JOURNAL OF

ELECTROANAUITERL
EHEMISTRY

ELSEVIER

Joumnal of Electroanalytical Chemistry 409 (1996) 155-164

The surface structure of Au(111) in the presence of organic adlayers:
a combined electrochemical and surface X-ray scattering study '

Th. Wandlowski *, B.M. Ocko °, O.M. Magnussen °, S. Wu ¢, J. Lipkowski °

 Department of Electrochemistry, University of Ulm, D-89069 Ulm, Germany
e Department of Physics, Brookhaven National Laboratory, Upton, NY, USA
¢ Department of Chemistry and Biochemistry, University of Guelph, Guelph, Canada

Received 18 September 1995

Abstract

In situ X-ray scattering studies of the Au(111) electrode surface have been carried out in KClO, solutions containing uracil, pyridine
or 2,2'-bipyridine using grazing-incident-angle diffraction. At sufficiently negative potentials, the ( p X ¥3) surface reconstruction forms
with a stripe separation p = 23. The formation of a two-dimensional condensed uracil film or a complete monolayer of planar oriented
pyridine or 2,2’-bipyridine hinders the lifting of the reconstruction. Whereas the stripe separation increases continuously over a 0.6 V
range in the base electrolyte, the presence of the organic compounds blocks this process considerably. Only a small, step-like increase in
p is observed, where the adlayer is disordered. There exists a 0.7 V hysteresis between the lifting and the subsequent formation of the
reconstruction. The ( p X V3) phase reappears at potentials where a ‘gas-like’ adlayer is formed once again. Cyclic diffractograms and
potential step measurements have been employed to study the time dependence of these substrate transitions for the system

uracil | Au(111).
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1. Introduction

It is well established from UHV-studies that all three
low-index faces of gold single crystals are reconstructed at
room temperature, e.g. the surface atoms acquire positions
with a periodicity and symmetry pattern distinctly different
from the underlying bulk layers [1-4]. Hamelin suggested
the concept of electrochemically-induced reconstruction in
order to explain the hysteresis in the capacitance vs.
potential curves and certain features in cyclic voltammo-
grams of single crystal gold electrodes in contact with
different aqueous electrolyte solutions [5]. This hypothesis
was proven by combined electrochemical, in situ electrore-
flectance spectroscopy and ex situ electron diffraction
studies with emersed electrodes by Kolb and co-workers
[6-9]. These studies showed that the reconstructed surface
structure of the low-index gold single crystal electrodes
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can be preserved in situ when the potential is sufficiently
negative of the potential of zero charge. The unrecon-
structed surface is formed when the potential is changed
towards sufficiently positive values irrespective of the
anion or cation species. The potential (charge) dependence
of the gold surface structure and the dynamics involved in
the transitions have important consequences for ‘true’
thermodynamic studies of neutral (organic) and ionic ad-
layers.

An atomistic picture of the electrode interface has re-
cently emerged with the development of in situ structural
methods. Scanning tunneling microscopy (STM) and sur-
face X-ray scattering (SXS) studies carried out under
acidic [10~17], basic [18] and neutral [19,20] conditions,
all indicate that the atomic structure depends on the poten-
tial /charge and that the transition between the recon-
structed and the bulk terminated surface is hysteretic. The
latter effect was also detected in experiments employing
second harmonic generation [21].

For the Au(111) electrode there is a potential (charge)
dependent transition between the unreconstructed (1 X 1)
and a striped phase. The striped phase is referred to as a
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(p X V3) structure since it forms a rectangular unit cell
with sides p and V3 in units of the nearest neighbour gold
spacing. X-ray measurements by Wang and coworkers
have shown that the stripe separation p is potential depen-
dent and reaches its minimum value p = 23 for all elec-
trolyte systems at sufficiently negative potentials [19].
With STM, the uniaxial compression gives rise to a ‘dou-
ble stripe’ pattern with a periodicity of about 6.4 nm and a
corrugation height of about 0.02 nm [17]. This structure is
completely lifted at positive charge densities. Depending
on the nature of the applied electrical perturbation (slow
scan, potential step), the extra amount of surface atoms
from the more densely packed (p X v3) phase will be
incorporated into steps and/or form monatomic high is-
lands. The mobility of steps and islands is facilitated by
strongly adsorbing anions [22]. STM studies showed fur-
ther that the transitions between Au(111)-(p X y3) and
Au(111)-(1 X 1) are most probably controlled by hetero-
geneous nucleation at defect sites and a rather complicated
growth mechanism along the reconstruction elements
[16,23].

