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Abstract A procedure is presented to determine bond
energies between the metal (Me) and substrate (S) com-
ponents of binary alloys from characteristic underpo-
tential deposition (UPD) potentials. The bond energy
between Me and S atoms is one of the factors governing
the deposition kinetics and structure of Me-S alloy
deposits. The proposed procedure is based on the
determination of the UPD potential for formation of a
condensed two-dimensional (2D) phase of the less noble
metal Me (the UPD metal) on the more noble metal S
(the substrate). Making reasonable approximations, the
sublimation enthalpy of the condensed 2D Me phase is
obtained from the corresponding formation underpo-
tential. From this sublimation enthalpy the bond energy
of an atom of the UPD metal in a kink site position of the
2D Me phase is calculated. This value is used to calculate
the bond energy (¢me.s) between an Me atom and an S
atom. The method is demonstrated using experimental
data obtained in selected electrochemical UPD systems.
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Introduction

The electrochemical deposition of alloys is an estab-
lished process in plating technology [1]. The typical de-
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posit is either an eutectic mixture or a solid solution with
full or limited miscibility. In the latter case, different
intermetallic phases can develop. Much less is known
about the formation of intermetallic compounds (ICs)
during electrodeposition.

The structure of alloys is determined by five factors
(Villars [2]): (1) size factor, e.g. radius; (2) valence elec-
tron factor, e.g. density of valence electrons in the ele-
mentary cell; (3) electrochemical factor, e.g.
electronegativity; (4) cohesive energy factor, e.g. melting
temperature; (5) atomic number factor (Mendeleev fac-
tor), e.g. position in the Periodic Table or a modified
periodic listing of the elements. At least two of these
factors determine the structure developing in a deposi-
tion process.

The first rules were given by Hume-Rothery et al. [3],
with the definition of Hume-Rothery phases (determined
by size and valence electron density) and rules on solu-
bility (size and electronegativity). An additional driving
force for the formation of the structure in an alloy is the
bond strength between the components, which is repre-
sented by the corresponding bond energy. The bond en-
ergy combines the different bond characteristics (metallic,
covalent, ionic). It is possible to calculate bond energies,
either by the methods of quantum chemistry or by
approximate procedures [4]. In the present paper, ways of
experimental access to bond energies are described.

Underpotential deposition of metal Me on metal S

In recent decades the phenomenon of underpotential
deposition (UPD), i.e. deposition of a metal Me on a
substrate S at electrode potentials, £, more positive than
the Nernst equilibrium potential of the 3D Me bulk
phase, Espae, has been intensively investigated [S]. This
phenomenon is induced by a strong Me-S interaction
and can be considered as an electrosorption process
described by the reactions [5]:

MeZ (El) = Me™ (IP) (1)
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and:

Me: (IP) + de~(IP) = Mel )" (p)

al

(2)

The first reaction (Eq. 1) describes the adsorption of
metal ions Me*" from the electrolyte phase (El) to the
inner part of the electrochemical double layer located in
the interphase (IP) at the S/electrolyte interface. The
second reaction (Eq. 2) represents the interaction be-
tween adsorbed metal ions MeZ [ (IP) and the electrons
e~ (IP) in the interphase, leading to formation of
partially (z>d>0) or completely (d=z) discharged

ad-species Meggé)+(IP). The charge coverage (¢-I)

stoichiometry of the electrosorption process is given by
the so-called electrosorption valency [5]:

_1(%
"=F\or),
In the absence of cosorption and/or competitive sorp-

tion of other electrolyte constituents, y=z and the UPD
process can be described by:

(3)

AE = E — Espme = (4)
where a(T) is related to the adsorption isotherm, which
depends on the atomic structure and homogeneity of the
substrate surface and on the Me,gs—S and Me,q3—Me,qs
interactions.

