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Abstract

The adsorption and phase formation of bromide on Ag(100) has been studied by chronocoulometry and surface X-ray
scattering (SXS). With increasing electrode potential, bromide undergoes a phase transition from a lattice gas to an ordered
c(2 x 2) structure (0 =0.5). The degree of lateral disorder was estimated by comparing the SXS- and the electrochemical
measurements. Based on chronocoulometric experiments, a thermodynamic analysis of charge density data was performed to
describe the bromide adsorption at the Ag(100) electrode. The Gibbs surfaces excess, electrosorption valencies, Esin—Markov
coefficients, and the Gibbs energy of adsorption, lateral interaction energies as well as surface dipole moments have been
estimated. The experimental § versus E- isotherms are modeled employing (i) a quasi-chemical approximation as well as (ii) the
results of a recent Monte Carlo simulation. An attempt is made to discuss the structure data and thermodynamic quantities of
bromide adsorption on Ag(100) on the basis of the Grahame—Parsons model of the Helmholtz layer. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Tonic adsorption at metal electrodes is one of the
most fundamental questions of interfacial electrochem-
istry. Historically most experimental and theoretical
work was confined to the mercury or polycrystalline
solid electrode | electrolyte interfaces [1-3]. Important
advances in understanding the properties and structures
of metal | electrolyte interfaces emerged with the
availability of well-defined single crystals as substrate
materials, such as Au(hkl), Ag(hkl) or Pt(hkl) [4,5].
Here thermodynamic and kinetic methods e.g. capaci-
tance measurements, cyclic voltammetry or chronocou-
lometry are still applicable to characterise the
interfacial behaviour of ions on these electrodes qualita-
tively [4,5], or, if desirable, to quantify the energetics
and dynamics of adsorption [7-11]. These classical
electrochemical studies provide a macroscopic descrip-
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tion of adsorption and/or phase formation processes
but lack direct structural information. This missing
information may be obtained from spectroscopic tech-
niques like electroreflectance [12], infrared- or Raman-
spectroscopy [13,14], second harmonic generation
[15,16], or the use of UHV-techniques after emersion of
the electrode [17]. As was shown recently, scanning
probe microscopies [18,19] as well as surface X-ray
scattering (SXS) methods [20,21] increase even further
our abilities to monitor and understand the electro-
chemical interface at an atomistic level.

In this communication we will focus on interfacial
properties of bromide ions adsorbed in-situ at the
Ag(100) surface. Most quantitative adsorption studies
of halide ions on silver single crystals have so far been
confined to the (111) and (110) planes [6,22—28], excep-
tions are Refs. [6,23,27,28]. There, the adsorption of
chloride [6], fluoride [23] and bromide [27,28] ions was
investigated at Ag(100), using the method of mixed
solutions with sodium fluoride or sodium hexa-
fluorophosphate as the base electrolyte. At a qualita-
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tive level the interfacial behaviour of bromide at real
and quasi-perfect (e.g. grown electrolytically in a teflon
capillary) Ag(100) surfaces was previously investigated
by means of differential capacity [6,29,30], electroreflec-
tance [12], second harmonic generation [31] and mea-
surements of the surface resistance [32]. Recent surface
X-ray diffraction studies pointed to an order/disorder
phase transition within the ionic adlayer [33]. Below the
critical potential bromide is adsorbed at hollow sites
but does not exhibit long-range order. At the critical
potential new diffraction features emerge corresponding
to the formation of an ordered ¢(2 x 2) structure with a
correlation length extending to thousands of A. The
simplicity of this system presents a unique opportunity
to study phase transitions in two-dimensions, models of
isotherms, and models of the electrochemical double
layer. These results have already motivated two differ-
ent groups to carry out numerical simulations [35-37].

The objectives of the present article are twofold: we
will discuss first the phase behaviour of bromide ions
on a chemically etched and flame-annealed Ag(100)
electrode based on capacitance and surface X-ray dif-
fraction measurements. In the next section we will
provide a comprehensive thermodynamic analysis of
chronocoulometrically acquired charge density and sur-
face excess data. We will analyse the energetics of
adsorption in the low and finite coverage limits, and
provide thermodynamic data such as adsorption
isotherms, Gibbs energies of adsorption and electro-
sorption valencies. The nature of lateral interactions
between bromide and the experimentally determined
surface dipole moment formed between bromide ions
and their image charge on the metal will be discussed.
These macroscopic data are complemented with struc-
tural properties of the bromide adlayer as obtained in a
series of in-situ surface X-ray scattering experiments.
The comparison of results from both experimental ap-
proaches enables us to develop a rather detailed under-
standing of bromide adsorption on Ag(100).

2. Experimental

The electrochemical measurements were performed
with Ag(100) single crystal electrodes (4 mm diameter,
and 4 mm thickness) using the so-called hanging menis-
cus technique [38]. Silver disc electrodes (8§ mm diame-
ter, 2 mm thickness) were used in the X-ray
measurements. The silver electrodes were chemically
etched in cyanide solution before each experiment until
the surface appeared shiny [39], and after careful rins-
ing in Milli-Q water®, annealed in a hydrogen flame for
about 30 s. After cooling in a stream of dry nitrogen or
argon the electrode was quickly transferred into the
electrochemical or X-ray cell. Contact with the elec-
trolyte was established under strict potential control,

usually at values close to the potential of zero charge.
We note that in-situ STM-experiments showed that the
electrode preparation, as just described, generates large,
atomically smooth terraces, hundreds of A wide and
separated by mono- and diatomic steps [40].

The solutions were prepared from Milli-Q®-water,
KCIO, (Fluka, puriss. p.a., twice recrystallized) and
KBr (Merck, suprapure). KClIO, was chosen as sup-
porting electrolyte because it is (i) only weakly specifi-
cally adsorbed on Ag(100) [23] and (ii) can be prepared
with very high purity. The latter is extremely difficult to
achieve with KPF,, and glass corrosion prevents the use
of KF in long-term experiments. We note that one
complete set of chronocoulometric data takes about 48
h. All solutions were thoroughly deaerated with 5N
nitrogen prior to each experiment. Nitrogen was passed
over the electrolyte in case of the electrochemical exper-
iments or through the outer chamber of the X-ray cell.
The counter electrode was a platinum wire, and a
saturated  calomel  electrode (SCE) or a
Ag|AgCl|KCl,, electrode in a side compartment
served as reference. All potentials are quoted with
respect to the SCE. The temperature was (20 + 1)°C.

The set-up and procedures for the electrochemical
experiments (cyclic voltammetry, capacitance measure-
ments, chronocoulometry) were described previously
[41]. We focus here only on some additional details of
the chronocoulometric experiments: The potential was
initially held at a value E; between — 1.375 and
—0.400 V, up to 300 s for the lowest bromide concen-
trations, and then stepped to the final potential E;=
— 1.400 V, where bromide is completely desorbed from
the electrode surface. The waiting time at E; was chosen
(in control experiments) to be always sufficient to estab-
lish adsorption equilibrium. The first waiting potential
was E; = —1.375 V, and the current transient following
a single potential step from E;= —1.375 V to E;=
— 1.400 V was subsequently recorded ( usually 80 ms).
Then the potential was stepped back to a new initial
value E,, 25 mV more positive than the previous one,
and the cycle started once again until the last transient
of each concentration (E; = — 0.400 to E;= — 1.400 V)
was obtained. The current transients were digitally inte-
grated to obtain the corresponding charge transients,
which display an initial rising section and a well-devel-
oped plateau region. A slight increase in charge with
time is observed only for the highest bromide concen-
trations and is attributed to an additional contribution,
which is related to the onset of hydrogen reduction.
The relative charge Ag™M(t=0)=qM(E)— qM(E;=
— 1.400 V), consumed exclusively in the complete des-
orption of bromide ions, was obtained by linear extrap-
olation of the plateau region to zero time. This
procedure was performed for the supporting electrolyte
and for fifteen concentrations of (0.05—x) M
KCIO, + x M KBr. The absolute charge densities g™
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were then calculated with the potential of zero charge
of the base electrolyte, E,,.~ —0.885 V, obtained in
capacitance experiments, and after normalisation with
the electrode area 4 = 0.125 cm®. The value of E,, is in
good agreement with previously reported data for
Ag(100) in 0.05 M KCIO, [42].