Despite this progress, the driving force for the electro-
chemically-induced reconstruction is not fully understood.
Systematic SXS studies of the Au(111) electrode in 0.1 M
solutions of NaF, NaCl and NaBr suggest that the recon-
struction starts to lift at a negative surface charge density
of (—10+5) uC cm™2 [19). These measurements, how-
ever, are affected by the specific adsorption of anions, thus
it is difficult to ascertain the relative roles of charge and
adsorption in determining the phase behaviour. Our study
of Au(111) in the presence of organics was partially
motivated by the desire to modify the role of adsorption by
introducing neutral adsorbates.

Here we report detailed in situ X-ray scattering and
electrochemical results from the Au(111) surface in the
presence of uracil. SXS is ideally suited to investigate the
surface reconstruction in the presence of an adlayer since it
is sensitive to both the surface structure and the near
surface region. The choice of uracil as a model compound
is based on a recent electrochemical and STM study which
showed a series of structural transformations [24]. How-
ever, the surface coordination of uracil with the underlying
gold substrate at high potentials makes it still difficult to
determine accurately the ‘free surface charge’ in the poten-
tial region where the reconstruction lifts. Additional mea-
surements of the Au(111) surface, carried out in solutions
containing pyridine or 2,2’-bipyridine, exhibit similar po-
tential dependencies as those of uracil. In particular, the
large hysteresis between the lifting and the formation of
the reconstruction is universal for all three organic
molecules investigated.

The paper is organized as follows. In Section 2 we
describe some experimental details. The results of the
surface X-ray diffraction study are reported in Section 3.
The structural and kinetic data of Au(111) surfaces in the
presence of uracil will be compared with those obtained

for pyridine, 2,2"-bipyridine and halide anions. A summary
of these findings is given in Section 4.

2. Experimental

The electrochemical measurements were carried out
with Au(111) single crystal cylinders (4 mm diameter and
4 mm thickness) employing the so-called ‘hanging menis-
cus technique’ [25]. Gold-disk electrodes (10 mm diame-
ter, 2 mm thickness), well-aligned along the (111) direc-
tion were used in the X-ray measurements. Before each
experiment the electrode was annealed until the crystal
glowed red for about 2 min. After a short cooling period in
air (several minutes), the electrode was quenched in ‘Milli-
Q’ water. The crystal was then transferred to the electro-
chemical or X-ray cell (for details see Ref. [19]) with a
droplet of water adhering to the polished surface. Contact
with the electrolyte was established under potential control
(at E= —0.60 V vs. SCE) in most of the experiments. In
the electrochemical measurements a saturated calomel
electrode (SCE) was used as a reference, while a
Ag|AgCl|KCI(sat) electrode was used for the X-ray mea-
surements. All potentials cited subsequently refer to the
Ag|AgCl electrode if not stated otherwise.

The solutions were prepared from ‘Milli-Q’ water,
KCIO, (Fluka, puriss, p.a.) and various additions of twice
recrystallized uracil (Fluka, p.a.), pyridine (Merck, puriss.)
or 2,2'-bipyridine (Fluka, p.a.). They were deaerated with
99.999% nitrogen prior to each experiment. Nitrogen was
passed over the electrolyte in case of the electrochemical
measurements or through the outer chamber of the X-ray
cell in order to keep the cell atmosphere free of oxygen.
All experiments were carried out at room temperature,
(20 + 1)°C.

The capacitance measurements were performed using
an 18 Hz sine wave of 10 mV (peak-to-peak) amplitude
superimposed on a voltage ramp or step. A positive feed-
back was used to compensate for the solution resistance.
The alternating current was amplified by a lock-in ampli-
fier (ITHACO 393). The digitized out-of-phase and in-
phase components of the electrode admittance were anal-
ysed using a parallel RC equivalent circuit. Other details
of the electrochemical measurements are described in Ref.
[24].

