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ABSTRACT
Initial stages in the electrocrystallization of Pb (up to 200 A

thickness) from 1 M NaC10,, 0.5 and 5 mM Pb (NO;),, pH 3, on Ag(111) and

- Cu(111) have been investigated by ellipsometry and light scattering during

cyclic voltammetry. Optical constants, thickness, valence, and free energy
of adsorption of the underpotential deposif have been determined.' An
optical model which agrees with experimental data for ffactiona]_coverage
by the underpotenfia] deposit is based on the two-dimensional spreading

of islands of monolayer thickness. The bulk deposit immediately following
forﬁation of the underpotential monolayer involves three-dimehsionaT

growth from nucleation centers, even at the 20 A level of deposit thick-
ness, and results in a particulate, porous film on top of the underpotential

deposit.



Introduction

Two separate steps can often be recognized in the early stages of
the electrocrystallization of a metal and diséimi]ar substrate, the
formation of an underpotential deposit (UPD) and a bulk deposit (1:3).

The properties of these layers are expected to be anvimportant factor

for determining the properties of subseduently formed deposits of practical
interest with macroscopic thicknesses. This work was undertaken to invest-
igate the transition from the underpotential deposit (the first monolayer)
to thé bulk deposit and the micromorphology of the two deposits by in

situ optical techniques. The system chosen for study was the deposition
of Pb on Ag and Cu because of.the well-known formation of underpotentia]
layers. There'are also significant differences in the optical éonstants
of Pb and the substrates, making detection of small amounts of Pb on the
electrode surface by ellipsometry possible (4-6). Use of the te;hniques
of cyclic voltammetry, with electrode potential changing linearly with
'time, made it possible to separate formation of the fiEst monolayer and
formation of the bulk deposit in time, thereby allowing optica] changes
attributable to the two layers to be differentiated. The optical tech-
niques used were'e11ipsometry»and light scattering.

Schmidt and Gygax (3) have determined the Gibbs free energy of
adsorption for Pb electrosorption on polycrysfa111ne Ag and Cu by inte-
grating the cathodic UPD peak in the cyclic voltammogram and deriving
coverage as a function of potential. Here, adsorption isotherms for the
Pb underpotential deposit have been determined similarly on single crystal
Ag and Cu surfaces. In addition, thickness and optical cohstantsvof the
underpotential deposit were derived from ellipsometer measurements and a

knowledge of surface coverage determined electrochemically.
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Experimental Procedure

Experiments were conducted potentiodynamically while simultaneous
ellipsometer and 1ight scattering measurements of the electrode surface
were performed. A.bipotentiostat (Pine RDE 3) was used to drive the
electrochemical cell. The potentié] was swept from 200 to -800 mV (vs.
Ag/AgCl) at sweep rates varying from 0.1 to 1.5 volts per minute.

A self-nulling ellipsometer (7) was operated at an angle of incidence
of 75 deg. with a stabilized 75 W Xenon short-arc light source (Oriel
C-72-20) and an interference filter for 515 nm (bandwidth 9 nm, trans-
mission 43%). An acrylic electrolytic cell Qsed in an earlier investiga-
tion of anodic silver oxidation ( 8) was employed. The cell had two
quartz windows for ellipsometry with an angle-of -incidence of 75 degrees,
a volume of approximately 250 ml and ports for introduction and draining
of electrolyte, for a nitrogen purge stream, and for a reference electrode .
capillary. A Pt counter electrode was used and positioned so as hot td
interfere with the observation of the working electrode.

Ag(111) and Cu(111) working electrodes were used. The single-crystal
surfaces were approximately 1.20 cm x 2.85 cm (3.42 cm?), and were mounted

in epoxy. The electrodes were polished mechanically, ultimately using

0.05um aluminum oxide powder suspended in water. The polishing was follow-

ed by ultrasonic cleaning, chemical polishing for Ag surfaces (8,9),

a period of soaking in the aéidic electrolyte, and pre-electrolysis.

Any oxides formed on the electrode surface during transfer to the cell
were unstable at the pH and potential used for the experiments and removed
during pre-electrolysis at a potential anodic to that for Pb deposition

(10,11). No significant electrochemical or ellipsometric differences were
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observed between Ag electrodes po]ished mechanically and chemically and
those polished only mechanically, although a smoother surface important
for light scattering measurements was expected to result from chemical
polishing. The chemical polishing step was omitted after scattering
measurements had been completed.