An alternative view on the UPD process provides the
recently developed concept of substrate-supported for-
mation of low-dimensional Me phases and systems [6, 7,
8, 9]. This theory is based on the stabilizing effect of
substrates on agglomerations of atoms on the surface.
Small clusters and linear chains of atoms formed pref-
erentially at surface point defects and monatomic steps
are considered as 0D and 1D systems, respectively. The
UPD monolayers are considered as 2D phases, stabi-
lized by the strong bond between substrate and UPD
metal on atomically smooth substrate surface terraces.
Generally, the thermodynamic stability of low-dimen-
sional systems is described by quasi-Nernst equations:

(5)

where a;pme (With i=0, 1, 2) represents the activities of
metal atoms in corresponding /D systems (phases),
which are smaller then the activity in the 3D Me bulk
phase (¢jpme < @3pme = 1)

The formation of expanded (gas-like) 2D Me phases
is characterized by a continuous increase of the equi-
librium Me surface coverage I with the electrode po-
tential £, and the activity of Me adatoms a,pye = a(l) is
expressed by Eq. 4. In the case of formation of a con-
densed 2D Me phase, however, a>pme becomes a con-
stant and E in Eq. 5 represents the corresponding
equilibrium potential (E= E>pme)-

In principle, a condensed 2D Me phase (condensed
UPD layer) can be considered as a special modification

RT
— Eln a(r)

E = Espme — ﬁln a;DMe

of the metal Me. Then the difference (E>pme—E3pMe)
resulting from Eq. 5 can be defined as the thermody-
namic formation underpotential, A¢Erppe, Of the con-
densed 2D Me phase:

def RT
AtEspme = Eapme — Espme = —;111 arDMe

(6)

This is illustrated with the electrochemical cell in
Fig. 1. One electrode in Fig. 1 is the bulk metal Me (3D
Me); the other electrode shows the condensed UPD Me
layer (2D Me) on the substrate (S). The cell reaction of
this electrochemical cell is the formation reaction of the
UPD modification of the metal Me (condensed 2D Me
phase) on the substrate metal S:

Mesp — Me* T 4 ze " (7)
and:

Me T 4ze” — Mexp (8)
Overall:

Mesp — Meop 9)

One can calculate the free energy of formation of the
2D Me phase AiGopme from the cell voltage corre-
sponding to the formation underpotential A¢Erppe:

AtGopme = —zF AtErpme (10)

The free energy of formation, A;Grppe, can be ex-
pressed as:

AtGopme = AtHapme — T(Sapme — S3pme) + AGqr + Nae
(11)

where AcH>pwe 18 the formation enthalpy and S>pne and
S3pme represent the entropies of the 2D and 3D Me

ze Me electrolyte ze
B bulk Me”* <+
(3DMe)

/4

UPD layer substrate
(2DMe) (S)

| o o
AErpme

Fig. 1 Nernst cell between a condensed UPD metal layer (2DMe)
on a substrate S and the bulk metal (3DMe). The free energy of
formation, A¢Gypme, Of the UPD Me layer is calculated from the
cell Voltage: AfEZDMe: EZDMe_E3DMe
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Table 1 Sublimation enthalpies of substrates (A;H3ps) and Me bulk phases (A;H3pme), and values for formation and sublimation
enthalpies (AtHspmeand AHspwme) of condensed 2D Me phases, calculated from experimental data for the UPD systems Ag(111)/Pb>™,

Ag(111)/T1"and Au(111)/Pb**

Substrate UPD metal AfEZDMe AfHZDMe ASH3DMe ASH3DS ASHZDMe
(S) (Me) V) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
Ag(111) Pb 0.15 -28.9 184.3 265.3 213.2
Ag(111) Tl 0.25 -24.1 166.6 265.3 190.7
Au(111) Pb 0.20 -38.6 184.3 337.2 222.9
phases, respectively. The double layer term AGy; is re- do —d\>
lated to changes of the double layer structure when the &=2(4+ M)U< p ) (13)
0

substrate/electrolyte interface is substituted by the
2DMe/electrolyte interface. The last term Nae (wWhere €
represents the strain energy per atom) is included to take
into account the strain of the condensed 2D Me phase,
which for example can be induced by a strong Me-S
interaction [5, 6, 10].

So far, the concept of interpretation of the UPD is
not new, as summarized in [5]. However, with the sep-
aration of the free energy of formation into different
terms, one has to discuss their relative significance. It
can be shown in the following discussion that well-de-
fined conditions exist when the entropy term, the double
layer term and the strain energy term in Eq. 11 are small
compared with the formation enthalpy.

Let us firstly discuss the entropy term (S>pae—
S3pme) In Eq. 11. When the UPD process is more like
an adsorption process, a considerable difference be-
tween the entropy values is possible. Otherwise, when
the monolayers of the bulk metal and the condensed
2D Me phase have the same close-packed structure,
this term will be very small. Under these conditions the
package densities of both monolayers and the corre-
sponding mean volumes of atom vibration in the lay-
ers, Uopme and Dspme [5, 11], are similar, which leads
also to similar S>pmye and Sspme Values according to
the equation:

U2DMe
Sopme — Sapme = RIn <~ >
U3DMe

(12)

Deviations from complete epitaxy, tensions, misfits, etc.,
influence the energy of interaction between the substrate
S and the UPD layer, but have less influence on the
entropy.