The X-ray scattering measurements were carried out
with focused monochromatic radiation (A = 1.54 A) at the
beam line X22B of the National Synchrotron Light Source
at Brookhaven National Laboratory. The sample was ori-
ented on a four circle goniometer through its Euler angles
0, x and ¢. In order to describe the scattering wave
vector (H,K,L) in terms of its components within the
surface plane and along the surface normal, a hexagonal
coordinate system was employed [19]. The hexagonal re-
ciprocal space lattice constants are a* =b" = 41r/a\/?? =
2.52A"and ¢* = 2m/aV6 = 0.89 A~ !, where a = 2.885
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A is the gold nearest neighbour spacing. The correspond-
ing angles are a = 8= 90° and y = 120°. Further informa-
tion of the X-ray set-up and the procedures are given in
Ref. [19].

3. Results and discussion
3.1. The Au(111) surface in the presence of uracil

3.1.1. Electrochemical data

Fig. 1 shows a typical cyclic voltammogram and the
corresponding ‘capacitance’ (actually the frequency-nor-
malized out-of-phase component of the interfacial admit-
tance Y”/jw) vs. potential curve for Au(111) in 50 mM
KCIO, containing 12 mM uracil [24]. Four different poten-
tial regions, labelled I to IV in Fig. 1, may be distin-
guished.

Region I: This is assigned to the random adsorption of
uracil molecules. The adsorbate coverage is increasing
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Fig. 1. (A) Current-potential and (B) frequency normalized out-of-phase
component of the interfacial admittance for Au(111) in 50 mM KCIO, in
the absence (----- ) and in the presence ( )} of 12 mM uracil at
20°C. Scan rate 10 mV s~'. The Y” /jw curve in the presence of uracil
was always composed of two traces. The electrode was imersed under
potential control at E=0.05 V. After a waiting time long enough to
establish a steady state the potential was either scanned towards positive
or negative values, and subsequently reversed. Some data of potential
step experiments are added. The filled and open circles in (B) correspond
to the initial (# — 0) and final (7 - ®) values of Y” /jw obtained after the
application of a single potential step from E;=0.50 V and E variable.

continuously from —0.75 V (complete desorption) up to
approximately —0.2 V.

Region II: Current spikes, which exist in the positive
scan direction of the voltammogram at —0.17 V and at
0.20 V, indicate two-dimensional phase transitions. They
represent the formation and dissolution of an ordered
uracil adlayer respectively (Fig. 1(A)). The molecules are
physisorbed on the gold surface and most probably planar
oriented [24]. This phase is labelled region II.

We note that the positions of the transition peaks in the
subsequent negative scan are significantly shifted towards
more negative potentials. The voltammetric features have
their counterparts in sharp discontinuities in the corre-
sponding ‘capacitance’ vs. potential curves (Fig. 1(B)),
which delimit the so-called ‘pit’ region II [24]. The pit
width decreases with increasing uracil concentration and
increasing temperature. Phase II exists only at adsorbate
concentrations greater than 2 mM and is stable at tempera-
tures as high as 60°C. A marked, but distinctly different
hystersis is observed at both edges of region II when
changing the direction of the potential scan. Current tran-
sients revealed that the features at the negative pit edge,
around —0.20 V, are controlled by the kinetics of nucle-
ation and growth of the ordered adlayer II. The nature of
the broad hysteresis at the positive stability limit of the
condensed uracil film, between 0.0 V and 0.20 V, could
not be resolved unambiguously with classical electrochem-
ical measurements.

Region III: The dissolution of the ordered uracil adlayer
Il at E>020 V is followed by a broad peak in the
voltammogram (region III). The latter consumes approxi-
mately a charge of 60 uC cm™2 regardless of the uracil
concentration. Tentatively, we associate region III with the
reorientation of the adsorbate and the formation of a
surface coordination compound between uracil and gold
surface adatoms. This transition region exhibits marked
kinetic control. An example is given in Fig. 1(B), which
also shows the initial (just after application of the potential
step, t— 0, filled circles) and final values (¢t — o, open
circles) of Y”/jw when stepping the potential from E; =
0.50 V towards more negative values.

Region IV: A new steady state adsorption phase, which
is labelled region IV, is formed in 0.35 V< E<0.75 V.
This region is characterized by a capacitance of approxi-
mately 14 wF cm™2, which is independent of temperature,
potential and adsorbate concentration. The layer shows
typical characteristics of a chemisorbed phase. It is, for
instance, stable at temperatures as high as 100°C. In situ
STM measurements revealed an ordered hexagonal struc-
ture with a lattice constant of (4.7 + 0.3) A [24,26]. Inter-
pretation of the observed contrast pattern in geometrical
terms gives an area per molecule of (19 + 3) A%, The
corresponding values of the surface excess and the uracil
coverage amount to (8.7 + 1.5) 107'° mol cm ™2 and 0.38
referring to the underlying gold substrate respectively. The
data point to a perpendicular orientation of the uracil
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molecule coordinated with the gold surface via the N1
ring-nitrogen. This interpretation is also supported by the
structure of coordination complexes of Au(Ill) and uracil
as obtained in crystallographic experiments [27].