The X-ray experiments were carried out with fo-
cussed monochromatic radiation, 2=1.20 A (A=1.54
A), at the beam line X22A (X22B) of the National
Synchrotron Light Source at Brookhaven National
Laboratory. The scattering vector (H, K, L) is ex-
pressed in terms of a body-centred tetragonal (primi-
tive) unit cell [33,34]. The atomic positions can be
described by the basis vectors a, b, in plane, and by ¢
along the surface normal, where |a| = |b| = 2.889 A and
|c|=\/2 a,,=4.086 A, a,,=2889 A is the silver
nearest neighbour separation. The corresponding recip-
rocal space basis is given by (a*, b* ¢*) (H, K, L),
where |a*| = [b*| = 2n/a,, =2.175 A" and |c*|=2n/
\/ 2 a,,=1.538 A~'. The in-plane diffraction experi-
ments were carried out in the (H, K)-plane with L
typically 0.12, corresponding to a grazing incidence
angle of 1.1°. For further details of the SXS-experi-
ments we refer to Refs. [33,34].

3. Results and discussion
3.1. Phase behaviour

3.1.1. Capacitance measurements

Fig. 1(A) shows a set of four capacitance curves
recorded for the Ag(100) electrode in (0.05—x) M
KClO,+ x M KBr after continuous cycling between
—1.500<E< —0.300 V, scan rate 10 mV s~ ! All
curves merge with the capacitance curve of the base
electrolyte (dotted line) at potentials negative of
— 1.400 V, which indicates complete desorption of the
halide ions. The adsorption of bromide ions at less
negative potentials is characterised by a substantial,
and apparently concentration-dependent increase of the
interfacial capacitance, which also gives rise to a broad
feature P1. The latter is followed by a second, but
rather sharp peak labelled P2. The capacitance drops
abruptly and reaches its saturation value of 17 pF
cm~2 at E> —0.400 V and at bromide concentrations
c(Br™) larger than 10 ~3 M. Valette et al. [6] suggested
for the case of chloride adsorption on the low-index
faces of Ag(hkl) that a maximum rather similar to P1 is
most probably associated with water reorientation in
the Helmholtz-layer.

There is significant hysteresis between the positive
and the corresponding negative going scans of the
capacitance for ¢(Br~) < 10~3 M, as indicated by curve
2 in Fig. 1(A). This is probably due to mass transport
and/or a slow adsorption/phase formation process [43—

45]. These data demonstrate that capacitance measure-
ments at conditions as presented in Fig. 1 (18 Hz,
ac-frequency, 10 mV peak-to-peak amplitude, sweep
rate 10 mV s—!) do not provide equilibrium data for
bromide adsorption in the low and medium concentra-
tion regions, and are therefore not adequate for the
determination of any thermodynamic quantities. Never-
theless, we would like to mention that the positions of
both maxima shift linearly towards negative potentials
with increasing bromide concentration. The slope, 0E/
Olnc=(—0.070 4 0.008) mV, was estimated from the
negative going scans.

3.1.2. In-situ surface X-ray diffraction studies

The scattering from a crystalline surface differs from
that of an ideal bulk sample. Whereas the latter gives
rise to three-dimensional Bragg peaks, the former gives
rise to rods of scattering which are oriented along the
surface normal direction [46]. These rods satisfy the
Bragg condition within the surface plane and are ex-
tended in the third direction. For a well terminated
Ag(100) surface, rods of scattering occur at all (H, K)
integer positions (tetragonal co-ordinates) and true
Bragg peaks occur at integer (H, K, L) when H+ K+ L
is even. The analysis of the in-plane X-ray scattering
profiles in the presence of bromide yields an average
lower bound of the coherence length of 3500 A, which
represents the terrace size. These results clearly indicate
the existence of a stable and well-ordered Ag(100) —
(1 x 1) substrate surface in our experiments [33,34,47].

At potentials less than P2, only the integer (H, K)
rods were observed and the absence of additional spots
indicates that the adsorbed bromide did not exhibit
long-range order. On the other hand, at potentials
positive of P2 new diffraction spots developed at half
order positions. Four independent reflections at (1/2,
1/2), (1/2, 3/2), (1/2, 5/2) and (3/2, 3/2) as well as their
corresponding symmetry equivalents were found. This
diffraction pattern corresponds to a square c(2 x 2)
adlayer structure and is illustrated in Fig. 1(C). The
same diffraction pattern was reported in a LEED study
by Taylor et al. [48] for bromide adsorbed on the
vacuum/Ag(100) surface. For this square structure, the
bromide—bromide separation is 4.086 A, and the cover-
age, 0., normalised with respect to the underlying sub-
strate lattice is 0.5. Within the ¢(2 x 2) phase the X-ray
scattering profiles are almost resolution limited and the
excess width gives a correlation length (terrace size) of
3000 A [33,34,47].

A comparison of the potential-dependent X-ray and
capacitance measurements (on the same potential
scales) provides further proof that the peak in the
capacitance, P2, occurs at the order—disorder transition
(see Fig. 1(A and B). In Fig. 1(B) the intensity of the
peak at (1/2, 1/2, 0.12) is shown (after subtracting the
diffuse background) for the 0.04 M KBr+0.01 M



Th. Wandlowski et al. / Journal of Electroanalytical Chemistry 500 (2001) 418—434

©on

250

200

C/uFcm?

1.2
1.0
0.8

Intensity

0.4
0.2
0.0
-0.2

a

0 8 -6 4
In(c/M)

0.6

(1,0,0.12)

Ag(100)

-1.0 -08 06 -04
EN vs SCE

(C)

421

Fig. 1. (A) Capitance versus potential curves for Ag(100) in (0.05 — x) M KCIO, + x M KBr; x represents the KBr concentrations: (1) — 0, (2) —2
10=%M, 3)— 1073 M, (4) — 10~2 M. Scan rate 10 mV s~ !, 18 Hz and 10 mV peak-to-peak ac-amplitude. The inset shows the concentration
dependence of the positive sharp maximum P2. (B) Potential dependence of the normalised scattering intensity of Ag(100) in 0.04 M KClO, + 0.01
M KBr at (1/2, 1/2, 0.12) (O, reflection of the ¢(2 x 2) adlayer) and at (1, 0, 0.12) (dashed line, Ag(100) — (1 x 1) surface rod). Power-law fits to
the (1/2, 1/2, 0.12)-signal are shown with the exponent 0.125 as solid line. (C) In-plane diffraction pattern of the commensurate ¢(2 x 2) bromide
adlayer structure as obtained at 0.500 V (top). The open circles represent Bragg rods, the open squares Bragg peaks. The measured bromide
superstructure reflections are indicated by the solid circles. The real space structures of the lattice-gas configuration (left) and the commensurate
¢(2 x 2) bromide adlayer (right) are also shown.
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KCIO, solution. The initial rise in the intensity at
approximately —0.80 V is well correlated with the
peak P2 observed in the capacitance curve (Fig. 1(A)).
The intensity continues to increase as the potential is
raised and eventually saturates at about — 0.50 V. The
saturation suggests that a well-ordered c(2 x 2) adlayer
exists. The lack of further adsorption at potentials
above — 0.5 V is also supported by the small back-
ground level of the capacitance.

