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X-ray diffraction studies of ordered chloride and bromide monolayers
at the Au(111)-solution interface
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We present in situ surface x-ray scattering observations of ordered chloride and bromide monolayers
on Au(111) electrodes in aqueous solutions as an example of in situ x-ray diffraction from adsorbates of
the lighter elements (Z &50). At a critical surface density both halides form incommensurate,
hexagonal-close-packed monolayers that compress uniformly with increasing potential. Our structural
results provide quantitative data on the residual adsorbate charge, the two-dimensional melting, and the
two-dimensional compressibilities of halide monolayers.

The adsorption of halogen gases on metal surfaces and
of halide anions on metal electrodes in aqueous solutions
has been extensively studied in the past. In a vacuum en-
vironment, chemisorbed halogens dissociate and form or-
dered monolayers. ' These adlayers are often incommens-
urate (no lateral registry) with the metal substrate and
change continuously with increasing halogen coverage,
not unlike the two-dimensional phases of physisorbed no-
ble gases. However, the equilibrium properties of halide
adlayers are difticult to obtain in vacuum experiments
due to the strong chemical halide-metal interaction. In
contrast, equilibrium is readily established at the liquid-
solid interface where the chemical potential of the adsor-
bate can be controlled via the electrode potential. With
the recent advent of modern in situ techniques the struc-
ture of these interfaces can now be determined. Studies
by in situ scanning tunneling microscopy (STM) and sur-
face x-ray scattering revealed that the strongly bound
iodide ions form close-packed, ordered monolayers on
gold and platinum electrodes. Much less is known
about the lighter halides. Ordered bromide adlayers were
found in only one preliminary STM study and ordered
phases of chloride and fluoride anions at a solid-liquid in-
terface have not been observed to our knowledge. Here
we report in situ observations of ordered chloride and
bromide monolayers on Au(111) by grazing incident an-
gle x-ray diffraction. The evaluated equilibrium proper-
ties of halide monolayers will be compared to those of no-
ble gas and metallic adlayers.

G'razing incident angle x-ray diffraction measurements
of the interface structure of Au(111) electrodes were car-
ried out at beamline X22B at the National Syncrotron
Light Source at a wavelength 1=1.54 A. The experi-
ments were performed on Au(111) single crystals sput-
tered and annealed at 1000 K in vacuum or prepared by
Game annealing. The sample was then mounted in an
electrochemical cell that was filled with deaerated
suprapur 0.1M HC104 solutions containing NaC1 or
NaBr in the range 0.001—1M. Subsequently the cell was
deAated leaving an electrolyte film of =10 pm thickness
between the Au(111) surface and the 4-pm-thick prolene
(Chemplex) x-ray window. During the experiment the

cell was surrounded by a N2 atmosphere to keep the elec-
trolyte free of oxygen. The electrode potential was con-
trolled versus a Ag/AgC1 (3M KC1) reference electrode.
For further experimental details see Refs. 6 and 7.

First we will describe the experiments in chloride solu-
tion. At 0.3 V diffraction peaks are only observed at the
positions of the crystal truncation rods [open circles in
Fig. 1(a)]. They are indexed by integer rejections, i.e.,
(1,0), (0,1), etc. , in the employed hexagonal coordinate
system. ' After increasing the potential to values posi-
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FIG. 1. (a) In-plane x-ray diffraction pattern of a Au(111)
electrode in 0.1M HC1Q4+xM NaC1 (0.001 & x & 1).
Diffraction peaks at the positions of the crystal truncation rods
(open circles) result from the hexagonal Au(111) substrate and
are observed at all electrode potentials. At potentials above
0.68 V superstructure peaks (filled circles) appear at the (X,X)
positions ( A ) and the (3X,O) positions (B) with
0.405~X~0.422. (b) Real-space model of the corresponding
incommensurate adlayer structure; Au surface atoms and ad-
sorbed chloride ions are indicated by open and filled circles, re-
spectively.
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FIG. 2. X-ray scattering profiles along (X,X) and (3X,O) in
the range 0.410 &X & 0.425 [directions indicated by dotted lines
in Fig. 1(a)j of Au(111) in 0.1M HC104+0. 1M NaC1 at 0.3 V
(open circles) and 0.72 V (filled circles). The peaks at 0.72 V
correspond to the first- and second-order rejections of the ad-
layer structure, depicted in Fig. 1(a) by 2 and B, respectively
(measured at a grazing incident angle of 1.25 ).