The combined charge balance of regions III and IV (g
as obtained by integration of the corresponding current in
the voltammogram that is plotted in Fig. 1(A)) provides an
estimate of the number of electrons n involved in the
formation of the steady state chemisorbed phase IV: n = 0.7
was calculated with g =nFI", where I' is the surface
excess and F is the Faradaic constant.

The previous discussion showed that the phase be-
haviour of uracil on Au(111) is rather complicated and that
classical electrochemical measurements do not allow one
to distinguish between dynamic effects originating from
adlayer changes or substrate modifications. Therefore, we
explore in the following sections the influence of uracil on
the reconstruction phenomena of Au(111) using surface
X-ray diffraction. Our focus will be the stability range of
the reconstructed Au(111) surface in the presence of the
organic molecule and its influence on the potential-induced
reconstruction. The results will provide an important
guideline for subsequent thermodynamic and kinetic stud-
ies on uracil and related compounds, especially in the
regions II and IV.

3.1.2. Surface X-ray diffraction experiments

3.1.2.1. Stability of the (p X V3 ) reconstruction in the
presence of uracil.

The Au(111) surface reconstruction is characterized by
a small uniaxial compression of the top layer of gold
atoms. In terms of a real space unit cell, the reconstruction
is referred to a (p X V3) structure, since in the incommen-
surate direction there is an extra row of surface gold atoms
for every p underlying gold rows and in the orthogonal
direction the surface gold atoms are commensurate along
the V3 direction. The ( p X V3 )-reconstruction gives rise
to additional in-plane superstructure reflections beyond the
underlying (1 X 1) signal. Owing to the three symmetry
equivalent reconstruction domains (rotated from each other
by 120°), the additional reflections are arranged in a
hexagonal pattern surrounding the integer (H,K ) positions
[4,19,20]. For illustrative purposes, the reciprocal space
pattern of the Au(111) surface around the low-order
diffraction spot (0,1) at L = 0.5 is reproduced from Ref.
[19] in Fig. 2. The length of the reconstructed superstruc-
ture (stripe separation p) is inversely proportional to the
incommensurability, 8= (3 /2)/p. By following the in-
tensity and the positional changes of the superstructure
reflections with potential the reconstruction of Au(111)
can be monitored in situ.

To characterize the reconstructed phase, the scattering
profiles are measured through the (0,1) bulk reflection and
one of the two surface reflections with the largest wave-
vector transfer with L = 0.2. The scan is indicated by ¢, in

Fig. 2. Schematic representation of the reciprocal space pattern for the
Au(111) surface around the low-order bulk-reflection (0,1) at L=0.5.
The four satellite spots originate from the (p X V3) reconstructed phase
with its three rotationally equivalent domains. The axis g, is defined to
be along the [1,1] direction. The figure is reproduced from Ref. [19].

Fig. 2, where the corresponding in-plane projection is
given by (q,/V3a*,1 +q,/V3a"). We present in Fig. 3
a typical set of scattering profiles along ¢, for 12 mM
uracil in 50 mM KClO,, after background subtraction. The
potential was varied from —0.80 V to 0.70 V and then
back to —0.80 V in increments of 50 mV steps. Every
fourth profile is plotted in Fig. 3. Each datum point was
obtained by counting the scattered intensity for 2 s. The
‘effective scan rate’ was 0.25 mV s~'. We observed that

20 | I |

Instensity/(arb. units)

intensity/(arb. units)

-0.02 0.00 0.02
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Fig. 3. Typical set of the X-ray diffraction profiles along the g, axis at
L =02 for 12 mM uracil at the 50 mM KCIO,|Au(111) interface. (A)
and (B) represent the positive and negative-going directions of the
‘staircase-like’ potential scan. The solid lines are fits to a Lorentzian
line-shape (Eq. (1)) as described in the text. Subsequent curves are
plotted with an offset of 3 units in our scale.
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the intensity of the reconstruction peak decreases with
increasing potential until it merges at E = 0.60 V with the
diffuse scattering originating from the electrolyte and the
window. The reconstruction peak re-emerges after chang-
ing the direction of the potential scan, at £E< —0.20 V
(Fig. 3(B)), i.e. significant hysteresis occurs. Similar trends
can be monitored by following the intensity of the (0, 1)
reflection.