On the basis of X-ray and the chronocoulometry
measurements (reported below) the bromide coverage
appears to change continuously over the entire poten-
tial region and there is no indication of a step in
coverage. The continuous coverage change indicates
that the order—disorder transition is second order. This
order—disorder transition is isomorphic to the two-
dimensional Ising transition where the coverage is
analogous to the staggered magnetisation order
parameter [33,34]. The intensity at (1/2, 1/2) is propor-
tional to the order parameter squared and should fol-
low a power-law, i.e. (E— E.)~ % for E> E_. The Ising
exponent, f = 0.125, provides a good description of the
critical behaviour up to 80% of the saturation intensity
(Fig. 1(B), solid line). Clearly, the mean field prediction
f =0.5 [49] does not represent the observed critical
behaviour.

Further information on the nature of the bromide
adsorption, especially at potentials negative of P2, is
revealed by the potential dependent X-ray intensity at
(1, 0, L) positions. Here, the scattered intensity is
sensitive to both the arrangement of the adsorbate layer
and of the surface silver atoms. The onset of the slow
decrease of the (1, 0, 0.12) intensity with increasing
electrode potential correlates with the appearance of
the broad feature P1 in the capacitance curve (cf. curve
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Fig. 2. Charge density versus electrode potential curves for Ag(100) in
(0.05—x) M KCIO, + x M KBr, x (in M) as indicated in the figure.

4 in Fig. 1(A) and dashed line in Fig. 1(B)). No
discontinuity is observed around P2. At the most posi-
tive potentials, where the ordered c¢(2 x 2) adlayer is
developed, the (1, 0, 0.12) intensity levels off and
approaches 0.12, obtained after background subtrac-
tion and normalisation to its maximum around — 1.300
V in the absence of adsorbed bromide. This result
demonstrates that a significant percentage of the bro-
mide scattering amplitude within the disordered region
is out-of-phase with that of the substrate. This out-of-
phase condition occurs when the bromide ions are
adsorbed in the fourfold hollow sites of the substrate.
Adsorption on a-top sites would give rise to an increase
of the (I, 0, 0.12) intensity with increasing coverage
[46,47]. On this basis we conclude that the disordered
phase represents a lattice gas with the bromide ions
preferentially localised in fourfold hollow sites. The
potential-dependent coverage, assuming adsorption in
perfectly fourfold hollow sites was calculated from the
quantitative analysis of the X-ray scattering intensity at
(1, 0, 0.12) [33,34] and will be compared in Section 3.2
with the chronocoulometrically determined isotherms,
which represent the overall amount of adsorbed bro-
mide ions.

Additional insight into the nature of the broad pre-
wave P1 at low bromide coverages was obtained in a
recent Monte Carlo study by Michell et al. [50]. Based
on our X-ray scattering and preliminary electrochemi-
cal experiments [33,34,47] these authors argued that P1
might be caused by configurational fluctuations or
short-range correlations in the disordered phase, which
locally resemble other ordered phases with coverages of
0.25, such as p(2 x 2) and/or c(4 x 2), which are not
stable at r.t. The interactions with surface water, as
originally discussed by Valette et al. [6] seem to be of
minor importance [35,50].

In conclusion, we have shown in this section that
bromide adsorbs on Ag(100) at low coverages as a
lattice gas, and with increasing coverage, following a
continuous order—disorder phase transition, a highly
uniform ¢(2 x 2) adlayer is formed. The results of our
SXS-experiments are supported by a recent NEXAFS-
study (near-edge X-ray adsorption fine structure) of
Endo et al. [51].

3.2. Chronocoulometric measurements

3.2.1. Equilibrium charge density

Equilibrium data on the adsorption of bromide ions
at Ag(100) electrodes was obtained from chronocoulo-
metric measurements in a gently stirred solution. Fig. 2
shows a set of charge density curves for thirteen con-
centrations of KBr in (0.05 — x) M KCIO, + x M KBr.
These data are the direct experimental results which will
be analysed in the following sections to extract thermo-
dynamic quantities.
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Fig. 3. Differential capacity curves of Ag(100) in 2 x 10 =% M KBr +
0.0498 M KClO, (1) and 0.01 M KBr+0.04 M KCIO, (2) deter-
mined as follows: (I) ac-impedance measurements (18 Hz and 10 mV
peak-to-peak ac-amplitude). The full (dotted) lines represent scans of
the electrode potential in the positive (negative) direction. Other
conditions as in Fig. 1(A). (II) differentiation of the chronocoulomet-
rically obtained charge density versus potential curves (open and
filled circles).

Adsorption of bromide causes a positive charge to
flow to the metal side of the interface. This also causes
a negative shift of the potential of zero charge. Phe-
nomenologically, the charge density versus potential
curves as measured in the presence of bromide, are
composed of two segments. The region of low charge
densities (I) corresponds to the potential range of the
broad feature in the capacitance curves. The second one
appears just at a potential positive of the adlayer phase
transition at P2 corresponding to charge densities be-
tween 43 and 50 pnC cm 2 It is characterised by an
initial increase of dgM/OE; subsequently the slope de-
creases and seems to become less dependent on the
bromide concentration at the most positive potentials
studied.

The above distinction is somewhat more emphasised
by calculating the first derivatives of the experimental
charge density curves with respect to potential. The
results represent the thermodynamically well-behaved
dc-equilibrium capacity. As exemplified in Fig. 3 for
0.04 M KCIO, + 0.01 M KBr, the latter and the corre-
sponding directly measured single-frequency ac-capaci-
tance curves practically coincide at bromide
concentrations larger than 1 mM within the entire
potential region studied. Deviations between the two
data sets at the most positive potentials might be
associated with the flow of a small faradaic charge due
to electro-oxidation of a submonolayer of silver oxide,
which could be formed during the waiting time at E;, as
is explained in Ref. [42]. At lower bromide concentra-
tions quantitative correlations do not exist (cf. 0.02 mM
KBr solution). Here, the ac-capacity is systematically
lower, especially around P1 and P2, which clearly indi-

cates its non-equilibrium character (primarily due to
mass-transport limitations), and hence this quantity is
not suitable for any further thermodynamic analysis (cf.
discussion in Refs. [43,44]).

3.2.2. Gibbs surface excess

The adsorption of bromide at the Ag(100) electrode
was studied at constant ionic strength and in the pres-
ence of an excess of a rather inert supporting elec-
trolyte. Assuming that the contribution of the surface
stress does not significantly alter the change of the
interfacial energy as a function of the electrode poten-
tial and adsorbate activity [52—56], the electrocapillary
equation of the above system is given by

dy= —gMdE—I'.RTd In cp, (1)

where 7 is the interfacial tension, and I, is the Gibbs
excess of bromide ions. For a detailed account of the
validity of Eq. (1) to determine reasonably accurate
values of the Gibbs surface excess in view of a criticism
by Heiss and Sass [57] and Ibach et al. [58,59] we refer
to our recent publication [60].

The excess of supporting electrolyte helps to ensure
that I'; primarily represents the Gibbs excess in the
Helmbholtz layer, while its diffuse layer contribution is
negligible. The Gibbs excess has been calculated at
constant potential (Fig. 4(A)) and at constant surface
charge (Fig. 4(B)) using the approach of Stolberg and
Lipkowski [61]. In the first case, the film pressure
n(E)=(y,—y)r was calculated by integrating the
charge density curves (see Fig. 2) in the base electrolyte
(y,) and in the presence of the adsorbate (y). The
surface excess, shown in Fig. 4(A), was then obtained
by the differential of z(E) with respect to In cg,. Over a
large range the coverage appears to increase linearly
with potential. A finer examination shows a slight, but
distinct increase in slope at a coverage of about 6.6 x
101 mol cm~2 close to the potential P2 of the
order—disorder transition. At the most positive poten-
tials the surface excess levels off and seems to approach
a concentration-independent limit of I, = 9.6 x 10~ 1°
mol ¢cm~2, which is equivalent to 5.78 x 10'* ions
cm ~ 2. We use the subscript ¢ to refer to the chronocou-
lometric data. To obtain /', at constant charge the
Parsons function & = gME + 7 was calculated. The sur-
face excess, shown in Fig. 4(B), is then obtained by the
differential of & = (¢, — f)qM with respect to In cj, .

