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Structure of the electrical double layer on Ag(100): Promotive effect of cationic
species on Br adlayer formation

Masashi Nakamura (����),1,* Yo Nakajima (���),1 Narumasa Sato (�� ��),1

Nagahiro Hoshi (���),1 and Osami Sakata (����)2

1Department of Applied Chemistry and Biotechnology, Graduate School of Engineering, Chiba University, Yayoi-cho 1-33,
Inage-ku, Chiba 263-8522, Japan

2Synchrotron X-ray Station at Spring-8, National Institute for Materials Science (NIMS), Kouto 1-1-1, Sayo-gun, Hyogo 679-5148, Japan.
(Received 19 September 2011; published 20 October 2011)

We revealed the promotive effect of alkali metal cations on Br adlayer formation on an Ag(100) electrode
by in-situ measurement of the x-ray specular rod. Alkali metal cations in the electrical double layer affect the
onset potential of Br adsorption and the order-disorder transition. We determined the Cs structure in the electrical
double layer during Br adlayer formation and found that (1) the Cs structure depends on the coverage of adsorbed
Br, and (2) the amount of Cs increases at the initial stage of Br adlayer formation. Structural analysis suggests
that hydrated Cs is localized in the area around adsorbed Br via noncovalent interactions. Formation of a Cs-Br
complex promotes Br adsorption.
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I. INTRODUCTION

The electrical double layer (EDL) at the solid-liquid
interface is an important research topic because EDL structure
and composition govern electrochemical processes. Ionic
adsorption-desorption and the order-disorder transition of
the adlayer are important steps in many electrochemical
reactions. The specifically adsorbed ionic layer, called the
inner Helmholtz plane (IHP), has been widely studied using
various surface science techniques.1,2

In contrast, there has been little structural research for the
outer Helmholtz plane (OHP) and the diffuse layer above the
IHP, owing to the limitations of in-situ analytical methods.
OHP species also play an essential role for electrochemical
reactions. Cyclic voltammograms (CVs) in different alkali
metal (AM) ion solutions show that these steps depend on
the cationic species.3,4 Nonspecifically adsorbed cations are
known to affect the catalytic activity of fuel cell reactions
through noncovalent interaction.5,6 Noncovalent interactions
between adsorbed and nonadsorbed species often result in a
structural gap between electrochemical and ultrahigh vacuum
(UHV) conditions.7,8 Thus, weak interactions, such as hydro-
gen bonding and electrostatic forces, affect adsorbed layer
stability and electrochemical reactions significantly. However,
the structure and nature of charged species above the IHP have
been longstanding issues in interface science.

The order-disorder transition in the ionic adsorption layer
has been widely studied by experimental methods and theoret-
ical simulations using a lattice-gas model.1,9 Br on Ag(100) is
a good prototype to study the two-dimensional order-disorder
transition.10–17 Below the order-disorder transition potential,
Br is adsorbed in a disordered fashion onto the fourfold
hollow site of Ag(100). Above the order-disorder transition
potentials, Br completely occupies at the c(2 × 2) sublattice. Br
adlayer formation on Ag(100) has been explained by the Ising
model, assuming nearest neighbor repulsion and long-range
Coulomb repulsion between adsorbed Br (Brad).10,11 Monte
Carlo simulation using the Ising Hamiltonian suggests that
surface water and OHP cations are not necessary for the
reproduction of the characteristic peaks of the CV.11–14 Br

adsorption in the disordered region is dominated by the
interatomic interaction of Brad. However, CV of Ag(100) in
CsBr differs from that in LiBr remarkably, as shown in Fig. 1.
This finding suggests that the cationic species above the IHP
interact with the specifically adsorbed Br, which affects the
adlayer formation and the order-disorder transition.

Full structural analysis of the EDL is essential for un-
derstanding the nature of adsorption-desorption and order-
disorder transition. The recent surface x-ray diffraction (SXD)
study has successfully determined the detailed OHP structure
of hydrated Cs above an ordered c(2 × 2)-2Br adlayer on
Ag(100).4 X-ray diffraction can reveal the structure of both
the adsorbed and nonadsorbed species in the EDL.4,18,19 In
this paper, the Cs structure on Ag(100) during Br adlayer
formation was investigated using in-situ measurement of the
x-ray specular rod. We report the structural effects of Cs on
the Br adsorption and the order-disorder transition.

