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Reversal of chloride-induced Cu(001) subsurface buckling in the electrochemical environment:

An in situ surface x-ray diffraction and density functional theory study
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The interface of Cu(001) electrode surfaces in 10 mM HCI solution was studied by in situ surface x-ray
diffraction and density functional theory, focusing on the precise structure of the ¢(2 X 2) Cl adlayer formed at
positive potentials. Crystal truncation rod measurements in this adsorbate phase at a potential of
—0.20 Vg a,cr reveal distinct differences to corresponding data by Tolentino et al. [Surf. Sci. 601, 2962
(2007)] for the ¢(2 X 2) ClI structure formed at the Cu(001)-vacuum interface. Although in both environments,
the atoms in the second Cu layer exhibit a small vertical corrugation, the sign of this corrugation is reversed.
Furthermore, also the Cu-Cl bond distance and the average Cu interlayer spacings at the surface differ. Ab
initio calculations performed for this adsorbate system reproduce these effects—specifically the reversal of the
subsurface second-layer buckling caused in the presence of coadsorbed water molecules and cations in the
outer part of the electrochemical double layer. In addition, studies at more negative potentials reveal a con-
tinuous surface phase transition to a disordered Cl adlayer at —0.62 V z4/aqc1, but indicate a substantial CI

coverage even at the onset of hydrogen evolution.
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I. INTRODUCTION

The atomic-scale structure of the metal-electrolyte inter-
face is a topic of central importance to interfacial electro-
chemistry and has been studied extensively by electrochemi-
cal measurements, structure-sensitive in situ techniques, as
well as by theoretical methods. In particular, adsorbate layers
of strongly chemically bound (“specifically adsorbed”) an-
ions, such as halide or sulfate, have been investigated in
great detail, revealing a complex, potential-dependent two-
dimensional (2D) phase behavior, which can significantly af-
fect electrochemical reactions such as galvanic deposition,
etching, corrosion, and electrocatalytic processes.! Often
very similar superstructures are observed as those found in
studies under ultrahigh vacuum (UHV) conditions after ad-
sorption of the corresponding gaseous species from the gas
phase. Nevertheless, complete structural agreement is not ex-
pected since in electrochemical environment the presence of
physisorbed species in the so-called diffuse double layer—
notably coadsorbed water and cations—leads to pronounced
changes in the electrostatic potential drop at the interface, as
revealed by UHV model studies on simulated double
layers.>3 The precise influence of these effects on the inter-
face structure is still unclear. Specifically, up to now only a
few studies have presented detailed measurements of the
bond lengths at electrochemical interfaces that could be di-
rectly compared to structural data on corresponding anionic
adlayer structures under UHV conditions.*® Such compara-
tive studies allow to clarify how the presence of the outer
part of the double layer alters the chemical bonding of the
chemisorbed inner adsorbate layer to the surface and the near
surface structure of the metal electrode, which in turn may
throw light on the interplay among the interactions of the
various species at the interface, the charge distribution, and
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the interface structure. Here we present a combined surface
x-ray diffraction (SXRD) and density-functional theory
(DFT) study of Cu(001) in hydrochloric acid which reveals
that the presence of water and cations in the outer double
layer not only introduces relaxations in the spacing of the
chemisorbed chloride and the first metal layers but also a
reversal of a subsurface lattice modulation as compared to
that observed in UHV. For better understanding of the struc-
tural differences in UHV and in electrochemical environ-
ment, we estimate the difference of the work function intro-
duced by the electrolyte and discuss its influence on the
structure of the adsorbate complex.'?

Halide adlayers in electrochemical environment' as well
as the corresponding halogen adlayers formed in the gas
phase!! adsorb on the (001) surface of most fcc metals in
form of a simple low-order commensurate ¢(2 X 2) structure
with P4mm symmetry, where the adsorbates reside in the
energetically strongly preferred fourfold-hollow sites of the
metal substrate lattice.'>'> A prototypical system for halide
adsorption on fcc(001) surfaces and for which the adsorption
process has been studied by SXRD and by electrochemical
methods is Br on Ag(001).!%1%!7 For increasing potential a
second-order phase transition from a lattice gas to an ordered
¢(2%2) structure has been found for the bromine adlayer.
Also the adsorption of Cl on Cu(001) is an important, well-
studied example of this ¢(2 X 2) adlayer. It has been reported
for chlorine adlayers under UHV conditions'®> as well as in
chloride-containing electrolytes.®”-20-31 However, at the elec-
trochemical interface the ¢(2X?2) structure was observed
only positive of a critical potential (=0.4 V401 at a Cl
concentration of 107> M) by in situ STM, whereas at more
negative potentials the (1X 1) substrate lattice was visible,
suggesting a potential-induced order-disorder phase transi-
tion into a dilute adlayer of highly mobile chloride.?®3° More
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recently, the surface-normal interface structure of the c(2
X 2) adlayers of Cl and Br on Cu(001) was studied by in situ
SXRD, focusing on the halide-copper interlayer spacing.®’
Specifically, the dependence of the Br adlayer spacing on
potential was found to be stronger than that of the Cl adlayer,
which was attributed to a more ionic character of the Cl and
an almost discharged Br adsorbate, respectively. Similar
SXRD measurements of Cl on Cu(001) surfaces under UHV
conditions by Tolentino et al.'® as well as earlier angle-
resolved photoemission studies by Wang et al.*? indicated
that the ¢(2 X 2) superstructure extends to the second atomic
copper layer in form of a small subsurface buckling, an ef-
fect that was also reported for the ¢(2 X 2) Br adlayer in the
in situ SXRD study by Saracino et al.%’