The reference electrode used was a double-junction Ag/AgCl electrode
(Dow—CorninQ 476067). The inner compartment ¢ontaining the electrode,
was filled with 4 M KC1 saturated with AgCl, the outer compartment with |
1M KN03.

A second cell was used for 1ightvscattering studies, and has been |
described elsewhere (8). This cell used high-purity, polycrystalline
- Ag sheets rather than single crystals. The electrode was 0.5 cm x 5.0
cm x 0.2 cm and was:60% immersed in electrolyte. It was located in a
cylindrical glass cell of 4 cm diameter and illuminated with the beam
from an argon laser (515 nm line) at an ang]e of incidence of 75 degreeé.

A1l experiments used a supporting electrolyte of 1 M NaC]O4 at pH -
3. Pb™ ion was introduced into the electrolyte as a nitrate at concen-
trations of either 0.5 or 5.0 mM. The pH was adjusted to the desired
level by adding small amounts of di]ute HC104, and measured with a digital
pHrmeter-(Corning 130).

'Experimenta1 Results

Potentia]'ramp and cyc]it vol tammogram data for the deposition of
Pb on Ag(111) from a 0.5 mM solution at a sweep rate of 0.1 V/min are

shown in Figs. 1 and 2.
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Ellipsometer measurements (psi and delta) during two potential cycles
for deposition dn silver are shown in Figs. 3 and 4.together with the
current trace. The separate fofmation of underpotential and bulk deposits
‘is clearly shown by the re]ativevamp1itude parameter psi'(Fig. 3). During
the anodic part of the potential cycle the two layers are dissolved in
reverse order and the process is repeated in the next cycle. ReVersibility
and reproducibility are also seen in the relative phase parameter delta
(Fig. 4). The response of that measurement to the underpotential deposit
is representative of a metal-like layer while dielectric-like properties
are indicated for the bulk deposit. These unexpected optical results for delta
are caused by the micromorphology of the deposits: the cathodic UPD peaks
~have-been interpreted as the formation of a complete monolayer of Pb on
the substrate; the bulk deposit is shown to bé of a particulate, porous
nature. Simflar reShTté were obt&ined for-potentiodynamic depositjoh
of Pb on Cu(111) at concentrations of 0.5 and. 5.0 mM and a sweep rate
of 1.5 V/min. | |

Scattering measurehents from the e]éctrode surface during cyclic
voltammetry are shown in Fig. 5 An argon-ion Taser (Lexel 75.2) tuned
to 514.5 nm, served as light source (30 mW 75° angle of incidence).
Scattered light was collected 15 degrees from the specular direction with
a fiber-optic probe (1 deg. acceptance) and measured with a photo-
muitip]ier (RCA R136). The lower oscillogram traces in Fig. 5 represent
the current passed through the cell, with cathodic peaks shown negative,
anodic peaks positive. The upper traces represent the photomultiplier
current. Figure 5b shows the increase in scattered light intensity with

the onset of bulk deposition and its return to the initial level upon
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stripping the deposit. A particle diameter of 16 A, derived from ellipso-
meter measurements, has been associated with a significant increase in

light scattering. No increase in scattering light intensity is observed
during formation of the underpotential deposit layer. Light scattering,

1ike the ellipsometer measQrements, ére reversible and repeatable during
potentié] cycling. Increased ]ight scattering fs indicatfve’of the formation
of very small three-dimensional nuclei appearing on top of the Pb monolayer
which completely covers the substrate. This interpretation agrees with

that found for the ellipsometer measurements.

Optical Model of the Initial Stage of Deposit Formatibn

The general theory for Sub-mono]ayer ellipsometry has been reviewed
by Bootsma (12,13). QOther authors who have written on this topic have
paid particular attention to the anisotropic nature of the adsorbaté layer
(14-16).

As discussed elsewhere (17) it has been found that the ellipsometer
measurements of the formation of the underpotehtia] deposit can best be
interpreted with a coherent éuperposition (island) model. In this model
- it is assumed that the surface is partially bare and partially covered
with patches or islands of a thin film (18). With the islands having
a smaller diameter than the spacial coherence of the incident light, the
state of polarization of the reflected light is determined by thé coherent
superposition of polarization states resulting from reflection on bare
and film-covered surface elements.