We now compare the chronocoulometrically deter-
mined surface excess with results obtained in the X-ray
scattering experiments. At E> —0.60 V a complete
c(2 x 2) bromide adlayer is formed. The chronocoulo-
metric result, I'_,, = 9.6 x 107 '° mol cm ~2, is slightly
smaller than the coverage I',,, = 5.99 x 10'* ions cm ~2
(9.94 x 10~ mol cm~2) expected for a complete
¢(2 x 2) bromide adlayer. This small discrepancy (3.5%)
may result from an error in the effective crystal area.
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An independent measure of the coverage was also
ascertained by using an X-ray interference scattering
technique [33,34] which ascribes the intensity at (1, 0,
0.12) to adsorption in four-fold sites. The decrease in
the scattering intensity to 11% of its level in the absence
of bromide is exactly the value expected for half a
monolayer (5.99 x 10'* ions cm ~2). The agreement be-
tween the three measures of the coverage in the satura-
tion range, the electrochemical and two independently
determined X-ray values, increases our confidence in
the chronocoulometric results within the entire poten-
tial range.

In Fig. 5 we compare the normalised coverage results
determined by chronocoulometry (6,) and X-ray (6,)
measurements for 10 mM KBr in 40 mM KCIlO,.
Except at the highest potentials, the bromide coverage
0, is smaller than .. This discrepancy has its origin in
the interference model used to extract the coverage,
where it was assumed that all bromide ions are in exact

T T I T I T T T T T T
10 - —
o 81 -
g L ]
5 ér 7
g - .
4 .
e - i
(@)
— 2 — —
0 f— —
| | | I | ! | I | ! |
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4
EN vs SCE
P L A ALY N D B I B N B B
10 -~ e sF (f 4 —
L S, Aaumm ] YO
g
o B £ -
£ - ] .
%b— R R R R .
q'mcem? e 5
E, — s
- —— 2x10° -
[ o
=T (B) B
—a— 110
— 2 —— 2:103 ]
L —e— 4x10° |
—e—éxwg
0 — —4— 1x10 —]
N N AN N NN N NN N [T (NN N SN SN N N |

20 -10 0 10 20 30 40 580 60 70

q“/uC cm?

Fig. 4. Plots of the Gibbs surface excess for Ag(100) in (0.05—x) M
KClO, + x M KBr employing either the electrode potential (A) or the
charge density (B) as the independent electrical variable. The inset of
Fig. 4(B) shows T versus ¢™ curves in the presence of 10 ~3 Br for
several systems: Ag(100)/0.049 M KCIO, + 103 M KBr (this work),
Au(111)/0.1IM KCIO,+10-* M KBr [65], and Hg/l0-* M
NH,Br+1 M NH,F [66].
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Fig. 5. Potential dependence of the normalised bromide coverage
obtained chronocoulometrically (CJ) or by analysing the scattering
intensity in the (1, 0, 0.1) position (O) for Ag(100) in 0.04 M
KClO, +0.01 M KBr. The inset shows the percentage of bromide
ions, which resides in fourfold hollow-sites as a function of the
electrode potential.

four-fold sites. By relaxing this criteria, the ratio be-
tween the two coverages can be used to calculate an
effective Gaussian type lateral rms bromide-displace-
ment amplitude. This gives rise to a Debye—Waller-like
term, where the displacement is estimated to be 0.9 A at
the most negative potentials and decreases to nearly
zero at the highest coverages. As also shown in Fig. 5,
at the disorder—order transition we find 6, =0.25 and
0.=0.35. The latter is close to the critical coverage of
0.368 obtained from simulations based on lattice gas
adsorption with a pure hard square model [62,63].

The following picture emerges: at low bromide cover-
ages the ions are more mobile, and they are not fully
localised in the hollow sites, e.g. no long-range order
exists at r.t. With increasing potential they become
more localised. At the most positive potentials, where
water is no longer coadsorbed and every other four-fold
site is occupied, the adsorbate—adsorbate interactions
are balanced and the bromides are situated exactly in
the hollows with a very small excess lateral
displacement.

When analysing the Gibbs excess " as a function of
the charge density at g™ > 0, all plots are linear over a
large range of charge densities and approximately par-
allel to each other (Fig. 4(B)). The inset represents the
I', versus g™ curves for 1 mM bromide adsorbed at the
three substrates Ag(100), Au(111) and Hg [64-66]. The
shapes of these curves are rather similar, which indicate
comparable values of the Esin—Markov coefficient
— (3I' /og™), for bromide adsorption on the three
metals. The shift of the three curves with respect to
each other reveals that bromide adsorption is somewhat
stronger on gold, in comparison to silver and mercury,
e.g. Au(111) > Ag(100) > Hg. This sequence agrees well
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with the results of a recent quantum chemical cluster
calculation on the adsorption of halide ions on noble
metals [67]. In addition we note that the adsorption
strength of halide and oxyions on the low-index faces of
silver was found to increase in the following order:
Ag(110) < Ag(100) < Ag(111) [6,27,28,68].

3.2.3. Electrosorption valency and Esin—Markov plot
The electrosorption valency [66], or, in other words,

the charge number at constant electrode potential [10],

is determined from a plot of the charge density versus
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Fig. 6. Electrode charge density versus Gibbs surface excess at
constant potential. The inset shows the entire coverage region.

l -0|'2_I T ng lt |
= 02 gm_ \ e -
5 Bad M\ el
S oal & - : |
S 04 ol m
C . ! . L
o 12 0 08 06
= o EEN o
Q 0.6 - =
Q
3 .
© 08 - e0® 7
| ] ] I | L I
-1.2 -1.0 0.8 0.6 0.4
EN vs SCE

Fig. 7. Electrosorption valency y’ versus potential computed from the
slopes of ¢M versus I' (O) and AG,, versus E (dotted line). The inset
shows the potential dependence (rational scale) of the electrosorption
valencies of bromide adsorbed on mercury [66] and on Au(100).

surface excess at constant potential. Independently, y’ is
obtained from the first derivative of the zero coverage
Gibbs energy of adsorption (6.—0), AG,y, versus E
(Fig. 10, see below):

. 1{0AG,q, 1 /3gM
V= =2t) = -l @)
F\ 0E ),. F\or.).

Fig. 6 shows a series of g™ versus I'.-data of selected
electrode potentials. The plots are fairly linear. The
corresponding values of y’ are plotted in Fig. 7 (filled
circles). These results are in agreement with y" as ob-
tained from the first derivative of AG with respect to £
(dotted line). " seems to decrease slightly with increas-
ing electrode potential and approaches, for instance,
values of — (0.80 +0.05) at £E= — 0.500 V. This result
is comparable with recently reported data for Br—/
Au(111) [65], but significantly smaller than the results
for Br—/Hg (y' ~ — 0.34) [66].