In this work we present detailed in sifru SXRD and
complementary DFT results on the adsorption behavior and
interface structure of Cu(001) electrodes in chloride-
containing electrolyte, focusing on the buckling in the sec-
ond Cu layer. These studies allow to directly compare the Cu
surface structure in the presence of the ¢(2X2) Cl adlayer
and after disordering and partial desorption of the CI with
corresponding data for Cl-covered and clean Cu(001) sur-
faces under UHV conditions, respectively. In particular, the
influence of the electrochemical environment on the copper
subsurface buckling will be discussed. As reference for the
surface structure of the ¢(2 X 2) Cl adlayer at the Cu(001)-
vacuum interface we will use the recent SXRD study by
Tolentino et al.'® SXRD provides direct, highly accurate
structural data that can be modeled on the basis of simple
kinematic diffraction theory. Results by this technique there-
fore seem more reliable than those obtained by electron dif-
fraction methods, where more complex modeling by dy-
namic scattering theory is required.

II. EXPERIMENTAL
A. Surface x-ray diffraction

The x-ray scattering experiments were performed at the
ID 32 beamline of the European Synchrotron Radiation Fa-
cility in Grenoble using a photon energy of 22.5 keV and a
grazing incidence angle of 0.44°. The Cu(001) single-crystal
sample (Mateck, 99.999%, 4 mm diameter, miscut <0.1°)
was prepared prior to the experiments by electropolishing in
70% orthophosphoric acid. Subsequently, the sample was
covered by a droplet of milli-Q water and mounted into the
electrochemical hanging meniscus cell described in Ref. 33.
In all experiments 10 mM HCI solution prepared from supra-
pur hydrochloric acid (Merck) and milli-Q water was used as
electrolyte. All potentials were measured versus a Ag/AgCl
(3 M KCl) reference electrode. During the measurements the
liquid meniscus in contact with the surface was kept under
high-purity nitrogen (air liquid, 99.999%) to remove dis-
solved oxygen from the electrolyte.

In the crystal truncation rod (CTR) studies the integrated
intensities |Fy|> (Where Fyy, is the structure factor) of differ-
ent reflections (hkl) were measured in z axis geometry by
rotating the sample about its surface normal. The
background-subtracted integrated intensities were corrected
for the Lorentz factor, polarization factor, active sample area,
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and the rod interception appropriate for the z axis
geometry.** Since the specular rod was recorded in (6-26)
geometry, for which different corrections for the active
sample area and the rod interception have to be applied than
for the nonspecular CTRs, its intensity distribution had to be
corrected by an additional scaling factor. Errors due to pho-
ton statistics and systematic errors in data acquisition are
taken into account. The latter was estimated from deviation
of measured integrated intensities of symmetry equivalent
reflections to 20% and is the dominating contribution. The
structure was determined by a fit of the simulated square of
the structure factors to the experimental ones and a x> mini-
mization using the code “fit” (Ref. 35) which allows a three
dimensional structural refinement of the SXRD data.30-38
The parameter error Ax of the best fit value x is determined
by X*(x+Ax)=x*(x)+1.

Standard bulk coordinates of the Cu(0 O 1) surface
(a,=ay=a;=3.615 A, a=B=y=90°) are used in the follow-
ing. The momentum-transfer vector is then defined by
Q=Hb+Kb,+Lbs with aibi:2775,~j where H, K, L, are the
diffraction indices. The index L is along the direction per-
pendicular to the surface. The indices of the crystal trunca-
tion rods are given by (H+K=2n) and the ones for rods from
the reconstructed surface are determined by (H+K=2n+1).

B. Density functional theory

The density functional theory (DFT) calculations were
performed using the Vienna ab initio simulation program
(vasP) developed at the Institut fiir Materialphysik of the
Universitidt Wien.***? The generalized gradient approxima-
tion by Perdew and Wang (PW91-GGA) (Ref. 43) is applied
to the exchange-correlation energy-functional. All atoms ex-
cept Ca are described by projector augmented wave (PAW)
pseudopotentials as introduced by Blochl et al.** Ca atoms
are described by ultrasoft pseudopotentials. The potentials
for VASP from the database are used.*’

The Cu(001) surface is simulated by a slab geometry with
a supercell containing 15 Cu layers and a p(2X?2) surface
unit cell. The theoretical lattice constant for Cu of ¢
=3.636 A is assumed, which is slightly larger than the ex-
perimental lattice constant ¢=3.615 A. The CI atoms are
adsorbed on both sides of the slab forming a ¢(2X2) super-
structure, with the Cl atoms occupying hollow positions of
the Cu(001) surface. The kinetic-energy cutoff of the plane-
wave basis set has been chosen equal to 280 eV, and the
integrals over the Brillouin zone are approximated by sums
over special k points. We use a 6 X 6 Monkhorst-Pack set of
equidistant k points*® parallel to the surface. Atomic posi-
tions were relaxed until the residual forces acting on the Cu
and CI atoms are less than 1 meV/A. The maximum al-
lowed residual force has been chosen rather small because
the atomic displacements of interest in this work are only of
the order of few mA. In this way, the surface structure under
UHYV conditions can be calculated.