Application of this island concept to the underpotential deposit

involves the assumptions that: (1) metal adatoms adsorbed to the surface,

as two-dimensional clusters or individually, can be treated as an

-
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equivalent thin-film island of some apparent thickness and complex refrac-
tive index; (2) the optical constants and thickness of individual islands
are the same as those of the complete mond]ayer; (3) the overaT] reflect-
ance of the surface is due to é coherent superposition-df beams reflected
from island-covered portions of the electrode and bare portions of the
electrode; and (4) the optical constants of the individual islands and
the substrate are potential- and coverage independent. Predictions derived
from this model agree well with experimental data for the development
of'the underpotential deposit monolayer as the potenfia] is rampéd (Fig.
6). -

An investigation of different optical models to interpret the present
in situ ellipsometer measurements of the bulk deposit has been reported |

elsewhere (19). This layer was found to form on top of the first mono- '

_1ayer of Pb adatoms and to be of a granular, porous form. The

opticaT properties of this layer are intermediate between those

6f metallic Pb and electrolyte and have been determined by use of the
Bruggeman theory (20). This approéch is analagous to that used by represent-
ing microrough surfaces as equivalent films (20-22).

Other investigators have suggested that three-dimensional nucleation
occurs on a completely formed monolayer, on the basis of ex situ experi-
ments using Auger spéctroscopy (23), x-ray fluorescence (24), and scaﬁning
electron microscopy (25).

To model both the UPD monolayer and the bulk deposit collectively,

a two-film model is used, analagous to the approach of Smith and Muller
(18,26). First, one calculates a value of the complex reflection coef- |

ficient ratio due to the UPD layer on the electrode. Then, using this

-~ ratio, an abparent refractive index is calculated, which includes both
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the effects of the substrate and the UPD monolayer. The optical effect
(delta and psi) of the porous bulk deposit is then determined on the apparent
substrate. The Bruggeman theory is used to compute the effective refractive
~index of the porous film material.

By minimizing the sum-of-squares error between the model predictions
and the measurement of délta and psi, one determines optimum values of
the adjustable model parameters (27,28). Parameters to be fitted are
(1) complex refractive index of the UPD, (2) apparent thickness of the
UPD, (3) porosity of the bulk deposit, and (4) thickness of the buik
"deposit. Fine tuning of the metal optical constants is done initially
to compensate for uncertainty in the optical constants found in the
literature or.determined expe?imenta]]y. Equation 1 defines the sum-of-

squares error for the model.

N N '
S = . _ 2, . _ 2 (1)
A’w ii] (AM’1 AC!1) * if] (\PM’i ‘yc’i)
The parameter variance is then defined by
02
SE(p) = ——
3%s :
1% % (2)
2 apz .

Parameter confidence intervals (Eq. 3) are calculated from this
variance and the student-t statistic for 2N-P degrees of freedom, where
N is the number of delta-psi measurements and P is the number of adjustable

model parameters.
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$(p) = t(2N - p, 1 -‘Za)[sg(b)]]/z | | : (3)

Both the parameter variance and the model variance are required, and are

estimated numerically by use of Eqs. 4 and 5, respectively.

Separate‘bptimizatiqns aré performed to determine.UPD and bulk
optical propertieé. This is possible since potential ramping separates
formation of the two layers .in time. As the UPD was formed, 19 values of
current, delta, and psi were logged by computer during formation of fhe
Pb UPD on Ag; these measurements were used collectively to determine the
three parameters needed for the characterization of the UPD (complex re-
fractive indéx and thickness). These values can be determined fromvdata
~for a single cathodic sweep with a high degree of accuracy. Optical
constants and thicknesses determined thus for the Pb UPD layer on Ag(lll)
and Cu(111) for a wavelength of 515 nm are given in Tabie I (17) The
error limits are given for a 95% level of confidence, based upon 37 degrees
of frggdom. The thickness of the layer of 4-5 A compares well with an

atomic diameter of about 3.5 A.
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Estimates of the barameters for the bulk deposit are more uncertain.
Confidence intervals for these pafameters can only be derived by averaging
comparable values of delta and psi from replicate experiments (or multiple
sweeps). Modeling results for the bulk Pb'deposit are presented in Table
Il for different substrates, electrolytes and potential cycles. From
these resu]fs it was concluded that the bulk deposit formed in the experi-
ments conducted with 0.5 mM wés approximately 30% porous and about 10 A
thick; the bulk deposit formed with 5.0 mM was approximately 40% porous
and 200 A thick. |