A quantitative description has been obtained by fitting
the scattering profiles along ¢, (see Fig. 3) to the sum of
two Lorentzians and a small linear background.

1, 15
*\2 2 + * 2 2
1+(q/a”) /oc* 1+(q./a" —8) /0
+A+Bgq,/a* (N

The first term describes the scattering around (0,1), the
second one corresponds to the scattering centered at
(8/V3,1+8/V3),and A and B are background parame-
ters. The parameters /, and I; represent peak intensities at
g,=0 and g .= 8a". The stripe separation is given by
Ly=pa= af3L/(26). o and o; are respectively the cor-
responding Lorentzian profile widths, which are measures
of the average minimum distance between steps (about 300
/&), and the distance over which atoms in the reconstructed
layer are positionally correlated.

For a freshly annealed reconstructed surface we esti-
mate a correlation length of approximately 56a at poten-
tials £ < —0.60 V and in the absence of uracil, which is
in reasonable agreement with previously estimated data for
different inorganic supporting electrolytes [19]. Fig. 4 sum-
marizes the results of the fit in the pure supporting elec-
trolyte (50 mM KCIO,) and with the addition of 12 mM
uracil. The stripe separation is shown in (A), the (1 X 1)
intensity is shown in (B), and the integrated intensity
(03 13) in (C). The intensities have been normalized to their
maximum values.

The maximum compression of the reconstructed surface
corresponds to a stripe separation Ly = 23a. This has been
observed in vacuum and under a variety of electrochemical
conditions. As shown in Fig. 4(A), the potential-induced
reconstructed surface in perchlorate and with the addition
of uracil also reaches L;=23a at about £ < —0.60 V.
Subsequently, as long as the potential is kept below —0.30
V, the stripe separation remains fixed at this value. For the
pure supporting electrolyte there is a continuous increase
in Ly with increasing potential. At —0.30 V L starts to
increase from 23a, and by 0.30 V it reaches 33a. Above
0.30 V the reconstruction peak is sufficiently broad that it
is difficult to locate its position; correspondingly, L is
poorly defined and not shown in Fig. 4(A) at these poten-
tials. However, the integrated reconstructed intensity does
not vanish until about 0.45 V. By 0.55 V the (0,1,0.2)
intensity reaches its plateau (Fig. 4(B)), and this signifies
that the (1 X 1) surface has fully stabilized. The onset of
the transition from the (23 X V3) surface phase to an
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Fig. 4. Stripe separation (A), fitted (0,1) intensity (B) and integrated
reconstruction intensity (C) as a function of the electrode potential for 50
mM KCIO,|Au(111) in the absence (O, @) and in the presence (O, W)
of 12 mM uracil. The data have been obtained by fitting Eq. (1) to the
scattering profiles (cf. Fig. 3). The open (filled) symbols represent the
positive (negative) direction of the potential scan.

ideally terminated surface corresponds approximately to a
charge density range between —10 uCcm™? to —15
wC cm™2. Similar findings have been obtained for other
weakly adsorbing supporting electrolyte systems [19].

The potential range where the reconstruction intensity
approaches zero and the (0,1) signal reaches its maximum
(E = 0.400 V) coincides with the detection of monatomic
high gold islands with STM [15] and an increase of the
surface diffusion coefficient of gold atoms in perchloric
acid [28].

The continuous change in Ly, observed in the pure
electrolyte over a wide potential range (see Fig. 4(A),
circles), is not observed in the presence of uracil (squares).
In the presence of uracil, however, there is a step-like
increase in Ly to 24a at about —0.25 V. This potential is
close to the transition between randomly adsorbed uracil
molecules (region I) and the physisorbed condensed film
(region II). Between —0.20 V and 0.30 V (regions II, 11
and partially IV) Ls remains constant at 24 4. Furthermore,
time-dependent experiments illustrate that this diffraction
pattern is stable for hours. Thus, the ordered layer of uracil
appears to hinder the mobility of the gold surface atoms,
hence stabilizing the reconstruction. But already within the
stability region of the chemisorbed film IV (cf. Ref. [24]),