The Cu(001)-c(2 X 2) Cl surface becomes much more dif-
ficult to describe when in contact with an electrolyte. Differ-
ent approaches to simulate electrochemical interfaces have
been developed and are described in the literature.”*’-5? Here
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we follow two different simple approaches in order to obtain
a qualitative impression of the effects on the Cu surface re-
laxation induced by the presence of the electrolyte: (i) a ho-
mogeneous electric field of the order of 0.3-0.9 V/A is
applied perpendicular to the slab® to simulate the electric
field in the Helmholtz layer. In the bulk the electric field is
screened by the induced surface charge density. The electro-
static potential has a discontinuity in the middle of the
vacuum region. In this way the perturbing potential can be
taken to be periodic. We monitor the additional displacement
of the Cl and the Cu atoms induced by the electric field
together with its induced screening charge density. (ii) Fol-
lowing the method described (and already applied to
Cu(001)/halogen/electrolyte interfaces) by Saracino et al.,’
two Ca atoms are placed in the middle of the vacuum region
within each supercell. They are located atop the two Cl at-
oms in the p(2 X 2) surface unit cell, but in view of the large
separation between the Ca and the surface atoms we expect
displacement of the Ca atoms parallel to the surface to be of
only minor importance for the effects investigated here.
Electrons are transferred from the Ca atomic layer to the
metal-halogen slab. This charge transfer results in an electric
field in front of the metal. Furthermore, two pairs of water
molecules, located on top of each other, have been added to
each side of the slab. As in Ref. 7, the H-atoms point toward
the surface, and the O atoms lie above the Cl atoms. During
the subsequent relaxation, the Cl atoms and the Cu atoms in
the outermost six layers of the slab as well as the H and O
atoms of the water molecule are allowed to move, with each
O-atom being restricted to an axis perpendicular to the sur-
face. The residual forces acting on the water molecules are
less than 3 meV/A. In order to control the pressure exerted
on the surface, calculations have been carried through for
different thickness of the region between the slabs.

III. RESULTS
A. Surface x-ray diffraction

In the initial phase of the experiments the Cu(001) surface
was characterized by cyclic voltammetry, recorded in the
SXRD cell, and parallel measurements of the scattered x-ray
intensity at selected positions along the substrate’s CTRs and
¢(2%2) superstructure rods (Fig. 1). Specifically, the
potential-dependent intensity at (1, 0, 0.1) and (1, 1, 0.1),
i.e., the ¢(2X2) superstructure rod and the anti-Bragg posi-
tion of the lowest-order Cu(001) CTR, was monitored. The
intensity measured at (1, 0, 0.1) is proportional to the square
of the coverage of the Cl induced ¢(2X2) superstructure,
whereas data monitored at the anti-Bragg position (1, 1, 0.1)
is sensitive to the coverage of all Cu-hollow sites occupied
with Cl atoms, independent of the degree of order.!” Record-
ing the potential dependent intensity of both the superstruc-
ture rod and the anti-Bragg position is therefore indispens-
able to determine independently the coverages for both
adlayer phases, the two-dimensional lattice gas as well as the
Cl ¢(2 X 2) superstructure. In the voltammogram, Cl adsorp-
tion and desorption manifests in form of broad peaks be-
tween =~-0.35 V and the onset of hydrogen evolution near
—0.70 V (the additional cathodic current in this potential
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FIG. 1. Cyclic voltammogram (scan rate 10mV/s) of Cu(001) in
10 mM HCI (solid line) as well as potential-dependent intensity of
the Cl superstructure rod at (1, 0, 0.1) and the Cu CTR at (1, 1, 0.1).
In addition, the intensities measured after a step from —0.2 V to
different potentials are indicated (filled triangles).

range may be related to the reduction of small amounts of
residual oxygen in the cell). During the chloride adsorption
process the intensity at the anti-Bragg position decreases
while the intensity at the superstructure rod increases from
zero at the negative potential limit to a saturation value at
potentials positive of =—0.35 V. Potential-step experiments
show that the intensity change occurs on time scales shorter
than the time resolution of the SXRD experiments (0.5 s) and
is highly reversible (as also seen in the potential-sweep ex-
periment in Fig. 1). Such a behavior can only be attributed to
the desorption and disordering of the chloride adlayer,
whereas other structural changes such as potential-induced
variations in the surface roughness can be excluded. Further-
more, no evidence of other ordered Cl adlayer structures was
found in in-plane scans along high-symmetry directions. The
latter as well as the absence of potential-induced surface
roughening is in excellent agreement with the extensive pre-
vious in situ STM studies of this system.