In addition, the first derivative of the electrode po-
tential with respect to the chemical potential of the
adsorbate at constant charge, the so-called Esin—
Markov coefficient (which is the reciprocal number of
electrons flowing to the interface per adsorbed bromide
at constant chemical potential [10]), should be equal to
oI /og™ [2]:

1 oFE or,
e = < 3
RT<6 In CBr)qM <aqM>ln Cpp— ( )

E versus — RT Inc,,  is plotted in Fig. 8A at various
charges ranging between — 10 and 62 uC cm ~ 2. Except
at the most negative charge density all correlations are
fairly linear, as indicated by the dashed lines. The
corresponding slopes yield directly the Esin—Markov
coefficients. These data agree well with — (ol /
aqM)lncBrf (cf. Fig. 4B) and Fig. 8(B)). The linear
dependences also enable us to estimate a rather singular
value — 0.85 +0.05 for the charge number at constant
chemical potential n’ = — 1/F(0¢™/0I )y, ,, - The cor-
responding result for bromide on Au(111) amounts to
—0.97 [65].

Furthermore, we note that both data sets referring to
the cross-relations expressed by Egs. (2) and (3) demon-
strate convincingly that the thermodynamic analysis of
our chronocoulometric data is throughout self-
consistent.

3.2.4. Energetics of adsorption

Employing the results discussed above we present in
the following paragraph an attempt to extract informa-
tion on the energetics of adsorbate—substrate and lat-
eral adsorbate—adsorbate interactions. The analysis of
our experimental data is based (i) on the empirical
virial-type isotherm within the zero-coverage limit [6,69]
and (ii) on a lattice gas model taking into account the
local adsorption at finite coverages [35—-37,50].
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Fig. 8. (A) Esin—Markov plots. (B) comparison of the Esin—Markov
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3.2.5. Low coverage limit

To determine the Gibbs energy of adsorption we
followed Parsons’ suggestion for ionic systems and
fitted the equation of the empirical square-root-
isotherm (4) to the surface pressure data [6,69].

In (kBTCBr) +1n ﬂ =In &+ BP 2 (4)

where f =exp(— AG,4/kgT) is the adsorption equi-
librium constant at zero coverage, B is a constant and
D = (¢, — ¢),m the surface pressure. When the analysis
was carried out at constant potential, @ was substituted
by the film pressure 7= = (y, — ) [7]. We also note that
Eq. (4) reduces at low coverages to Henry’s law & =
kgTfBc. Fig. 9(A) and Fig. 9(B) show plots of n!/?
versus In (kzTcg,/m) at constant potential and @'/ ver-
sus In (kgTcg,/®) at constant charge density. Both data
sets are fairly linear and allow therefore the extrapola-
tion to zero film and surface pressure, respectively. The

intercepts with the abscissa yield —In f, from which
the Gibbs energies of adsorption can be calculated. The
results are plotted in Fig. 10. The standard state is an
ideal I' =1 ion cm ~2 for the adsorbed species and an
ideal ¢, = 1 mol dm —3 for the bulk species. Both plots,
AG,4 versus E and AG,,, versus ¢M, are non-linear,
which reflects the multistate character of bromide ad-
sorption on Ag(100). Non-linear dependences were also
reported for SO;~, Cl- and Br~ adsorbed on an
Au(111) electrode [7-10,62].

Unfortunately, Eq. (4) lacks a real physical basis and
should be primarily considered as a convenient method
for linearising experimental data to determine the
Gibbs energy of adsorption in the zero coverage limit.
Attempts to incorporate structural information and to
explore the nature of lateral interactions require the
analysis of complete I” versus ¢ (or E) isotherms.

3.2.6. Finite coverage limit

The adsorption of bromide ions on Ag(100) is de-
scribed by a (square) lattice-gas model employing the
grand-canonical Hamiltonian of the form

H=gZ ¢;;—pX ¢ ®)
ij i
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Fig. 9. Fit of the adsorption data to the equation of the square root
isotherm at constant potential (A) and constant charge density (B).
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Fig. 10. Plots of the Gibbs energy of bromide adsorption on Ag(100) as determined with the square root isotherm (Eq. (4)) at constant electrode

potential (A) and constant charge density (B).

where ¢; is either 1 or 0 depending on whether site 7 is
occupied or not, g; is the lateral interaction energy
between two species on sites i and j, u is the (elec-
tro)chemical potential of the ion and the sums X ; and
% ;; run over all sites and pairs of sites, respectively [70].

The surface coverage of the adsorbed ion, which is a
function of the electrochemical potential y, is given by

0=N"'% ¢ (6)

N is the total number of the surface sites on the lattice,
e.g. 0 refers to the number of silver atoms of the
Ag(100) — (1 x 1) surface.

The relation between the electrochemical potential g,
the single particle adsorption energy &,4, (the sign con-
vention of &4, is such that g4, is positive when a
particle is removed from the bulk solution and ad-
sorbed on the surface) at a chosen reference potential
(here the potential of zero charge, E,,,.), the halide bulk
concentration ¢ and the electrode potential E is given
by [35,36]

H = &ags + kBT In ¢— eoy/(E - Epzc) (7)

where ¢, is the elementary charge.

Based on the above model, two approaches were
tested to describe quantitatively the experimental 6,
versus E isotherms of bromide adsorption on Ag(100)
(Fig. 11).

3.2.6.1. Modified quasi-chemical approximation (QCA)
[35,36]. This model represents an approximate analyti-
cal theory for the surface coverage as a function of the
electrochemical potential. Nearest neighbours will be
treated exactly while all other interactions, including
those between nearest neighbours with their neighbours
are treated within the mean field approximation. Lat-
eral interactions are considered as the sum of long-
range electrostatic interactions, &, and a short-range
non-electrostatic interaction, ¢,,, that is restricted to

coverage
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Fig. 11. Potential dependence of the chronocoulometrically deter-
mined coverage 6, (referenced to the Ag(100) — (1 x 1) lattice) for
three KBr concentrations in (0.05—x) M KCIO, on Ag(100). The
solid lines in Fig. 11(A) were determined by fitting the experimental
data to the isotherm based on the modified QCA [31]. The corre-
sponding parameters for e,4,+kTInc, &, & and y’=A4+B E
(Egs. (5) and (6)) are summarised in Table 1. The solid lines in Fig.
11(B) represent the Monte-Carlo-simulation isotherms as calculated
by Rikvold and co-workers [50]. For further details see text.
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Table 1
Results of the fit of Egs. (5) and (6) with the assumption of a linear potential dependence of y’ to the experimental 6 versus E-isotherms (cf. also
Fig. 11)
¢/mM Y% otec/€V (62qs+ 4T (¢))/eV A B/V r?
0.1 —0.039 0.150 0.01825 —13 —0.453 0.993
1.0 0.0272 0.107 —0.0338 —-1.2 —0.464 0.995
10 0.0878 0.093 —0.090 —1.2 —0.444 0.9979

nearest neighbours. ¢, accounts for the lateral surface
dipole interaction between two ions R apart, modified
by screening of the electrolyte: &, = 2u2/(Re)(1 +
kR)exp(— xR), 1/k is the well-known dielectric screen-
ing length and ¢ is the static dielectric constant. The
model accounts for the following structural information
of the SXS-measurements: (1) square symmetry of the
substrate surface, (2) localised adsorption of bromide,
(3) the formation of an ordered c¢(2 x 2) adlayer at
saturation coverage ¢ = 0.5.

Based on the modified QCA Koper obtained the
following expression for u [35,36]

u=2e 1 378406,

wre (5)Gs)) o
with the effective nearest neighbour interaction
e =g, + 0.9804¢,. )
and
T=(1-40(1—0)1 —exp( —exn/ksT)))"? (10)

The expression for ¢ represents the contribution of
nn

non-electrostatic and electrostatic interactions to the

nearest neighbour interaction energy. Modelling the

remaining non-nearest neighbours (electrostatic) inter-
actions within the mean field approximation gives the
term 3.784¢,..0. The complete derivation is described in

Refs. [35,36].