tive of 0.68 V (for 0.1M NaC1) we observe distinct
changes in the diffracted x-ray intensities. The diffraction
pattern in this potential regime, shown in Fig. 1(a), exhib-
its additional peaks at the IX,X] positions, where X is
dependent on potential and NaC1 concentration and
ranges between 0.405 and 0.422. Beside these strong
first-order rejections, weaker second-order refIections
were observed at the I3X,OJ positions. These diffraction
peaks indicate the formation of an ordered monolayer of
adsorbed chloride on the gold substrate. Both the
chloride (filled circles) and the underlying gold (open cir-
cles) diffraction pattern are hexagonal and rotated with
respect to each other by 30'. The corresponding chloride
adlayer forms an aligned, hexagonal close-packed struc-
ture, as displayed in Fig. 1(b), which is incommensurate
with the gold lattice.

Figure 2 shows typical x-ray scattering intensity
profiles at the position of the chloride-adlayer peaks. At
an electrode potential of 0.72 V pronounced peaks in the
scattered intensity are observed. In contrast, only a uni-
form background is measured in profiles obtained at 0.3
V, where the surface concentration of adsorbed chloride
is lower and the adlayer apparently is disordered. The ra-
dial half width at half maximum (HWHM) of the super-
structure peaks is 0.003 A, the angular HWHM in the
corresponding y-angle scans (i.e., perpendicular to the ra-
dial direction) is 0. 1 By neglecting the limited resolution
and assuming a perfect sample mosaic a lower bound on
the coherence length of 500 A is obtained from the latter
peak width. This indicates a well-ordered chloride ad-
layer with domains of similar size as the atomically Hat

terraces of the underlying Au(111) surface.
The observation of diffraction peaks resulting from an

ordered chloride adlayer demonstrates the ability of in
situ x-ray techniques to obtain information on low-Z ad-
sorbates. In comparison to vacuum measurements, the
background intensity in studies at solid-liquid interfaces
is enhanced due to diffuse scattering from the bulk elec-
trolyte and the window material, which is an inherent
limitation. To date, in-plane diffraction peaks have been
reported only for ordered adlayers of high-Z atoms
(atomic number Z) 50) such as lead, thallium, gold, or
iodide, where the peak intensity is two to ten times
higher than the background. Since the scattered intensity
is proportional to the square of the number of electrons,
scattering from a chloride adlayer (with Zci=17) is
about an order of magnitude weaker. As a result the
signal-to-background ratio is lower than 1:4. Our obser-
vation increases the prospects for surface x-ray scattering
as a tool for future in situ studies of ionic and organic ad-
layers.

The chloride surface density I and the chloride cover-
age 0 relative to the Au substrate, respectively, can be
directly computed from the position of the lowest-order
diffraction peak. The chloride adlayer and the Au sub-
strate lattice are characterized by the length of nearest-
neighbor distances (aci and a~„=2.885 A) or the corre-
sponding values in reciprocal space (aci and a~„). The
latter are given by the positions of the adlayer and sub-
strate peaks with respect to the hexagonal coordinate sys-
tem. Hence, the adlayer spacing can be calculated using
the relationship ac, /aA„=[aci/a~„] '=[~3X] '. The
chloride surface density and coverage are given by
I =[acii/3/2] '=2i/3X a&„and 8=I az„i/3/2
=3X . Typical chloride surface densities and coverages
are slightly higher than 7X10' atoms/cm and 0.5 ML,
respectively.

With increasing electrode potential the peak position
shifts to higher values as the adlayer is compressed. In
Fig. 3(a) the chloride density I is shown as a function of
potential E for two NaC1 concentrations. At both con-
centrations I increases linearly with potential with the
same slope. As visibile in Fig. 3, the I (E) curve does not
depend on the direction of the potential change, indicat-
ing equilibrium conditions for chloride adsorption and
desorption. From linear fits of the I (E) curves we obtain
a slope Bl /BE=(2. 41+0.15)X10' cm V ' (defined
as electrocompression in Ref. 6). At all potentials the ad-
layer retains a hexagonal lattice with a fixed rotation an-
gle of 30.0'+0. 1' relative to the substrate. Such aligned
incommensurate phases have been reported in experimen-
tal as well as in the theoretical' studies.