According to these measurements, residual ¢(2 X 2) order-
ing exists down to potentials close to the onset of hydrogen
evolution and only completely disappears at —0.62 V. This
¢(2X2)«(1 X 1) transition manifests in form of small peaks
in the cyclic voltammogram and occurs at substantially more
negative potentials than those where the ¢(2X2) structure
was observed by in situ STM.?30 The latter most likely is
caused by a high adsorbate mobility in the potential regime
where the surface is only partially covered by the ordered
adlayer structure, inducing rapid fluctuations in the ¢(2 X ?2)
domain network on time scales beyond the temporal reso-
lution in the earlier STM studies. Indeed, in very recent in
situ video-STM observations positional changes of the Cl
adsorbates at domain boundaries faster than 10™* s were
inferred.>* The intensity curves at (1, 0, 0.1) and (1, 1, 0.1)
are identical for potential sweeps in positive and in negative
direction, indicating a highly reversible process as expected
for anion adsorption. Furthermore, in potential jump experi-
ments the same steady-state intensities were obtained after
the potential step (Fig. 1, filled triangles), typically faster
than the experimental time resolution (1 s). Consequently,
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FIG. 2. Experimental crystal truncation rods of Cu(001) in 10 mM HCI at —0.70 V (circles) and best fit based on a relaxed bulk like

structure (lines).

the curves in Fig. 1 represent the potential-dependent equi-
librium state of this adsorbate system.

These results are at variance with recent SXRD experi-
ments on Cu(001) in Br-containing solution by Saracino et
al.” In that study the intensity at (1, 0, 0.1) on the superstruc-
ture rod was found to be nearly constant over the entire
double layer potential range, even at negative potentials,
where the corresponding voltammogram exhibited similar Br
adsorption and desorption peaks as visible in Fig. 1. The
reason for this discrepancy, not only to our SXRD results but
also to the electrochemical and previous in situ STM data,?
is currently unclear. However, the behavior observed in this
study is almost identical to that found by in sifru SXRD for
bromide and chloride adsorption on Ag(001) electrodes,
where likewise a continuous order-disorder transition to a
¢(2X2) phase with very similar x-ray intensity curves was
reported.'%1017 Specifically, for Br on Ag(001) the intensity
at (1, 1, 0.1) was found to increase toward more negative
potentials, as in the system studied here, reaching a satura-
tion value only 300 mV negative of the potential where the
¢(2X2) superstructure peak disappeared. This behavior was
attributed to the presence of a disordered 2D lattice gas of
adsorbates which partly occupy fourfold hollow and partly
other adsorption sites. Also for Cl on Cu(001) an analogous
lattice gas most likely exists negative of the phase transition
potential, although the complete desorption of the anion ad-
layer apparently only occurs deep within the hydrogen evo-
Iution regime and hence was not accessible in the SXRD
experiments. The chloride desorption process on Cu(001)
with a remaining ¢(2 X 2) structure is stretched over a range
of 300 mV, whereas the Br desorption process on Ag(001)
with a remaining ¢(2 X 2) structure only takes place over a
potential range of 200 mV. This indicates that the desorption
process is slower for Cl on Cu(001) than for Br on Ag(001)
which can be explained by the less noble character of the
copper substrate compared to silver and the higher ionicity of
the chloride compared to bromide inducing a stronger bind-
ing with larger attractive interaction between the substrate
and adsorbate.

Detailed studies of the interface structure were performed
at —0.20 V, where the surface is fully covered by the c(2
X2) Cl superstructure (Fig. 2), and at —0.70 V, ie.,
~100 mV negative of the order-disorder phase transition
potential (Fig. 3). At both potentials we measured the (1, 1,

L), (2,0,L), (2,2,L)and (1, 3, L) CTRs and obtained a set
of 48 nonequivalent reflections. At —0.20 V in addition the
specular rod and the (1, 0, L) and (1, 2, L) superstructure
rods were recorded, with in total 44 integrated intensities
|Fl? at nonequivalent reciprocal space positions (hkl). The
L dependent diffuse background of the (1, 0, L) superstruc-
ture rod was determined carefully and subtracted. Due to the
errors associated with this procedure, the errors of the inte-
grated intensities of the (1, 0, L) rod increase at lower L. The
integrated intensities of the rods recorded at the two different
potentials were taken in the same geometry on the same
sample. The CTR data at both potentials is fully consistent
with the potential dependence of the x-ray intensity shown in
Fig. 1.