The combination of Eq. (7) and Eq. (8) allows us to
fit the experimental 0, versus E-isotherms, employing
initially &,,, & and &4 as adjustable parameters. E,,
was fixed at —0.885 V. Fine tuning showed that the
best fit of the above model to the experimental chrono-
coulometric data was obtained by allowing the electro-
sorption valency y’ to vary linearly with the electrode
potential, e.g. y' = 4 + BE (Fig. 11(A), Table 1, cf. also
Ref. [47]). The following results were obtained:

1. The modified QCA accounts for the local order of
bromide adsorption on Ag(100) and allows us to
model the plateau of the experimental 0, versus E
isotherm, occurring at 6, = 0.5 due to the formation
of the long-range ordered c(2 x 2) adlayer. This is a
significant improvement with respect to the mean
field (Frumkin) model, which assumes complete dis-
order at all coverages.

2. The dominant interactions are repulsive long range
electrostatic interactions, combined with an addi-
tional short range repulsion when two neighbouring
sites are apparently occupied. From the electrostatic
interaction energy &, ranging between 150 meV
(0.1 mM KBr) and 93 meV (10 mM KBr) an
apparent surface dipole moment of the adsorbed
bromide ions was estimated as 0.38 D < u, < 0.48 D
(cf. Table 1). Here, the value of the vacuum dielec-
tric constant was chosen for &,.

3. The contribution due to short range repulsion seems
to decrease with decreasing bromide concentration.
This observation might suggest that the lateral inter-
action energies g; are not entirely potential indepen-
dent, as is assumed in the present model.

4. The relation between the single ion adsorption en-
ergy &,4, and the standard Gibbs adsorption energy
AG,q4, the quantity obtained from the thermody-
namic analysis in the low coverage limit (cf. square
root isotherm [69]) is given by

AG 45 = &,49s + kgT In <£S) (11)
Here, I’y represents the number of particles in the
adsorbed standard state (1 cm~2), ¢, is the number
of particles in the bulk standard state (1 mol dm ~?)
and [ is the thickness of the double layer, here
assumed to be approximately 3 A. The fits of the
isotherm based on the modified QCA (Egs. (7) and
(8)) to our experimental 0 versus E isotherms give
values of AG,q at E,,. of about —95 kJ mol "
This result compares with — 109 kJ mol~' when
using the Parsons analysis (Fig. 10). The agreement
is satisfactory.

5. The modified QCA does not allow us to reproduce
the experimentally observed inflection point of the
isotherms around 6, ~ 0.37 (indicating the onset of
the formation of long-range ordered patches of the
c(2 x 2) adlayer). Modelling of this phase transition
requires the exact treatment of higher order neigh-
bours, as shown in two recent MC-studies
[35,36,50].

3.2.6.2. Monte Carlo simulations [35,36,50]. Koper per-
formed the first equilibrium Monte Carlo simulation
for bromide on Ag(100) with the above lattice gas
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model exploring the role of finite or infinite nearest-
neighbour repulsion and screened dipole—dipole inter-
actions [35,36]. The results of this study motivated
recently a rather comprehensive investigation of
Rikvold and co-workers [50]. These authors found that
the lateral interactions are quite adequately described
with a nearest-neighbour excluded volume interaction
(infinite nearest-neighbour repulsion, cf. also Ref. [47])
related to the large radius of Br (1.96 A [71]), plus a
long range dipole—dipole repulsion. The following set
of pairwise interactions was used in their work: ¢(R) =
— 0 (R=1); &(R) =23 £,,,/R? (/2 < R<5) and 0 at
R >5 (truncation), where R is the separation of an
interacting bromide pair within the adlayer and ¢, is
the lateral dipole—dipole repulsion between next-
nearest neighbours. Rikvold and co-workers applied a
non-linear fitting method to compare the simulated
O(u) (cf. Egs. (5)—(7), grid size L =32 or L =128,
room temperature (r.t.)) with the experimental 6, versus
E isotherms obtained from chronocoulometry. When
choosing an arbitrary reference level for the electro-
chemical potential, instead of E,,. in Eq. (5), the au-
thors obtained the following resulting parameter values:
&nn = (26 +£2) meV and the electrosorption valency
7' = —(0.73 £ 0.03) [50]. These results are consistent
with previous analytical approaches (see Section 3.2.4
as well as Refs. [35,47]). The fitted MC-isotherms are
plotted together with the chronocoulometric isotherm
in Fig. 11(B). The agreement for the two lowest concen-
trations is excellent, while the agreement is somewhat
less satisfactory for the highest concentrations. The
isotherms show a long gradual slope in the disordered
phase. At critical electrochemical potentials of the sec-
ond order phase transitions between the low-coverage
disordered phase and the c(2 x 2) ordered phase the
coverage amounts to 0.37 + 0.01. These results coincide
excellently with the chronocoulometric isotherms, and
are within statistical errors the same as the critical
coverage for the pure hard-square model [62].

3.3. Model of the inner layer

Many models have been developed to describe the
structure of the metal ] electrolyte interface in the pres-
ence of specifically adsorbed anions (a recent review is
given in Ref. [72]. Most of the data obtained on mer-
cury and on solid electrodes were analysed using the
Grahame—Parsons model of the Helmholtz layer
[73,74]. The basic assumptions of this approach are: (i)
a total separation of charge at the interface, (il) a
specific vertical location of adsorbed species (inner
Helmholtz-plane) and (iii) the inner layer is treated as a
dielectric continuum. This model of the interface does
not contain any lateral inhomogeneities of the electrode
surface. These assumptions are rather severe; some of
their inadequacies have been pointed out recently [72].

Despite this criticism we will employ the Grahame-—
Parsons model in our discussion to (i) complement our
structural data and thermodynamic quantities of bro-
mide adsorption and (ii) to compare our results with
other studies.

The Helmholtz-capacity Cy was calculated from the
total equilibrium electrode capacity determined by dif-
ferentiation of the g™ versus E-curves (cf. Figs. 2 and
3) according to [6]:

H‘:C'—Cd‘<1+zFZ;f;> (12)
C, is the capacitance of the diffuse layer. The gradient
(81s,/8g™) is the Esin—Markov coefficient and was
computed with the data of Fig. 4(B). The Helmholtz-
capacity Cy is plotted as a function of the electrode
charge density in Fig. 12. Cy; seems to be rather inde-
pendent of the bulk bromide concentration and practi-
cally coincides with the experimental equilibrium
capacity of the higher concentrated bromide solutions
(¢c>10"3 M) C=0¢M/OE (solid line in Fig. 12). The
main effect of the second term in Eq. (12) is obviously
to suppress the contribution of the diffuse layer. The
Cy versus gM-plots exhibit one minimum and two
maxima: one is rather close to ¢gM =0, actually at the
same position but with a somewhat higher magnitude
than reported for Ag(100)/(x M KCIO, + (0.02 —x) M
KPF¢) [23] (dashed line Fig. 12). The similarities be-
tween these two data sets point to a contribution in Cy
due to the reorientation of interfacial water molecules
in this region. This hypothesis is supported by the
results of a recent ATR-FTIR study at the interface
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Fig. 12. Helmholtz of the Ag(100) electrode in (0.05—x) M
KCIO,+x M KBr: (H) 2x 1074 M; (O) 107> M, (A) 102 M.
The solid line represents the experimental capacitance for 103 M
KBr in 0.049 M KCIO, as obtained by differentiation of the chrono-
coulometrically measured charge density g™ versus the electrode
potential. The dashed curve is the Helmholtz capacity of Ag(100) in
0.01 M KPF;+0.01 M KF [23]. The inset compares the Helmholtz
capacities for the bromide adsorption on Ag(100) with corresponding
data on mercury [64] and Au(100) [44].
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Fig. 13. Change in the potential drop across the inner layer, A¢p™ ~2,
of an Ag(100) electrode as a function of the adsorbed amount of
bromide (expressed as — FI") at constant charge density on the metal

side of the interface. The open circles represent A¢p™M~2 at the

condition of zero diffuse layer charge (The data below 2 uC ¢cm~2

(solid points) are shown to illustrate our experimental findings in this
study. Because of their lower accuracy they are not included in any
quantitative analysis).

between various aqueous electrolytes and thin silver
films [75]. The second maximum occurs at g™ ~ 47 uC
cm ~ 2, which agrees fairly well with the position of the
lattice-gas —c(2 x 2) adlayer transition. Therefore it is
clearly associated with properties of the bromide
adlayer.