Adsorption Isotherm

Conway, Kozlowska, and Dahr present general theories of adsorption
at 1iqu1d-so1id interfaces andithe_proper selection of standard states
(29). Ross has applied the Frumkin adsorption isotherm (g=0) to the case.
of H2 adsorption on Pt single crystals with data taken from cyclic volt-
ammograms (30). Conway and Kozlowska discuss the effects of sweep rate, etc.
on the UPD peak in voltammetry (31).

The general form of the Frumkin adsorption isotherm is given in Eq.
6 (29). |

0

_e_.. =C
1-6 €XP 1= rT | &xp RT (6)

If the interaction parameter is negligible (g=0), Eq. 6 simplifies to

Eq. 7, which is linear in potential.

| _ _zF _
i () 7 - g by
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The Gibbs free energy of adsorption is related to the underpotential at:

half mono]ayér coverage (U1/2) through Eq. 8.

Since Eq. 7 is linear in potential (underpotential scale), it can be
~applied to experimental data easily by using regression analysis (32).
Eq. 9 is used for data reduction; the slope m and 1ntercebt b are then

related to the Gibbs free energy of adsorption.

6 - M-
2"(‘1__6 =mU+b (9)

]
Gpne = -bRT
ADS = (10)

The underpotential at half-coverage and the apparent valence are given

by Eqs. 11 and 12, respectively.

Yjp = -b/m (11)

2 = -m RT/F » -2
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Rigorous analysis relates the error in these physical quantities (Egns.
13 through 15) to the uncertainties in the slope and intercept of the

regression line (Egns. 16 and 17), and to the model variance (Eq. 18).

° - 8202 (5. 2| 1/2 a (13)
G(AGADS) =F (U]/z 82)° +(z GU]/
| §by2 ., 6my2 1z
= ob m
a(um)_ = Uy, () + (T (14)
S(z) =f§[ | 6m| (also written as éz) (15)
. -1/2
. N 2 - i
ém =S-t(N-2, 1-2a) _z1 (u].-U) (16)
i= '
| NN /N L\
&b =S-t(N-2, 1-2a){{ £ U.S}+ [N = (U.-D)
i=1 ') L =1 (17)
N e% eu 2 ] 1/2
i A L e e A B =

(18)

Results of the linear regression and error analysis.are presented in
Table III. The data for the Pb UPD on Ag(111) and Cu(111) were first
analyzed separately; then together. The non-integer apparent valences
have no statistical significance and are attributable to integration
errors. The coverage, which is determined by integration of the cathodic

UPD peak, cannot be determined accurately at low values since the
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current is of the same order as the background noise. It was therefore
concluded that the valence was 2 within the Timits of uncertainty;
inspection of the experimental data plotted in Fig. 7 shows that the
underpotential at half-coverage is about 155 mV for both substrates,
which corresponds to a Gibbs free energy of adsorption of-7.14 kcal/mol.
A value of 5 kcal/mol has been reported for polycrystalline substrates
(3). Theoretical predictiohs of coverage at different potentials can be
made by substituting these values inté the adsorption isotherm equation.
These predictions are represented by the broken line in Fig. 7, which
agreés well with egperimental data except at very low coverages where
the integration error is significant. Note that double layer charging
has been substracted from thé integrated current used to calculate the
coverage. Coverage was also found to be sweep-rate independent. Thé
concept of partial discharge associated with electrosorption bonds (33).
in the underpotential deposit is not supported by this work.