The CTRs obtained at —0.70 V were fitted to a structural
model assuming a Cu(001)-(1 X 1) surface and a relaxation
of the layer spacing d;, between the copper surface layer and
the underlying bulk lattice (for all following Cu layers the
Cu bulk spacing was used). In addition, the anisotropic
Debye-Waller factors for the first two Cu layers, an isotropic
Debye-Waller factor for the third layer and an overall scale
factor were optimized in the fit. In analogy to the Br/Ag(001)
adsorbate system!®!® a partial occupation of the fourfold-
hollow sites with Cl adsorbates was assumed to model the
disordered 2D Ilattice gas of chloride. Models without this
disordered CI adlayer also provided good fits of the experi-
mental data and resulted in very similar vertical relaxations,
but led to unusually small Debye-Waller factors of the Cu
surface layer. The parameters for the best fit (y?=2.37),
which describes well the measured CTRs (Fig. 2, solid
lines), are shown in Table I, together with the parameters
obtained in SXRD measurements by Mironets et al. for a
bare Cu(001) surface in UHV.>> The CI coverage 80 mV
negative of the order-disorder transition is 0.15 ML which is
in good agreement with the values found for Br on Ag(001)
(Refs. 10 and 16) at corresponding potentials, i.e., 55 mV
negative of the order-disorder transition taking into account
the broader desorption regime of the chloride. However, this
observation differs strongly from the zero coverage reported
by Huemann et al. for the same system at the negative end of
the double layer regime.® In the latter study a decrease rather
than an increase in the intensity at (2, 0, L) was found toward
negative potentials, contrary to our experimental data. This is
probably the main cause of the different results in that study.
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FIG. 3. Experimental crystal truncation rods and the lowest-order ¢(2 X 2) superstructure rod for Cu(001) in 10 mM HCI at —0.20 V
(circles), together with the best fit based on the structural model described in the text (lines). Shown in the figures are also the measured
(1, 0, L) superstructure rod of the ¢(2 X 2) Cl structure in UHV (from Ref. 18, filled symbols), which is antiphase shifted relative to the data

obtained in electrochemical environment.

Unfortunately, only the (2, 0, L) CTR was measured at the
negative limit, prohibiting a more detailed comparison. For
the first layer a slight inward relaxation of 1.0% is found in
our analysis, which directly manifests in the experimental
data as a shift of the CTRs minima toward higher L. Within
the experimental errors this relaxation is identical to that ob-
tained for clean copper in UHV.%

Fits of the data measured at —0.20 V employed a model
of a ¢(2 X 2) Cl adlayer as confirmed by STM measurements
in chloride containing electrolytes®2>~28 and supported by in-
plane scans along high-symmetry directions of the Cu(001)
surface. The spacing between the Cl adlayer and the Cu sur-
face layer d¢; as well as the topmost two layer spacings in

TABLE 1. Fit parameters for Cu(001)-(1 X 1) in 10 mM HCI at
—0.70 V (this work) and under UHV conditions at 160 K (from
Ref. 55). The values were given in Ref. 55 as rms vibrational am-
plitudes in A and converted to Debye-Waller factors via (u?)

=B;/(1677).

(1X1)at-0.70 V. (1X1) in UHV (Ref. 55)

de(A) 1.782+0.030

d(A) 1.785+0.020 1.777+0.028
dry(A) 1.808 +0.020 1.806 + 0.026
dy(A) 1.808 = 0.020 1.809 = 0.026
dss(A) 1.808 +0.020 1.807 +0.018
DW(CI) 2.8+0.1

DW(Cuy,) 1.75+0.05 1.876 +0.036
DW(Cu, ,) 1.18+0.11 2.052+0.098
DW(Cuy) 0.74+0.08 1.087 +0.010

the Cu substrate d;, and d,; were allowed to relax (see also
Fig. 4). Furthermore due to the presence of distinct intensity
oscillations in the (1, 0, L) superstructure rod (see Fig. 3) we
allow in the second Cu layer different vertical positions for
atoms directly below the Cl adsorbate atoms and the Cu
atoms in between those. This small subsurface buckling of
amplitude A, will be the focus of the following section.
Qualitatively speaking, the intensity oscillations in the (1, 0,
L) rod are caused by the interference of waves scattered at
atomic layers, which are parallel to the surface plane and
have a defined vertical distance as well as a phase difference
between each other. The lateral periodicity within these lay-
ers has to be identical to that of the superstructure, with the
Cl adsorbates on top of the Cu(001) forming the upper layer.
The second layer has to result from a subsurface modulation
with the same ¢(2 X 2) symmetry. It can be unambiguously
identified as the buckling of the second layer, as the period of
the oscillations of the superstructure rod is approximately
one reciprocal lattice unit (see Fig. 3), corresponding to a
vertical distance of 3.615 A. This model is additionally sup-

(a) 0 O (b)
el > La
-0-0-0s @
00—

FIG. 4. Side view of the structural model for the ¢(2X2) Cl
adlayer on Cu(001) in (a) electrochemical environment and (b) at
the metal-vacuum interface, illustrating schematically the lattice re-
laxation and the buckling of the second Cu layer.
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TABLE II. Fit parameters for ¢(2 X 2) Cl-covered Cu(001) in 10
mM HCI at —0.20 V (this work) and under UHV conditions (Ref.
18).