II. EXPERIMENTS

An Ag(100) crystal surface (Surface Preparation Labora-
tory) was etched in chromic acid solution, and then annealed
in H2 + Ar using an induction heating furnace (AMBRELL)
for the preparation of an atomically flat surface. The pHs
of CsBr, KBr, and LiBr (Aldrich) solution were adjusted to
12.5 using CsOH, KOH, and LiOH (Aldrich), respectively,
in order to inhibit the hydrogen evolution reaction at the
negative potentials. The concentration of Cs+ was adjusted
with CsF (Aldrich). All electrode potentials were referred
to Ag/AgCl. X-ray measurements were performed with a
multi-axis diffractometer at the BL13XU, SPring-8, Japan20

at an x-ray beam energy of 12.4 keV. Integrated intensities
were measured by rocking scans then corrected for sample
area, Lorentz factor, and polarization factor. A body-centered
tetragonal (bct) coordinate system was used to describe the
reciprocal vector as Q = Ha∗ + Kb∗ + Lc∗, where a∗ =
b∗ = 2π/a, c∗ = √

2π/a, a = 2.889 Å, and L is the direction
normal to the surface. Structure refinements were performed
using the least-squares method with the ANA-ROD program.21
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FIG. 1. (Color online) (a) Cyclic voltammograms of Ag(100) in
0.1 M CsBr + 0.05 M CsOH (solid line), 0.1 M KBr + 0.05 M
KOH (dashed line), and 0.1 M LiBr + 0.05 M LiOH (dotted line).
(b) Cyclic voltammograms of Ag(100) in different Cs+ concentration:
0.01 M CsBr + 0.04 M CsF (solid line) and 0.01 M CsBr (dashed
line). The scanning rate is 0.05 Vs−1.

The detailed procedure for the structural analysis is given in
previous reports.4,18

III. RESULTS AND DISCUSSION

Figure 1 shows CVs of Ag(100) in AMBr (AM = Cs, K,
and Li). The pair peaks around −0.8 V and the broad peaks at
−1.1 V have been assigned to the order-disorder transition
and the adsorption-desorption of Brad, respectively.10 The
voltammetric features of Br adsorption on Ag(100) clearly
depend on the AM counter cations. Counter cations cause the
peak potential of the order-disorder transition around −0.8 V
to shift and the prewave around −1.1 V to increase gradually in
the order Cs > K > Li [Fig. 1(a)]. Concentration dependence of
Cs+ in CsBr shows similar results as shown in Fig. 1(b). Since
the concentration of Br− is constant, these results suggest that
heavy cations, such as Cs and K, strongly affect Br adlayer
formation. For the elucidation of the effect of cationic species,
we measured the specular 00 rod of Ag(100) in the potential
range from the Br adsorption to the ordered c(2 × 2)-2Br
formation. Our previous result for the c(2 × 2)-2Br layer on
Ag(100) shows that the specular rod in CsBr differs from
that in LiBr above −0.6 V significantly.4 Localization of the
heavy atom (Cs) in the EDL causes a typical change in the rod
profile. However, at −1.3 V, the profile in CsBr becomes very
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FIG. 2. (Color) Specular rod profiles of Ag(100) in 0.1 M CsBr +
0.05 M CsOH (circle) and 0.1 M LiBr + 0.05 M LiOH (square) at
various potentials vs Ag/AgCl (a) −0.6, (b) −0.8, (c) −0.9, (d) −1.0,
and (e) −1.2 V. (f) Potential dependence of the specular rod in CsBr
at lower L. Solid and dashed lines are structure factors calculated
from optimized models.

similar to that in LiBr, indicating that the vertically ordered
structure of Cs disappears at −1.3 V. Detailed structural
analysis reveals that neither Br nor Cs are layered in the
EDL. Above −1.25 V, anodic and cathodic current due to the
Br adsorption-desorption is associated with counter cations.
X-ray diffraction cannot determine the charge of ionic species.
In the case of Cs on c(2 × 2)-2Br, we report that OHP-Cs
moves away from the surface at positive potentials.4 This result
indicates that OHP-Cs has a positive charge.

Figure 2 shows the specular rod profiles on Ag(100)
between −1.2 and −0.6 V in LiBr and CsBr. The rod
profiles in CsBr are different from those in LiBr significantly
[Figs. 2(a)–2(e)]. The specular rods depend on the applied
potential strongly in CsBr, as shown in Fig. 2(f). The profiles
in LiBr are smooth in shape. In CsBr, however, the asymmetry
at the dip and the bulge between the Bragg peaks are observed
because of the layered structure of Cs in the EDL. These
results are similar to those above −0.6 V.4 Cs is localized in
the EDL during the formation of the Br adlayer. Li cations
will also be localized in the electrical double layer. However,
the contribution of Li layer to the scattered x ray is extremely
weak, because the scattering cross section of Li is significantly
smaller than that of Cs.