The Helmholtz-capacity Cy is a function of two
variables, the charge on the metal and the amount of
adsorbed anions. Therefore, it may be expressed in
terms of two components, the capacitance at constant
amount adsorbed, ,»C, and the capacitance at constant
electrode charge density, -C [6,73,74]:

Ci'=, uC! +zF<aaZ§; )rcl (13)
The quantity ,C is estimated from the first derivative of
the potential drop across the Helmholtz-layer A¢p™ 2
=E—E,,.— ¢* versus the charge zFI',  (z= — 1) of
adsorbed bromide at constant electrode charge density
gM. ¢? is the potential drop across the diffuse layer.
The A¢pM~2 versus — FI'-data, as shown in Fig. 13,
are fairly linear. Consequently, C may be understood
as an integral capacity. Scatter was observed only in the
low concentration region (¢ <5 x 107> M KBr). These
data were not considered in the regression analysis.
Next, the capacity at constant amount adsorbed ,mC,
was computed by inserting the previously determined
values of Cy, ,C and (0I'y, /0¢™) (Fig. 4(B)) into Eq.
(13). ,MC was also calculated using the data shown in
Fig. 13 and calculating the first derivative of ¢™ versus
ApM~2at I'y, = constant (open circles in Fig. 14(A)).
Both approaches yield similar results. The dependences

of ,C and ,mC on the electrode charge density are
plotted in Fig. 14. The curves are non-linear. Both
exhibit maxima around — (2 to 5) pC cm~2, which
correspond to the potential region of the broad capaci-
tance maximum in Fig. 1. We also notice, that around
g™ ~ 0 the capacity at constant amount adsorbed, ,uC,
is significantly smaller for Br—/Ag(100) than for elec-
trolytes containing only slightly specifically adsorbed
ions like KPF, or KCIO, (dashed line in Fig. 14(A)).
This provides evidence for interactions between water
molecules and bromide ions even at rather low cover-
ages, and implies that P1 is not exclusively caused by
reorientation of water molecules. At small positive
charge densities ,C and ,mC initially decrease and then
seem to approach rather adsorbate—concentration inde-
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Fig. 14. Components of the Helmholtz capacity on Ag(100) in the
presence of bromide ions at constant amount adsorbed (A) and at
constant charge density (B) as calculated with Eq. (13). The full
symbols represent the following bromide concentrations (M): (H)
2x107% (0) 1073 (A) 10~ The ,\C versus g™ curve symbolised
by the open circles in (A) was computed from the slopes of A¢™M —2
versus ¢™ at I', = constant. For comparison, the components of
the Helmholtz capacity for bromide adsorbed on mercury [64] as well
as the Helmholtz capacity at constant amount adsorbed for 0.01 M
KPF,+0.01 M KF on Ag(100) ([23], dashed line) were added.
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Fig. 15. Plots of the effective dipole moment formed by bromide on
Ag(100) versus the electrode charge density. The individual symbols
represent s, as determined from the values of the electrosorption
valency (Eqgs. (13) and (16)) for three bromide concentrations ([J
2x107*M, O 107> M, A 1072 M). ,,C in Eq. (13) was either
determined with Eq. (13) (open symbols) or through o(— FI")/
d(ApM—2) at constant amount adsorbed (/). The dotted line was
calculated from the A¢p™M ~2 versus — FI' plot under conditions of
zero diffuse layer charge.

pendent values, (43+5) pF cm~2 and (27+4) pF
cm~2in 10 pC cm =2 < g™ < 50 uC cm ~ 2, respectively.
Unfortunately, the low precision of the experimental
data at ¢gM > 50 pC cm~2 does not allow us to deter-
mine any reliable trends at more positive charge densi-
ties. But we should recall that the majority of adsorbed
bromide ions are situated in fourfold hollow sites of the
substrate lattice and incorporated into the ordered
c(2 x 2) overlayer at g™ > 47 uC cm —2 (cf. Figs. 1-4).

The capacities at constant charge and constant
amount adsorbed may be considered as integral quanti-
ties described by [26,73,74]:

rC=z¢/(x,—xy) (14a)
MC=¢/x, (14b)

where x, and x, are the distances of the outer and the
inner Helmholtz planes from the metal surface, and ¢ is
the permittivity, respectively. In terms of this model the
detailed interpretation of the ,C versus gM-curves is
still rather difficult since they are affected by both the
change of the permittivity as well as the position of the
inner Helmholtz plane x,. The analysis of the C is
more straightforward because one might assume, at
constant amount adsorbed, that the thickness of the
inner layer x, does not change with charge (cf.
Eq.(14b)). Therefore, the shape of ,mC versus g™
should reflect the change of the inner layer permittivity
with the charge on the metal. The change of the inner
layer permittivity is correlated to the orientation of
water dipoles at the electrode surface as well as their
ability to screen adsorbed anions. Due to the dielectric

saturation the permittivity is expected to be low at very

positive and very negative fields, and to display a

maximum at small charge densities, where solvent

molecules reorient and their disorientation is at a maxi-
mum. This scenario is found for non- or only slightly
specifically adsorbed anions, such as PFg and/or F~ on

Ag(100) (dashed curve in Fig. 14(A)). The presence of

specifically adsorbed bromide ions changes this pattern

remarkably. Similarly as in the case of halide ion
adsorption on Au(111) [75] dramatic changes of the
water structure on Ag(100) are expected. Correlations
between the charge (potential-) dependent interfacial

water structure, as studied with ATR-FTIR [75,76]

and ,mC (eventually ,-C) offer a fascinating opportunity

to test the validity of the Grahame—Parsons model of
the inner layer capacitance, and, in consequence, to
improve it.

The contribution of the metal to the Helmholtz ca-
pacity is also not negligible [72]. This is reflected by
comparison of the Helmholtz capacity Cy and its com-
ponents ,C and ,mC for Ag(100), Au(111) or Hg-elec-
trodes in the presence of bromide. The following
relations were found [64,65]:

1. Cy for Au(111) is much higher within the entire
accessible charge density range than the values for
Ag(100) and Hg.

2. the magnitudes of ,C and ,mC are similar for silver,
gold and mercury, but they still follow a systematic
trend: Au(l11) > Ag(100) > Hg. The data for
Au(100) are not yet available.