¢(2X2)at =020 V  ¢(2X2) in UHV (Ref. 18)

de(A) 1.856 +0.015 1.585+0.006
di(A) 1.794+0.015 1.839+0.005
dr3(A) 1.822+0.025 1.825+0.003
Ay(A) +0.025 +0.0070 -0.012+0.003
DW(CI)) 2.39+0.17 2.61
DW(Cl,) 2.05+0.19 0.44
DW(Cuy) 1.64+0.03 139
DW(Cu, ) 0.35+0.06 '
DW(Cu,) 0.70+0.03 0.7

ported by symmetry arguments: the ¢(2X2) superstructure
exhibits p4mm symmetry with two perpendicular mirror
planes crossing at the free hollow site of the Cu(001) bulk
unit cell and a fourfold rotation axis also located at the free
hollow site. All atoms of the unit cell are located at high-
symmetry positions and therefore lateral displacements are
forbidden by the symmetry. In addition all copper atoms of
the first (or in fact any odd) Cu layer are equivalent and
therefore a buckling in those layers is forbidden. Additional
free fit parameters were anisotropic Debye-Waller factors for
the first two Cu layers, an isotropic Debye-Waller factor for
the third Cu layer, and the overall scale factor. The latter was
found to be within 2% of the scale factor determined by the
fit of the data at —0.70 V, indicating a consistent fit of the
two surface structures. Table II summarized the parameters
of the best fit (y*=2.85) together with those obtained by
Tolentino et al. for this adsorbate system under UHV
conditions;'® the corresponding calculated CTRs and super-
structure rods are included in Fig. 3 (solid lines) and obvi-
ously provide a good quantitative description of the experi-
mental data. The structural parameters of the ¢(2X2) Cl
superstructure in the two environments strongly differ, as
will be discussed in more detail in the following sections.
Specifically, the second-layer Cu atoms located directly be-
low the CI adsorbates are at lower vertical positions than the
atoms in between the adsorbed Cl, opposite to the observa-
tions at the metal-vacuum interface.'

The presence and qualitative behavior of this subsurface
buckling can be directly seen in the experimental data. As
shown in Fig. 3, the (1, 0, L) superstructure rods measured in
vacuum and electrochemical environment exhibit a clear dif-
ference, namely, a phase shift of the oscillations relative to
each other by 0.5 reciprocal lattice units. In the following we
will show that this phase shift is the direct result of a reversal
in the second Cu layer buckling at the electrochemical inter-
face as compared to that found in UHV. The intensity of the
superstructure rod is due only to scattering from atoms obey-
ing the symmetry of the superstructure, i.e., the adsorbate

layer and the second copper layer within our model. Placing
- 0y - a2 .0
these atoms at Fey o=(x,0)s Tcu p=( a,0) and 7o=(,),

where d=dc+d, is the vertical distance of the chloride ad-
layer to the average vertical positions of the second-layer Cu
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atoms and the buckling amplitude A, is positive if the copper
atom beneath the chloride atom is lifted, the intensity distri-
bution along the (1, 0, L) rod is given by

] |fClei-qZ-d+fcu(eiqZA2/2 + eiﬂe—iqZA2/2)|2

~ fer+ feu@:80)% + 2fcuf g sin(g.d). (1)

Here the Debye-Waller factor is included in the structure
factors for chloride (f¢;) and copper (f¢,) and A, is assumed
to be much smaller than d. The oscillations of the intensity of
the superstructure rod are represented by the third summand
in Eq. (1), which includes the term sin(d ¢,). This simple
calculation in kinematical approximation shows clearly that
exclusively the buckling amplitude A, and the vertical dis-
tance d between the second Cu layer and the Cl adlayer
affect the amplitude and the period, respectively, of the in-
tensity oscillation of the superstructure rod. This implies es-
pecially that a significant correlation between the parameter
pair (A, d) and the remaining structural parameters can be
excluded. For that reason, this small effect can be unambigu-
ously detected, although the buckling amplitude is similar to
the errors in the interlayer spacings. The above consideration
also confirms the assumed model: the extension of the super-
structure to another Cu layer than the second would affect
the oscillation period and an additional layer would result in
additional oscillations with different period. Reversal of the
buckling, i.e., inversion of the sign of A,, causes an an-
tiphase shift in the oscillations. Hence, the two central quali-
tative observations for the (1, 0, L) rod—the extension of the
¢(2%2) to the second Cu layer and the different sign of the
buckling in UHV and electrochemical environment—can al-
ready be deduced from this simplified analysis. In addition,
the CTR analysis indicates a 17% expansion of the Cl-Cu
interlayer spacing as compared to that found in UHV,'® in
agreement with the in situ SXRD results by Huemann et al.

B. Calculation of second-layer Cu-atom buckling

In this section we argue that the reversal of the sign of the
corrugation of the second-layer Cu atoms at the electro-
chemical interface, as opposed to UHV, can be reproduced
by density functional calculations. DFT calculations for this
system have been carried through by Saracino et al.,” who
mentions a small buckling to result from their calculations.
Here we focus on this subsurface buckling, which was not
quantified explicitly in the previous DFT work. In order to
relate to literature we will also quote our calculated Cl-Cu
and Cu-Cu interlayer separations. Initial calculations for the
clean Cl-free Cu(001) surface yield an interlayer separation
of the two topmost Cu layers of 1.76 A, which corresponds
to a 3% contraction with respect to the bulk value. This
agrees within the error bars with previous theoretical (GGA
or LDA) results,'*%° and it is consistent with the experimen-
tal SXRD results for a clean Cu(001) surface under UHV
conditions and in 10 mM HCl at —0.70 V (see Table I). For
the ¢(2X2) Cl covered Cu(001) surface in the absence of
external electric fields or additional species, i.e., the surface
under UHV conditions, we obtain a Cl-Cu interlayer separa-
tion dey=1.667+0.012 A in agreement with Ref. 7 and an
average spacing between the two topmost Cu layers d,
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TABLE IIlI. Calculated surface atomic geometry of ¢(2 X 2) Cl-
covered Cu(001) in the presence of external applied electric fields,
additional water molecules, and water and Ca counter ions. For the
latter case also the height L, of the supercell is given. Vac denotes a
vacuum layer. The estimated error of the second Cu layer corruga-
tion is 0.004 A.