We performed structural analyses by the optimization of the
occupancies, the vertical positions, and Debye–Waller factors.
The model was composed of Brad, Cs, and the substrate Ag for
the first and the second Ag layers.4 Although we considered
buckling of the second Ag layer, we could not distinguish
atomic fluctuations in the second layer. The buckling causes
oscillation in fractional order rods, but the small fluctuations
of the inner layer do not influence the crystal truncation rods
and the specular rod significantly.4,22–24

Table I lists the vertical layer spacing and the coverage of
the optimized model in LiBr and CsBr at the potentials below
−0.6 V. The layer spacing and the coverage are plotted against
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TABLE I. Vertical layer spacing (Å) and the coverage (ML) for the optimized model in LiBr and CsBr.

Electrode Potential E [V vs Ag/AgCl]

−1.2 −1.0 −0.9 −0.8 −0.6

dAg−Br 1.80 ± 0.25 1.80 ± 0.06 1.85 ± 0.04 1.89 ± 0.04 1.97 ± 0.03
(LiBr) (1.80 ± 0.18) (1.85 ± 0.06) (1.95 ± 0.05) (1.93 ± 0.04)
dCs−Br 1.45 ± 036 1.72 ± 0.21 1.67 ± 0.14 2.03 ± 0.15 2.67 ± 0.11
θBr 0.051 ± 0.026 0.228 ± 0.027 0.263 ± 0.024 0.329 ± 0.024 0.485 ± 0.032
(LiBr) (0) (0.081 ± 0.032) (0.222 ± 0.035) (0.310 ± 0.034) (0.419 ± 0.032)
θCs 0.057 ± 0.018 0.126 ± 0.024 0.102 ± 0.019 0.084 ± 0.024 0.128 ± 0.021

the applied potentials in Fig. 3. The Ag-Br layer spacing
expands slightly from 1.80 ± 0.25 Å (−1.2 V) to 1.97 ± 0.03
Å (−0.6 V). On the strongly corrugated Ag(100) surface, the
preferential adsorption site of Br is the fourfold hollow site.
Density functional theory (DFT) calculations suggested that
the hollow site is more stable than the bridge and the top sites
by 0.21 and 0.56 eV, respectively.16 Therefore, the variation of
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FIG. 3. (Color online) (a) Potential dependence of the layer
spacing and (b) the coverage in LiBr and CsBr. Data above −0.4 V
and at −1.3 V are from Ref. 4. The dashed line in (b) is fit to a
Br isotherm using the quasichemical approximation (Ref. 11). The
solid line in (b) is shifted by −0.06V from the dashed line, which
corresponds to the peak shift of the order-disorder transition observed
in Fig. 1(a).

the Ag-Br layer spacing is not due to the site conversion, but
rather due to the relaxation of the Ag-Br bond with the increase
in Br coverage. Similar layer spacing dependence was reported
for Cl adsorbed on Cu(100) as determined by SXD.24 Potential
dependence of the Ag-Br layer spacing is similar to those in
LiBr and in CsBr.

For the Br coverage in LiBr [Fig. 3(b)], the plot corresponds
to the simulation result [solid and dashed lines in Fig. 3(b)] of
the adsorption isotherm using quasichemical approximation
reported previously.11 Br coverage linearly increases with
increasing potential and reaches saturation coverage of θBr =
0.5 at −0.4 V, at which the c(2 × 2) structure is completed.
In contrast, in CsBr, the potential dependence of Br coverage
deviates from the simulated isotherm at the initial stage of Br
adsorption (<−1.0 V). Br adlayer formation in CsBr cannot
be explained by the simple lattice-gas model that assumes
nearest neighbor repulsion and long-range Coulomb repulsion
between adsorbed Brad. Thus, the presence of Cs promotes Br
adsorption at low Br coverage significantly.

Specular rod analysis shows the existence of Cs in the
EDL above −1.2 V as shown in Fig. 3(b). In a previous
study on the c(2 × 2) region, we reported that hydrated Cs
is located at the hollow site of the c(2 × 2)-2Br, and the
amount of the OHP-Cs decreases at positive potentials because
of repulsive interaction with the surface charge.4 However, Cs
coverage increases with increasing potential below −1.0 V,
which suggests that attractive interaction of Cs with Brad

overwhelms the electrostatic repulsion. The distance of the
Cs layer from the surface increases with increasing potential
[Fig. 3(a)].