The next term in Eq. 11 to be discussed is the
double layer term AGy;. If on both metals only solvent
molecules are physisorbed and the anion chemisorp-
tion can be neglected (e.g. ClO47), this term is very
small. It will become a more important term if the
specific adsorption of anions must be taken into ac-
count and if the specific adsorption differs between
substrate and UPD metal.

The contribution of the strain energy term N e can be
estimated by considering a compressed close-packed (2D
hcp) UPD monolayer, which behaves as an isotropic
elastic medium [5, 10]. In this case the strain energy per
atom, ¢, can be expressed by the equation:

where A and p are the Lamé coefficients, v is the atomic
volume in an uncompressed monolayer, and d, and d
represent the nearest-neighbour distances in the
uncompressed and compressed monolayers, respectively.
The relative compression, (dy—d)/d, of condensed 2D hcp
monolayers obtained experimentally in many UPD
systems ranges between 1% and 3% [5]. A value of
e=1.2x10"%"J is estimated from Eq. 13 for a relative
compression of 2% using typical values of v = 3 x 1072
y=3x10"° m> and (A+p~10"" Nm™ [5, 10]. The
corresponding strain energy contribution Nae is about
0.7 kJ mol™" and can also be neglected since the ob-
served experimental values for zFAfE>ppe usually range
from 10 to 100 kJ mol™! (see Table 1).

If the entropy difference, the double layer term and
the strain energy contribution can be neglected, AfGrpme
is approximately equal to the enthalpy difference be-
tween Me in the UPD modification and in the bulk
form. This is the formation enthalpy of the condensed
UPD monolayer:

ArGopme = ArHapme (14)

The formation enthalpy can be used to calculate
other thermodynamic data for the UPD modification of
the metal. From the Born—Haber cycle, shown in Fig. 2,
a formula can be derived to calculate from the subli-
mation enthalpy of the bulk metal the sublimation en-
thalpy of the UPD modification:

Me (vapor)

A SH 3DMe ASH 2DMe
bulk metal UPD layer
E—

(3DMC) AfHZDMe (ZDMC

Fig. 2 Born—Haber cycle to derive the relation between the
sublimation enthalpy of bulk Me phase, A;H3zpme and the
formation and sublimation enthalpies of the condensed UPD Me
layer
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AsHopme = AsHzpme — AtHopwme (15)

The comparison between the sublimation enthalpies of
both components S and Me and of the UPD modifica-
tion of Me on S provides a first insight into the struc-
ture-forming forces in the alloy.

Prerequisite to this discussion is that the condensed
UPD layer is a close-packed layer of the same 2D
structure as the corresponding monolayer of the bulk
metal and consists of fully discharged atoms (d=7z).
Such a layer can be described as a condensed 2D Me
phase, where atoms are bound to the substrate S by an
average number of bonds depending on the crystallo-
graphic structure of S and the degree of 2DMe/S com-
mensurability.

From sublimation enthalpies to bond energies

It was shown by Volmer [11] that the energy to separate
an atom from a kink site position (“‘Halbkristallage”),
i.e. the bond energy of an atom in the kink site position
¢1,2, 1s obtained approximately by the following equa-
tion:

AH
b1y =—

Na

+ ey (16)

2
where A H is the sublimation enthalpy, k is the Boltz-
mann constant and 7 the Kelvin temperature. For
metals, however, the typical A;H values amount to sev-
eral hundred kJ mol™" (cf. Table 1) and the contribu-
tion of the term 47 in Eq. 16 can be neglected.

The structure of the kink site position differs with the
crystal structure and the crystallographic face. Only low-
index, atomically smooth Gy faces (equilibrium form
faces) [12, 13, 14] with high atomic density and domi-
nating energetic contributions from first nearest neigh-
bors will be discussed.