The ratio of the Helmholtz-capacities at constant

amount adsorbed and at constant charge densities gives

the electrosorption valency [26]

mC
o)

where z= — 1 is the free charge of the bromide ion.
This value may be used to calculate an effective surface
dipole moment y, (open symbols in Fig. 15), which
represents the dipole formed between the adsorbed
adion and its image charge in the metal [26,27,77]:

_ zege(l —y')2)
:us_ MC (16)

q
¢ stands for the permitivity of the Helmholtz-layer and
was set equal to ¢ =8.85x10"12 C*> J-!' m~! as
suggested in Ref. [26]. Alternatively, u, was determined
from the data shown in Fig. 13. The plots of the
potential drop across the Helmholtz-layer, A¢p™ ~2, ver-
sus the amount of adsorbed species (here expressed as
the specifically adsorbed charge — FI', ) at constant
electrode charge g™ were extrapolated to the points,
where ¢M =FI',  (open circles in Fig. 13). Under
these conditions no diffuse layer exists and the potential
drop A¢pM 2 is equal to the total potential drop across
the interphase. The accuracy of the experimental data
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in Fig. 13 allowed satisfactorily linear extrapolation
according to this procedure for — 10 uC cm~? < gM <
54 nC cm ~2. These results demonstrate that the poten-
tial drop across the interface increases with bromide
adsorption, which is equivalent to an increase of the
work function. The same trend was also reported for
Br—/Ag(110) [26] and Ag(111) [27,28] as well as for
SOZ~/Au(111) [7], Cl=/Au(111) [9] and Br—/Au(111)
[65]. Differentiation of the plot of the extrapolated
values of A¢p™ ~2 versus the amount adsorbed, I, yields
finally the surface dipole moment g ( full dots in Fig.
15) according to the Helmholtz formula:

I'u

— (17)
&

A()beZ: _

The effective surface dipole moments as determined
with the two methods are in fairly good agreement. The
high values of ug at negative charge densities indicate a
high polarity of the substrate—adsorbate chemisorption
bond. With less negative charge densities y, drops and
reaches a minimum around — (54 3) pC cm~2 The
latter is followed by a subsequent slight increase in g,
which gives rise to a more (u, as calculated from values
of the electrosorption valency) or less (data from
ApM~2 versus — FI', ) developed broad maximum
and finally, at ¢™ > 50 pC cm~? and within the accu-
racy of our measurements, u, seems to approach a
constant value of (1.2 4+ 0.5) x 10~*° C m ions (equiva-
lent to — 0.36 D). The shape of the u, versus g™ graph
follows closely the charge dependence of the reciprocal
Helmholtz-capacity at constant amount adsorbed. We
would also like to point out that the values of the
apparent surface dipole moment u, as estimated from
the analysis of the finite coverage isotherm in Section
3.2.6.1 is of similar magnitude.

The absolute values |u | of the adsorbate dipole are
substantially smaller then e.r;, which one would expect
for the adsorption of an ion of radius r; with [z| =1 on
a perfect conductor in a medium having a relative
dielectric constant ¢ = 1. This implies that the charge of
the adsorbed bromide ions is strongly screened. Similar
observations were also reported for Br—/Ag(110) [26],
Br—/Ag(111) [27,28] and several specifically adsorbed
ions on Au(111) [7,8,65].

Schmickler and Guidelli showed, by representing the
metal electrode with a jellium and the solution as an
ensemble of hard sphere ions and dipoles, that the
screening involves contributions of the metal (spill-over
of electrons) as well as of the solvent (opposite orienta-
tions of the solvent molecules with respect to that of the
adsorbate dipole) [77,78]. Based on these data the theo-
retical value of the surface dipole moment of bromide
ions adsorbed on a silver electrode at g™ =0 is pre-
dicted to be zero, which is in agreement with our
experimental result of —(0.54+0.3) x 1073 C m ion
(~ —(0.15+0.08) D). In order to explain the charge

dependence of u,, as plotted in Fig. 15, we suggest the
following scenario: at negative charge densities the sur-
face coverage of bromide on Ag(100) is very low and
the solvent molecules are primarily oriented by the
external electric field. Approaching g™ =0 this field
decreases and the solvent molecules residing in the
Helmholtz layer will be primarily oriented by the local
field of the adsorbed ions, which is equivalent to an
increase of the solvent-attributed screening of the ad-
sorbate dipole. In consequence y, decreases. With in-
creasing bromide coverage, which parallels the increase
of the electrode charge density, the solvation spheres of
the bromide ions begin to overlap. This process reduces
the screening by the solvent and therefore increases |u|.
Simultaneously, the electrostatic adatom—adatom inter-
action increases and may tend to decrease |u| by partial
discharge of the adsorbate or polarisation of the
adatom orbital [77-79]. And finally, approaching a
state where the ordered c(2 x 2) bromide adlayer covers
the entire substrate surface, y, remains constant.

The importance of the metal contribution on the
adsorbate dipole and the components of the Helmholtz
capacity is obvious when comparing bromide adsorp-
tion on Ag(100) with Au(111) and Hg (Figs. 12, 14 and
15). The data suggest considerable screening contribu-
tions of silver and gold, in comparison to mercury,
which agrees with theoretical predictions [77].

4. Summary and conclusions

The adsorption and phase formation of bromide ions
on Ag(100) have been studied with chronocoulometry
and surface X-ray diffraction.

1. Bromide ions are preferentially adsorbed in fourfold
hollow sites. The comparison of isotherms obtained
from measurements of the X-ray intensity in the (1,
0, 0.12) position with those from chronocoulometric
experiments allows the conclusion that the degree of
lateral order increases with increasing coverage.
With increasing electrode potential bromide under-
goes a continuous phase transition from a lattice gas
to an ordered c(2 x 2) adlayer.

2. Thermodynamic data of bromide adsorption, such
as Gibbs surface excess, Gibbs energy of adsorption
and lateral interaction energies, the electrosorption
valency, Esin—Markov coefficients as well as the
apparent dipole formed between the adsorbed ion
and its image charge on the metal have been
estimated.

3. The local order of bromide adsorption could be
successfully approximated by an isotherm based on
a modified quasi-chemical approximation. This ap-
proach treats nearest neighbour interactions exactly,
and all other interactions with the mean field ap-
proximation. The dominant channel of lateral inter-
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actions could be assigned to repulsive long-range
electrostatic interactions. Depending on the adsor-
bate concentration, an additional contribution due
to short range repulsion was found. The concentra-
tion dependence of these interactions indicates that
the charge state of bromide changes somewhat with
coverage and potential, which also points out some
limitations of the isotherm model chosen.

4. Monte Carlo simulations by Rikvold and co-work-
ers [50], assuming a lattice-gas model with infinite
nearest-neighbour repulsion and long range dipole—
dipole repulsion, represent the chronocoulometric
isotherms quantitatively and provide an excellent
description of the critical properties of the continu-
ous order/disorder phase transition within the bro-
mide adlayer on Ag(100).

5. The analysis of the adsorption isotherms in the finite
coverage limit as well as the test of the Grahame—
Parsons model of the Helmholtz layer allowed us to
estimate the apparent surface dipole moment be-
tween a bromide ion and its image charge. The
comparison of our data on Ag(100) with results for
the bromide adsorption on Au(/k/) and Hg point to
a significant dielectric screening contribution of
metal and solution for Ag(100) and Au(/kl). Unfor-
tunately, our estimate of y, is strongly model depen-
dent. Comparison with other approaches [33,34,48]
illustrates that the experimental determination and
the theoretical interpretation of surface dipole mo-
ments on solid |liquid interfaces are still rather
problematic. The combination of thermodynamic
quantities based on our chronocoulometric experi-
ments with systematic ATR-FTIR studies on the
water structure at the aqueous electrolyte ] Ag(100)
interface appear to be a promising approach to
develop our knowledge on the inner layer at
metal | electrolyte interfaces significantly further.

6. An extension of the present work to a systematic
series of halide ions on all three low-index phases of
silver is highly desirable in order to understand the
trends in lateral adsorbate—adsorbate and adsor-
bate—substrate interactions in more detail. The com-
bination of chronocoulometric and structural data,
obtained from in-situ SXS or, eventually, STM-ex-
periments might also open a new approach to
choose and/or develop proper adsorption isotherms
for ionic adsorption.
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