At the potential region below −0.8 V, the in-plane structures
of Cs and Br cannot be determined by SXD because of the
disordered structures. We infer the schematic models and the
interaction of Cs and Br on the basis of the vertical information
and the coverage obtained from specular rod analysis. At
−1.3 V, Cs and Br are not adsorbed on Ag(100). At −1.2 V,
however, they have a double-layered structure with the same
coverage. The layered structure of Cs is caused by the
interaction with Brad at the initial stage of Br adsorption.
The Ag-Cs layer spacing is 3.25 ± 0.61 Å at −1.2 V, which
corresponds to that of directly adsorbed Cs on Ru(001) as
determined by the low-energy electron diffraction (LEED).25

However, the distance of Cs from the surface increases with
a slope similar to that for the c(2 × 2)-2Br above −0.6 V
[Fig. 3(a)]. This behavior indicates that Cs is noncovalently
interacted with the surface and Brad via hydration water.
We previously reported a similar hydration structure on the
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FIG. 4. (Color online) Schematic models of Br and Cs on Ag(100)
on the basis of the vertical information and the coverage at various
potentials: (a) −1.2, (b) −1.0, (c) −0.9, and (d) −0.8 V (Ag/AgCl).

c(2 × 2)-2Br as determined by the DFT calculations: a single
layer of water is intercalated between the OHP-Cs and the
IHP-Brad.4 Adsorption models of Brad and Cs on Ag(100)
are schematically shown in Fig. 4 on the basis of the vertical
information and the coverage. Although there is no structural
information of the in-plane structure, Cs will be arranged
around adsorbed Brad at the hollow site through noncovalent
interaction [Fig. 4(a)]. Formation of the Cs-Br complex
promotes Br adsorption because of the reduced repulsive
interaction among Brad. The growth of a prewave at −1.1 V in
KBr and CsBr [Fig. 1(a)] relates to the Br adsorption promoted
by the complex formation between the AM cation and Br.

Br coverage is twice as high as Cs coverage at −1.0 V,
indicating that Br is adsorbed at the hollow site around the Cs-
Br complex already formed on the surface [Fig. 4(b)]. At the
intermediate Br coverage, hydrated Cs contacts two or three Br
adatoms, forming Cs-Br2 and Cs-Br3 complexes. Cs coverage
reaches a first maximum at −1.0 V and then a local minimum
at −0.8 V. The reduction of Cs coverage around −0.8 V is due
to the release of excess Cs by Cs-Br3 and Cs-Br4 complexes

formation [Figs. 4(c) and 4(d)]. The increase in Br coverage
narrows the areal space occupied by Cs on the surface, which
expands the Ag-Cs layer spacing. Formation of the Cs-Br
complex stabilizes the disordered Br layer and promotes the
order-disorder transition of the Br layer. Finally, the coverage
ratio of Br to Cs reaches to about four at −0.8 V with partial
c(2 × 2) formation [Fig. 4(d)]. Above this potential, hydrated
Cs is located at the hollow site of the c(2 × 2)-2Br layer.4

Heavy AM cation causes the negative shift of the potentials
of the Br adsorption as well as the order-disorder transition.
The order-disorder transition occurs at −0.82 V in 0.1 M
CsBr, as shown in Fig. 1(a). This critical coverage of Br is
θBr = 0.33 (at −0.8 V), which is close to the values estimated
by the simulation (θ ;Br = 0.36) and the SXD measurement
(θBr = 0.25) in 0.05 M NaBr.10,26,27 Ocko et al. concluded
that the presence of water in the EDL does not affect the
critical coverage of the order-disorder transition significantly
compared with the theoretical and UHV results.10 Our results
also support that cationic species does not affect the critical
coverage, suggesting that interaction between Cs and Br in
the complex is weak and noncovalent via hydration water.
The promotive effect of Li on Br adlayer formation is smaller
than those of K or Cs. However, it was reported that fuel cell
reactions are inhibited by the strong interactions of Li and
Na with OHad.5 Li and Na may have a particular affinity for
oxygen species. Therefore, Cs and K with smaller hydration
energy can strongly interact with Brad.

The anodic currents of the AgBr layer formation around
0 V also depends on the alkali metal cations. In CsBr, the
onset potential of anodic current is shifted to negative potential
[Fig. 1(a)]. The presence of Cs-Br4 complex in the c(2 × 2)-2Br
may promote the surface oxidation.

IV. SUMMARY

We determined the potential dependence of the coverage
and the layer distance of ionic species in the electrical
double layer by in-situ measurement of the x-ray specular
rod. We revealed the promotive effect of AM cations on Br
adsorption and the order-disorder transition on Ag(100). The
x-ray specular rod shows that Cs approaches the surface at
the initial stage of Br adsorption via noncovalent interaction.
These results suggest that Br adsorption is promoted by the
complex formation between the AM cation and Brad.
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