Charge Balance

Equation 19 was used to calculate the charge passed to the working

electrode during depoéition.'

t (x-y-d_)o
= { efe = Pb ’ 19
Q / i (t)-A-dt —-—q-——Mw Zpre Nave (19)
A Pb

This charge was used to calculate the coverage of Pb adatoms on the elec-
trode surface. The actual charge required for a complete UPD agreed with .

that expected for a monolayer with a roughness factor of 1.25.
The thickness of the bulk deposit and the volume fraction of Pb in
- it, determined from ellipsometer measurements, were used to compute the

total amount of Pb on the electrode surface. This quantity was then
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compared to the amount expected on the basis of charge passed. The
ellipsometer measurements cohsistent]y predict less Pb on the surface
than the charge balance (a discrepancy ranging from 10 to 50 berceﬁf,
Table IV). This differeﬁce might be due to uneven current distribution
on the electrode, with more Pb.being deposited around the edge of the
electrode, while the e111psometer'measurement was performed at the center.
Conclusions |

The initial stages of electrodeposition (0 to 200 R) can be elucidated
by the simultaneous use of e]]ipsometry cyc]fc voltammetry, énd light
scéttering measurements. The application of a potential ramp allows one
to separate underpotential and bg]k deposits in time and thus investigate
them separately. | |

An optical model which fits the data very well involves the two-
dimensional growth of monolayer islands during UPD formation and the three-
dimensional nucleation and growth of a micropdrous bulk deposit on top
of ft. Thiékhess, optical constants, Gibbs free energy of adsorption
and apparent valence for the Pb UPD on Ag(111) and Cu(111) have been
determined.
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NOMENCLATURE

A electrode area (cm2)

ﬁ, B complex parameters for quadrat1c
equation _

b linear regressipn intercept

C | ’ - concentration

d - - thickness of bu]kjdeposit derived

; from ellipsometer measurement

dQPD ‘ thickness of underpotential deposit

df o degrees of freedom, 2N-P

dq o : deposit thickness based on change (R)

e z ” 1e1ectronic charge (1.602x10_]9 C)

E ‘ ' e]ectrode potential vs. Ag/AgCl (V)

F | - Faraday constant (96487 Cou]/equiv.)

g interaction parameter

i(t) t1me»vary1ng current dens1§y during
cyclic voltammetry (A/cm”)

kUPD 'extinctjon coefficient of underpotential'
deposit

Kpy extinction coefficient of bulk Pb

m . slope of ]inéar,regression (V')

wab atomic weight of Pb(207.2g/mol)

refractive index of bulk Pb



uPD

RT

SE(p)

A,

MIN

 Avagadro's number (6.02x10

-16-

refractive index of underpotential
deposit

number of data points defining
experimental electrosorption isotherm
and number of pairs of A and y
measurements

23 at/mol)

atomic number density of component i
in the effective medium

arbitrary model parameter to be
fitted _ '

number of model parameters to be
fitted '

total charge passed to working
electrode (C)

regression coefficient (Table III)

constant (0.592 kcal/mol)

variance between experimental data
and prediction of electrosorption
model

error of quantity in parentheses
(except for SA and Sy)

variance of parameter p

sum-of-squares error between
theoretical ellipsometer parameters
and those measured experimentally

minimum value of S, ., corresponding to
a selection of opf*mum "p" values



1/2

<l

Pb

7

value of S, . computed at a paramete
value of ’8 + Ap

value of S, , computed at a paramete
value of ’p - fp '

time

the t-statistic for "2N-P" degrees-o
-freedom at a "1-2a" level of
confidence ' : '

| underpotential relative to Nernst

- potential E°(V)

measured value of U (controlled) at
i-th coverage; the i-th data point

underpotential corresponding to 6 =
mean underpotential (V)
electrode potentia] (V)
eiectrode”dimension (cm)

electrode dimension (cm)

r-

r

f

the

0.5(V)

apparent valence of metal adatom before

electrosorption

valence of lead ion in solution (2)



Sy

A or delta

Pb

-18-

level of confidence, 1-2a

error in parameter "p" at a "1-2a" level
of confidence

change in ellipsometer parameter delta
due to underpotential deposit (deg)

change in ellipsometer paramete? psi
due to underpotential deposit (deg)

ellipsometer parameter, phase difference
‘between p.and s electric field
components after reflection, relative
‘to the incident (degrees)

calculated value of A for bulk deposit

calculated value of A corresponding to
A, -
M, i _

measured value of delta for bulk
deposit (deg)

the- i-th measured value of A for the UPD
at the i-th coverage; the i-th data point