In calculating the bond energy of atoms in the kink
site position, contributions from second and third
nearest neighbours are neglected. However, contribu-
tions of second and third nearest neighbours can be ta-
ken into account if the lattice type and the crystal
structure demands this. The UPD layers formed on the
G faces of the substrate are also subject to some
restrictions. While a number of overlay structures is
possible, in principle, only structures representing a high
degree of compactness can be used for the anticipated
purpose. This demands some degree of commensura-
bility, as is shown in the following description of the
most frequent substrate structures. The best fit is
achieved when the atoms of the substrate and the atoms
of the UPD metal have similar diameters. Then an
approximately epitaxial UPD layer is formed.

For the face-centred cubic (fcc) lattice, which is a
cubic close packed (ccp) structure, the number of nearest
neighbours of an atom in the bulk is 12. An atom in the
kink site position has six nearest neighbours and is
characterized by a bond energy ¢, given by:

¢1/2 = 6me - Me (17)
where ¢neme 18 the bond energy between nearest
neighbours in the 3D bulk Me phase. For metal crystals
with a fcc lattice, Gy faces are the (111) and (100) faces
(cf. Figs. 3 and 4) [12, 13, 14].

In the hexagonal close-packed (hcp) crystal structure
the number of nearest neighbours in the bulk is again 12
and the bond energy of an atom in the kink site position
is again given by Eq. 17. The Gy face of metal crystals
with this lattice is the (0001) face [12, 13, 14], which has
the same atomic structure as the (111) face of metal
crystals with a fcc lattice (cf. Fig. 3).

On foreign S(111) and S(0001) crystal substrates,
condensed close-packed UPD Me layers consisting of
Me atoms of similar size as the substrate S atoms have a
2D hcp Me structure (cf. Fig. 3). The bond energy of a
Me atom in the corresponding kink site position can be
expressed by:

P17 = 3PMe—s + 3PMec - Me

where ¢pe.s 1S the bond energy between a Me atom and
its closest S atom. In systems with similar sizes of Me
and S atoms, a condensed UPD Me layer on a S(100)
face of a fcc crystal has a quadratic S(100)—-(1x1)Me
structure (cf. Fig. 4) and the bond energy in the kink site
position is given by the equation:

D172 = 4Ppe s + 20Me - Me

The terms 3¢pne.s and 4¢dpes in Egs. 16 and 17 repre-
sent the bond energies of isolated single Me adatoms on
the corresponding crystal faces.

With increasing size of the UPD Me atoms, and
particularly on S(100) substrates, a formation of less
dense expanded UPD Me layers becomes possible at low
coverage [5]. The interatomic distance in such layers is
larger than the nearest neighbour distance in the 3D Me
bulk phase and the lateral Me—Me bond energy in the
UPD layer no longer corresponds to ¢nfe-me- A similar

(18)

(19)

Fig. 3 Kink site on a (111) face of a fcc lattice and on a (0001) face
of a hcep lattice



Fig. 4 Kink site on a (100) face of a fcc lattice

situation arises also if the UPD Me atoms are smaller
then the S atoms. In this case the Me—Me distance be-
tween the nearest neighbours in the UPD Me layer again
becomes larger than those in the bulk Me phase and the
proposed analysis is no longer applicable.

Calculation of bond energies for some examples

In this section, some selected examples from the liter-
ature are used for the demonstration of the given
analysis. The examples are based on UPD systems
involving close-packed Gy faces as substrates and UPD
metals forming condensed close-packed UPD layers
consisting of completely discharged (0=z) Me atoms
(cf. Table 1). All UPD systems are characterized by an
electrosorption valence of y=z and an absence of
specific adsorption of anions. The underpotentials
AtE>pave for the formation of the UPD layers are the
average values between the corresponding cathodic and
anodic peaks in cyclic voltammograms. The main
characteristics of selected UPD systems are summa-
rized below.

1. The system Ag(111)/Pb>* (NaClO,/HCIO,4 support-
ing electrolyte) [5, 6, 7, 15, 16, 17]. Both Ag and Pb
have a fcc crystal structure. The diameter of Pb atoms
(dp, =0.3500 nm) is larger then those of Ag atoms
(dag=0.2890 nm). A condensed UPD Pb monolayer
with a 2D hcp structure is formed on the Ag(111)
substrate at an underpotential of AtE>pp,=0.15V.
The Pb—Ag mismatch results in some incommensu-
rability of the hcp Pb monolayer with the Ag(111)
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substrate, but it can be assumed that this dos not
significantly influence the bond energy calculation.

