom the response of surface %tress by a potentiaFI) ures 5
direction increased with increasing coverage for carbon adsorbed on . ' Y ' S.E.E "

. - 31 s . and 6 show the transients of cathodic current densijty,and of
Ni(111) and took a plateau & = 0.4°* This stress relaxation was surface stress\g, by a potential step from 0.8 t00.24 \ for the
attributed to the reconstruction of the surface which involves the 9. byap P : :

formation of a(100)-type surface layer of atoms with carbon atoms gol&ll electrodes in pH 3.0, 0.5MNaCJO solutions  with
in the fourfold hollow site as have been revealed by Gaetinl3 10" M Pb(CIO,), and PbC), respectively. Thé andAg rise rap-

and by Kinket al3 The compressive surface stress in this structuredly after the potential step and then decrease gradually. Afterward
is reduced because of the less dense packing of the surface atonisg takes a maximum and decreases again, whilbecreases con-

In the case of Pb-UPD on AliLl), however, the situation may be tinuously, accompanying an inflection point. The emergences of a
different from the N{111)/C system because no reconstruction of maximum ofAg and an inflection point iri¢, correspond to the

the second surface atomic layer consisting of gold atoms takestructural change of the UPD phase frdn= 0° to 2.5° and the
place in spite of the structural change of the Pb-UPD layer fromcompletion of the Pb monolayer wilR = 2.5°, respectively. After

R = 0° to 2.5°. According to Tonewt al.?” although an average passing through the inflection point, howevirdoes not drop to
near-neighbor spacing of the incommensurate hexagonal Pb monaero. This may result from the reduction of oxygen which remained
layer decreased as Pb-UPD proceeded, the decrease in the averadightly in solution in spite of removal of dissolved oxygen by ul-
near-neighbor spacing was suppressed in the potential region lowdrapure argon gas. The times required for the emergences of a maxi-
than —0.1 V at which the structural change in Pb-UPD layer from mum of Ag and an inflection point iri, are shorter in Fig. 6 by

R = 0° to 2.5° took place. The suppression of the decrease in thabout 4 s than those in Fig. 5, suggesting that the structural change
average near-neighbor spacing may correspond to the release of Pb-UPD phase and the completion of the UPD monolayer are
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promoted by the presence of the chloride ion. It is known that the It was emphasized that the compressive surface stress induced in
coadsorption of Cl and SG~ or HSQ, take place during Cu-UPD  Pb-UPD layer was released by the change in rotation angle from
on Au (111).242% |t seems that the coadsorption of anion speciesR = 0° to 2.5° of Pb-UPD layer.

stabilizes the UPD phase due to the decrease in surface energy. The

coadsorption of Cl during Pb-UPD on Au should promote the
structural changes of the UPD phase. More quantitative studies o
coadsorption of anion species during Pb-UPD on Au, however, are References
needed to understand the kinetics of the structural changes of the
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