Gibbs free energy of adsorption for UPD
monolayer (kcal/mol)

fractional coverage of electrode surface
by UPD monolayer

fraction of surface covered by film of
refractive index ng

UPD monolayer coverage measured at
underpotential Ui

volume fraction of Pb in composite thin
-film deposit
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monolayer coverage predicted by
electrosorption model for underpoten-
tial U,

density of Pb (11.34 g/cm’)

variance of the model predictions for A
and ¥

ellipsometer parameter, amplitude ratio
of p and s electric field components
after reflection (tan y), relative to
the incident (degrees)

calculated vaiue of ¢ for bulk deposit

calculated value of y Corresponding to
M, i - |

measured value of ¥ for the UPD at the
i-th coverage; the i-th data point

~measured value of psi for bulk deposit
(deg) '
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Table I. Optical Properties of the Pb Underpotential Deposit (UPD) at
Complete Coverage (6=1). Wavelength, 514.5 nm; electrolyte,
0.5 and 5.0 mM Pb,*t 1 M NaC104, pH 3; errors given for 95%
level of confidence. ' '

Substrates Ag(111) ~ cu(111)  Cu(111)

Pb concentration (mM) 0.5 0.5 5
UPD refractive 1hdex upp ©1.285:0.007 1.225:0.066 0.952+0.417
4.080:0.040 3.520+0.041  3.8980.021

UPD extinction coefff kUPD-

UPD thickness (K) 5.149%0.026 4.030*0.178 4.777%1.101

dypp




Optical Properties of Bulk Pb Deposits from 1 M NaCl04 Supporting Electrolyte at pH 3,

Table II.
Electrode Area 3.42 cmz, Underpotential Deposit indicated by *.
t(sec) E.(mV) Q(mC) dq(A) By Yy Ae Ve d(A) &y Mo, Kpp,
Ag(111), 0.5 mM-Pb™", 0.1 V/min
219" -443  1.55 3.52 72.06 43.27 72.06  43.27 5.53 1 1.30 4.27
300 -490  12.93 20 71.90 41.85 71.58  41.97 16  0.75  2.05  4.27
413 -663  18.35 42 71.62 4113 71.30 4118 26 0.5 2.10  4.27
Cu(111), 0.5 mM Pb'", 0.5 V/min
18° -452  1.58 3.52  60.31 38.44 60.32  38.43 5.05 1 1.35  4.03
24 -592  2.20 5 60.56 38.22 60.52  38.13 6 0.7 1.95  4.27
30 -746 3.4 7 60.61 38.11  60.61 3811 6 0.7 1.95  4.27
46  -476 60.61  37.90  60.51 38.14' 6  0.7] 1.95  4.27
48 -438  4.47 10 60.83 37.84 60.82  37.80 12  0.73 1.8 4.24
| Cu(111), 5.0 mM Pb'y 1.5 V/min
175 422 2 3.52  59.34  38.04 59.32  37.97 4.79 1 0.95 3.99
23 -576 28 49 56.59  36.17 56.52  36.09 76  0.56  1.90  4.30
40  -606 80 141 58.00 33.95 58.01  34.03 170  0.60  1.94 4.26
45  -478 91 160  58.55 33.56 58.63  33.16 194  0.6] 1.99  4.28

_bz_
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Table III. Linear Regression Analysis of Adsorption Isotherm Data.

QUANTITY UNITS Ag(111) Cu(111) Ag(111)+Cu(111)
Y kcal/mol -8.75 -7.75 -7.90

Uy 2 my 151 156 155

2 2.52 2.15 2.21

m ! -0.098.26 0083678 -0.086188
b 14.783091 13.090754 13.339047
5(AGyge) kcal/mol 1.23 0.87 0.88
5(u]/2) my 17 13 15
5(2) 0.21 0.12 0.12
§(m) mvf‘ 0.008001 0.004746 0.004523 -
§(b) 1.134927 0.800944 0.706471

s 0.485484 0.437346 0.572739

r -0.989448 -0.992104 -0.986668

e

MR N

Note: N-2 =17, 1 = 0.95, and t(17, 0.95) ~ 2.11

N-2 = 36, 1- 5 = 0.95, and t(36,0.95) ~ 2.02
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Table IV. Comparison of Amount of Pb Deposit d, Based on Charge Passed
with Amount 6, .d Derived from E]]ipsometer Measurement.