2. The system Ag(111)/T1" (NaClO4/HCIO,4 supporting
electrolyte) [5, 18, 19]. Thallium is characterized by a
hcp crystal structure and an atomic diameter of
d11=0.3400 nm. The UPD behaviour of Tl on Ag is
very similar to Pb. A condensed UPD Tl monolayer
with a 2D hcp structure is formed on Ag(111) at an
underpotential of A¢E>p11=0.25 V. A second UPD
TI monolayer is deposited in this system at very low
underpotentials.

3. The system Au(l111)/ Pb*" (NaClO,/HCIO4 sup-
porting electrolyte) [5, 20, 21]. This system has very
similar characteristics to the system Ag(111)/Pb*".
Gold has the same fcc crystal structure as Ag and a
similar atomic diameter (da,=0.2884 nm). Thus, a
condensed UPD Pb monolayer with a 2D hcp
structure is formed also in this system at an under-
potential of A¢E,p1=0.2 V.

The values of the final calculation of the sublimation
enthalpies A;H>pwme Of condensed 2D Me phases using
Egs. 10, 14 and 15 are summarized in Table 1 together
with the sublimation enthalpies A;H3pye and AgH3pg of
corresponding 3D Me and S bulk phases. Table 2 shows
the bond energies ¢, of metal atoms in kink site
positions as well as the Me—Me and Me-S bond energies
OMe-me aNd Ppre.s determined from sublimation enthal-
pies using Egs. 16, 17, 18.

The Pb—Ag bond energy ¢pp-a, can be estimated from
results obtained in the UPD system Ag(100)/Pb*",
ClO4~ by applying a different analysis. An expanded
UPD Pb layer with a Ag(100)—c(2x2)Pb structure is
formed in this system at relatively low surface coverage
by localized adsorption [5, 22]. In this case, each Pb atom
in the compact adsorbed monolayer covers effectively
two adsorption sites. Thus, the process was considered as
a 1/2 adsorption on a square lattice and was studied by
Monte Carlo simulation [5]. The fit of experimental
coverage data with the Monte Carlo simulation data
yields a value of ¢y, pp =2.5x 102! J for the
bond energy between nearest neighbours in the adlayer
[5]. This value is about one order of magnitude lower
then the value for the Pb—Pb bond energy in the 3D Pb
bulk phase (cf. Table 2), as could be expected from the
much larger Pb,qPb,ys distance in the expanded
Ag(100)—(2x2)Pb adlayer. The ¢pp-a, bond energy can
be estimated from the value of the characteristic under-
potential AE* corresponding to a degree of coverage
0=0.5 using the following equation (cf. eq. 3.21 in [5]):

Table 2 Bond energies in kink site positions of substrates (¢;3ps)), Me bulk phases (¢,3pMme) and condensed 2D Me phases
(¢122pMe)), and single bond energies (¢Pme-me and pnie_s) calculated from the data in Table 1

Substrate UPD metal ¢1,f2(3DMc) PMe-Me ¢1/2(3DS) (/’1/2(2DMC) Pue-s
S (Me) (Ix10%) (Ix10%%) (%107 (Ix10%%) (%107
Ag(111) Pb 30.6 5.1 44 35.4 6.7
Ag(111) Tl 27.7 4.6 44 31.7 6.0
Au(111) Pb 30.6 5.1 56 37 72
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2FAE*
=40 ae =~ — T P1/260p0) ~ 20py,,, - Ph,,

(20)

Adesl'l
Na

where AgesH and ¢ 23ppb) represent the desorption en-
thalpy of an isolated single Pb adatom and the bond en-
ergy of aPbatomin the kink site position of the 3D Pb bulk
phase, respectively. With AE*=0.145V, ¢} 53ppy) =
30.6 x 1072 J, a Pb-Ag bond energy of ¢pj, . 5, = 8.7 x
10720 J is obtained, which is close to the value of
¢pp - Ag =67 X 10720 J (cf. Table 2) determined by
applying the analysis described in earlier sections.

Conclusions

A procedure was suggested to determine bond energies
between the components Me and S of an alloy. The
procedure is based on measuring the characteristic po-
tential for formation of a condensed close-packed UPD
layer of the less noble metal Me on a densely packed
crystal face of the more noble metal S as a substrate.
Values for the Me—S bond energy were determined for
selected Me/S UPD systems characterized by the ab-
sence of specific anion adsorption and by formation of
close-packed UPD layers consisting of completely dis-
charged metal atoms.
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