The ordered phase exists only at very positive poten-
tials, where the chloride surface density is high. At lower
potentials, facilitating a lower surface density and a lower
charge transfer, no diffraction peaks corresponding to an
ordered adlayer structure could be observed. In this po-
tential regime chloride most likely forms a disordered,
Auidlike adlayer. It undergoes an order-disorder phase
transition upon raising the potential to more positive
values. At the potential where this phase transition is ob-
served in the x-ray scattering experiment, traditional
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electrochemical measurements, such as cyclic voltammo-
grams" or differential-capacity curves, ' show sharp
peaks that suggest phase transitions in the anion adlayer.
Similar sharp peaks were found to accompany the forma-
tion of ordered sulfate, ' iodide, ' and bromide' ad-
layers on Au(111). They may be caused by discontinuous
changes in the double-layer capacity and/or charge-
transfer processes associated with these structural phase
transitions. The upper limit of the stability range for the
ordered adlayer cannot be observed by x-ray diffraction
due to the oxidative roughening of the Au surface and
the electrochemical formation of a soluble gold halide.

In solutions containing bromide ions an ordered
hexagonal-close-packed adlayer is observed in the entire
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FICx. 3. Potential-dependent surface density I (E) and cover-
age 0 (relative to the Au lat'tice) of (a) chloride and (b) bromide
in the ordered adlayer phase at various anion concentrations in
the electrolyte. Data points were obtained by changing the po-
tential in (a) 10-mV or (b) 20-mV steps starting from the poten-
tial of the ordered adlayer formation in positive (open symbols);-
and subsequently in negative direction (filled symbols). The
electrocompression BI /BE is obtained from fits of the linear re-
gion of the I (E) curves (solid lines), the electrosorption valency
y= —1+0.2 is obtained from the potential shift of the I (E)
curves with increasing NaC1 concentration via the Nernst equa-
tion (Ref. 15).

TABLE I. Structural properties (described in the text) of the
incommensurate, hexagonal halide adlayers on Au(111). All
data refer to the results of in situ x-ray scattering studies in elec-
trolytes containing 0.1M chloride, bromide, and iodide.

a dw (A)„(A)

BI /BE (10' cm V ')
~may, /avdw

0

~» (A eV ')'
y„, (degrees)

Chloride

3.52-3.80
4.03
7.10
2.41+0.15
1.06- 1.15
4.65+0.29
0

Bromide

3.70—4.00
4.24
6.42
2.95+ 0.07
1.06-1.15
6.74+0. 17
3 ~ 3-4.7

Iodide'

3.90—4.24
4.47
5.79
1.98+0.02
1.05-1.15
5.40+0.09
2.8-3.4

'Data for the hexagonal, incommensurate phase of iodide on
Au(111). Data for the uniaxial incommensurate (p X &3) phase
preceding the former at Inore negative potentials are shown in
Ref. 6.
A. Bondi, J. Phys. Chem. 68, 441 (1964).

'Calculated from our data as described in Refs. 8 and 9 for a
charge transfer z = —1.

potential range between 0.42 and 0.76 V (for 0.1M NaBr).
Again, the adlayer is incommensurate and uniformly
compresses with increasing potential as shown in Fig.
3(b). However, the 1(E) curves are linear only in the
lower potential range. At more positive potentials the
compressibility of the adlayer decreases until the density
reaches a saturation value. The adatom spacing at this
saturation density is 4.03 A, i.e., close to the van der
Waals diameter a„dw of bromide. Unlike the ordered
chloride layer, the bromide adlayer is not aligned along
the &3 directions of the Au(111) substrate but deviates
from the latter by a small potential-dependent angle y„,.
A similar structure was observed for the ordered iodide
monolayer on Au(111) at the most positive potentials.
DifFerences between our results and previous in situ STM
observations are related to the higher precision of the x-
ray scattering lneasurements. A detailed description of
bromide adsorption based on the results of a combined
x-ray scattering STM study will be published elsewhere. '