l;z dDCl dol2 A°2

A) (A) (A) (A)
c(2%x2)-Clat 0 V/A Vac 167 1.82  -0.006
c(2x2)-Clat 0.3 V/A Vac 168 182  -0.005
c(2x2)-Clat 0.9 V/A Vac 171 1.82  —0.004
¢(2X2)-Cl+H,0 4427 170  1.80  —0.002
¢(2X2)-Cl+H,0+Ca 4427 179 177 +0.006
¢(2x2)-Cl+H,0+Ca 4527 181 179 +0.0034
c(2%2)-Cl+H,0+Ca 4627 182  1.81  +0.0026

=1.817+0.01 A. Saracino et al. have reported a first Cu-Cu
layer spacing 0.6% larger than the bulk value,” which is
within the error bar of our calculation. The 3% contraction of
the interlayer separation between the topmost two Cu layers
of the clean Cu(001) surface vanishes upon Cl adsorption,
which is ascribed to the charge transfer from the Cu surface
to the negatively charged Cl ions.’” The buckling amplitude
of the second Cu layer is A,=-0.006 A, with a convergence
error of about +0.004 A estimated from additional calcula-
tions with different number of Cu layers, vacuum thickness,
k-point sets, and cutoff energy. This value is compatible with
the experimental corrugation under UHV conditions found in
the SXRD measurements by Tolentino et al.,'® taking the
errors in the experimental and DFT studies into account.

In a first approach, the effect of the outer part of the
electrochemical double layer on the Cu surface relaxation
was simulated by applying a homogeneous electric field to
the ¢(2X2) Cl slab. The electric field vector is parallel to the
surface normal and points toward the Cu surface. This cor-
responds to an induced negative screening charge at that sur-
face. In response to the applied electric field the corrugation
of the second-layer Cu atoms decreases, as can be seen in
Table III. However, the applied fields in the range of
0.3 V/A-0.9 V/A are not sufficiently strong to reverse the
buckling. The average interlayer separation between the two
first metal layers d;, decreases only insignificantly as the
electric field is switched on, while the CI-Cu separation in-
creases in agreement with the trend reported in Ref. 7. The
qualitative trends are thus the same as derived from the com-
parison of the present SXRD experiments with the data by
Tolentino et al.'® but the effect is too small, at least for the
electric field strengths considered here.

In all following DFT calculations the electrochemical in-
terface was modeled by additionally introducing species of
the outer Helmholtz layer—specifically water and counter
ions—into the supercell, whose height was chosen equal to
44.27 A. If solely water molecules are added to the system
the corrugation decreases to A,=—0.002 A while the Cl-Cu
interlayer separation increases (in comparison to the surface
in UHV) to dy=1.70 A and the topmost Cu interlayer sepa-
ration contracts to d;,=1.80 A. This trend fits to the concep-
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tion that the Cl ion is partially screened by the water dipoles,
thereby weakening the CI-Cu bond and strengthening the
attractive interaction between the two topmost Cu layers.>

Finally, we have added both the water molecules and Ca
atoms into the vacuum region between the slabs. For this
system occurs a charge transfer from the Ca atoms to the
slab, which results in an electric field in the electrolyte re-
gion. Upon structural optimization of the ¢(2 X 2) Cl surface
as described above (see Sec. I B), the relaxation pattern
changes distinctly more pronounced than in the calculations
where the electric field was directly applied. The results are
summarized in Table III for different size L, of the supercell
in the direction perpendicular to the surface. We note that the
total energy adopts a minimum between L,=45 and 46 A,
corresponding to the condition of zero pressure. Additional
calculations at different L, but frozen position of the top
layer Cu and Cl atomic positions corroborate the interpreta-
tion that a significant part of the variation in A, in Table III
is related to the different amount of charge transfer as a
function of L,. The largest effect on the Cu corrugation A,
can be observed for L,=44.27 A (for which, however, the
pressure does not vanish). In this case, the Cl-Cu interlayer
separation further increases to de=1.79 A whereas the av-
erage spacing between the first two Cu layers decreases.
Most notably, the corrugation of the second-layer Cu atoms
reverses its sign as compared to the surface under UHV con-
ditions and becomes A,=0.006 A. Hence, our DFT calcula-
tions reproduce the intriguing effect of the electrolyte on the
subsurface buckling of the second Cu layer. To relate this
result for L,=44.27 A to the relaxations caused by an elec-
tric field (Table III, top 3 rows) we note that the screening
charge density at the Cu surface atoms is roughly a factor of
four larger than in case of the 0.9[V/ A] electric field. The
larger effect may therefore be a consequence of the larger
induced charge density.