Pb
+ - .d

SUBSTRATE  Pb'~  time d 8pb d 6,
mM sec A vol. fract. A dq'
Ag(111) 0.5 300 29 0.75 16 0.41
413 42 0.75 26 0.46
cu(111) 0.5 24 5 0.71 6 0.85
30 0.71 6  0.61
46 0.71 6 0.47
48 10 - 0.73 12 0.88
Cu(111) 5.0 23 49 0.56 76  0.87
40 141 0.60 170 0.72

45 160 0.61 194 0.74
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Figure Captions

1. Cyclic voltammogrém for Pb depbsition on Ag(111) (3.42.cm2) from
]IM NaC1O4, 0.5 mM Pb(N03)2, pH 3, first sweep. Potential relative
to Ag/AgCl reference. Pt counter electrode, acrylic cell.

2. Potential ramp corrésponding to Fig. 1 from +150. mV to -660 mV,
sweep rate 0.15 V/min.

3. Response of current and ellipsometer parameter psi to potential ramp
shown in Fig. 2. Wavelength of light 515 nm, angle of incidence
75 deg., other conditions as in Fig. 1.

4. Response of current and ellipsometer parameter delta, condftions
as in Fig. 3.

5. Lfght scattering data at conditions similar to those of Fig. 1,
ekcept that the expériments were conducted on polycrystalline Ag
in a light scattering cell. Top traces, scattered light intensity
(increasing in the positive direction); bottom traces, current
response to the potential ramp (céthodic peaks negative). The first
cathodic peak, UPD deposition, the second, bulk deposition. Light
source argon ion laser at 515 nm. (a) increase of light scattering
with onset of bulk deposition, (b) stability of deposit oﬁ opeﬁ
circuit, (c) removal of deposit after open circuit stand.

6. Prediction by optimized coherent superposition model (solid line)
and measurement of changes in ellipsometer parameters psi and delta
due to progressive deposition of an underpotential layer of Pb on
Ag(111). Properties of the underpotential deposit derived from this

optimized data fit given in Table I.
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Electrosorption isotherm for Pb UPD on Ag(111) and Cu(111), model
prediétions for a free energy of adsorption of 7 kcal/mol ahd a
valence of 2 (broken line) and experimental data from cyclic

voltammetry. Coverage computed from charge.



'CURRENTCMA X

-29-

POTENTIALCVY X

182

-8

. XBL 829-11856 A



10>

POTENTIALCV X

+2

-30-

|

10
TIMECMINUTESS.

Fig. 2

20

XBL 829-11854 A



PSIC(DEGREES)D

45

44

5N
)

H
M)

41

42

-31-

- DEPOSITION
{

STRIPPING

PSI

CURRENT -

2 : S

12
TIMECMINUTESD

Fig. 3

15

28

XBL 829-11858 A



DELTACDEGREES)>

~
N

74

~
w

71

-32-

STRIPPING

CURRENT

DEPOSITION

DELTA

: : . - | .
2 S 19 1S 20
' TIMECMINUTESD ‘

XBL 829-118578

Fig. 4



-33-

STRIPPING

TIME

(a)

ALTISNILNI
1HOIY
Q3431L1VvIsS

IN3HAND

.
H
2
Y
[+4
H
(8]
Z
W
a
o

BULK DEPOSITION

ALISNILNI
LHOI
G3¥311V3S

LNINAND

TIME

(b)

STRIPPING

J

ALISNILNI
diHOI
d38311vIS

AN3NAND

TIME

(c)

XBL B834-9306

Fig. 5



-34-

SA°

o | - Experimental
= o 34 | .06
a O
_ | | | : ! | ] !
Q'20 02 04 06 08 1.0
6

. XBL8212-12373A

Fig. 6



0.8

0.6

0.4

0.2

- -35-

100

[ I l
—— Theoretical =l
Experimental CV data
0 on Ag(ll) ]
q\ v on Cu (Il
\ —]
Y
\
. ‘t{ ]
\
g ]
\
\v
\ —
.
¢
\ _
D\\g
\ v —
\ v
\\\ _
O
a ;zil
| | l
140 180 220 - 250
U(mV)

XBL 8212-12372 A



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




- R ol

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