The basic structural properties of the hexagonal ad-
layer phases of chloride, bromide, and iodide are summa-
rized in Table I. All adlayers can be compressed up to an
interatomic distance close to the van der Waals diameter
a,dw of the halide adsorbate. The electrocompression
BI /BE of the three species differs by only 30% indicating
similar adsorbate-adsorbate interactions within the ad-
layers. From the potential shift of the I (E) curves with
the logarithm of the bulk electrolyte halide concentration
we can evaluate the electrosorption valency y. The elec-
trosorption valency describes the potential dependence of
the adsorption equilibrium and is related to the amount
of charge transfer upon adsorption. ' For all three halide
adsorbates y is about —1 in the ordered phases, i.e., the
adsorbates are almost completely discharged. The elec-
trosorption valency of bromide on gold was previously
measured by electrochemical and optical methods at
more negative potentials where the adlayer is disordered.
Here considerably lower values, —0.4 to —0.76, were
found with the absolute value of y rising with increasing
potential. ' The latter may be consistent with the obser-
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vation of y= —1 in the potential regime of the ordered
adlayer.

The ordered halide adlayer is formed in a disorder-
order transition at a critical surface density I;„oraver-
age adatom distance a,„. As shown in Table I, the ratio
of this distance and of the van der Waals diameter of the
adsorbate a,„/a„dw is approximately the same for all
three halides (the absolute value of this ratio depends on
the method by which the respective triplet of van der
Waals diameters has been obtained). Previously, order-
disorder phase transitions in (quasi) two-dimensional (20)
systems have been studied extensively by computer simu-
lations using Monte Carlo techniques. A ratio of
1.12—1.19 has been calculated from simulations of a two-
dimensional system of particles interacting via a
Lennard-Jones potential, ' in agreement with our results.
The average distance between the adsorbate and the first
Au layer is about 2.4 A for all halides according to previ-
ous in situ x-ray-reAectivity measurelnents. ' This, as
well as spectroscopic results, ' suggest a predominantly
covalent character of the Au-halide bond. However, the
incommensurability of the halide lattice requires a more
complicated delocalized bonding of these adlayers as has
been proposed on the basis of vacuum experiments. '

The energetics of the ordered adlayer is reAected by the
lateral compressibility ~20. From our data, values for the
halide-adlayer compressibilities in the range 4. 5 —7 A
eV ' are obtained (Table I). This is higher than the
compressibility of electrochemically deposited metallic
monolayers [tczD = 1 —2 A eV ' (Refs. g and 9)] but
significantly lower than that of noble-gas monolayers on
silver and graphite formed by adsorption from the gas
phase [tc2D = 10—30 A eV ' (Ref. 2)]. The compressibil-
ities of the halide monolayers can neither be explained by
the free-electron model valid for metal adlayers nor by
models for physisorbed noble gases, where the

adsorbate-adsorbate interaction is modeled by pair poten-
tials. Using a Lennard-Jones pair potential (with length
and energy parameters cr and c approximated by a,d~
and the values of e for halogen gases, ' respectively), we
calculate halide-adlayer compressibilities which are five

to ten times higher than the experimental values. A
quantitative explanation of the observed compression
and, in particular, of the especially high compressibility
of bromide apparently requires a more sophisticated
treatment of the adatom-adatom interactions in this in-
teresting class of (quasi-) two-dimensional systems. In ad-
dition, substrate e6'ects may cause a much richer phase
behavior in some of these adsorbate systems. An exam-
ple is provided by iodide on Au(111), where the hexago-
nal incommensurate adlayer is preceded by a uniaxial in-
commensurate (p XV'3) phase at more negative poten-
tials.

In summary, we have shown that chloride and bromide
anions form ordered hexagonal-close-packed monolayers
at the Au(111)-solution interface. These measurements
are an example of in situ x-ray surface difFraction from
low-Z adsorbates. The interatomic distance within the
chloride and bromide as well as the structurally related
iodide adlayers is a well-defined function of potential and
indicates lateral interactions ranging between those of
metallic and those of noble-gas monolayers.

Note added in proof. The lateral compressibilities cal-
culated from Lennard-Jones pair potentials (see text
above) depend strongly on the choice of the parameters o.

and E. Using values of o which are 10—20% larger than

a„dw, the experimental compressibilities of the halide ad-
layers can be reproduced.
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