IV. DISCUSSION

As already discussed in the previous studies by Huemann
et al.® and Saracino er al.,’ the interface structures of the
¢(2x2) Cl adlayer on Cu(001) in electrochemical environ-
ment and at the metal-vacuum interface exhibit notable dif-
ferences, which can be attributed to the presence of the outer
Helmholtz layer. They are schematically indicated in the
structural models shown in Figs. 4(a) and 4(b). In agreement
with the previous in situ SXRD results® the Cu-Cl interlayer
spacing of 1.856 A and the corresponding Cu-Cl bond
length of 2.59+0.01 A are 17% larger than that observed in
UHV.'® As already pointed out by Huemann® the spacing in
electrochemical environment is close to that expected for
jonic bonding (2.58 A),3® whereas the bond-length deduced
from the SXRD data in UHV is closer to the bond-length
expected for a covalent bonding (2.35 A).5° Furthermore,
also the out-of-plane Debye-Waller factor of the chloride lay-
ers, corresponding to the chloride’s vibrations perpendicular
to the surface, is clearly increased at the electrochemical in-
terface, whereas all other vibrational amplitudes are compa-
rable in the two environments. Both effects can be attributed
to a reduced binding of the CI layer in the presence of the
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electrolyte solution, caused by the solvation of the anionic
adsorbates and the presence of counter ions in the diffuse
layer.

Of particular interest in the present study is the small, but
clearly detectable corrugation of the second copper layer.
Under UHV conditions the Cu atoms below the Cl atoms are
displaced toward the surface and those without CI on top are
closer to the Cu bulk [Fig. 4(b)].!® This was explained by a
partial charge transfer between the copper atoms in the first
copper layer and the chloride atoms, resulting in an ionic
bond between the chloride and the second-layer copper at-
oms underneath those adsorbates. In contrast, for the c(2
X 2) structure at the electrochemical interface our in situ
SXRD data unambiguously indicates an upward displace-
ment of the second-layer Cu atoms situated between the Cl
adsorbate positions [Fig. 4(a)], i.e., a reversal of this subsur-
face buckling. A buckling of the same type as in our study
and with similar corrugation amplitude (0.004—0.008 A, de-
pending on the potential) was also found by Saracino er al.
for the ¢(2 X 2) structure of bromide on Cu(001).” Our DFT
calculations strongly suggest that the corrugation reversal is
a clear consequence of the presence of the electrolyte and
apparently requires both the solvation of the Cl adsorbates by
coadsorbed water as well as the electric field generated by
cations in the outer Helmholtz layer. These effects modify
the charge distribution in the chemisorbed adlayer and the
adjacent Cu surface, which in turn may influence the struc-
tural relaxation of the top copper layers.

To better understand the relationship of ¢(2X2) Cl on
Cu(001) in UHV and in electrochemical environment we es-
timate the potential shift introduced by the electrolyte. The
potential of the metal electrode Eyy is given by®

Eye = (DMe/e —Eri+ Egq)- (2)

Here @, is the electron work function of the metal in UHV
and E; is the “absolute potential” of the reference electrode.
The absolute potential of the standard hydrogen electrode is
approximately Egup=4.5 eV,®"'%2 which corresponds to an
“absolute potential” of the Ag/AgCl electrode of Epga,ci
=47 eV. The term E, contains potential shifts due to the
contact of the electrode with electrolyte solution, which are
(i) the modification of the work function when the electrode
is brought in contact with the solution, (ii) the contribution of
any preferentially oriented solvent molecules, and (iii) the
potential drop due to the presence of free charges close to the
interface. The work function of the bare Cu(001) surface is
Dy =4.48 eV, however, the adsorption of Cl into a
¢(2X?2) superstructure introduces a work function shift of
AD (55 =+1.1 eV.% Consequently, the difference between
the Cu(001) electrode in 10 mM HCI at an applied potential
of =0.2 V and the ¢(2X2) Cl in UHV corresponds to

Es1 = Ente = (oot + Adeax2))/e + Exgiapcr=— 1.1 V.
(3)

Hence, the Cu(001)-c(2 X 2) surface in HCI solution is sub-
stantially negatively charged as compared to the ¢(2X2) CI
structure in UHV. This charge on the electrode side is com-
pensated by a corresponding charge formed by cations in the
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outer Helmholtz layer and results in an electric field toward
the Cu surface, as introduced in the calculations. Assuming
the additional negative charge of the Cu(001)-¢(2 X 2) in the
electrochemical environment to be located on the Cl adlayer,
this would correspond to a more ionic character of halide,
resulting from the electrostatic screening of the chemisorbed
Cl by the coadsorbed water and cations, which is supported
by the consideration of the difference in bond lengths above.
A higher ionicity of adsorbed halide ions under these condi-
tions was already proposed in previous studies®™ to explain
the expanded halide-copper bond at electrochemical inter-
faces. Furthermore, Saracino et al. suggested a less ionic
character of ¢(2X2) Br on Cu(001),” which by analog rea-
soning as above can be attributed to the smaller work func-
tion shift [AD (5.2)=+0.9 eV (Ref. 64)] induced by the Br
adlayer.

Finally, we compare the structural data for the c(2X2)
Cl-covered Cu surface at —0.20 V and the Cu(001)-(1X 1)
surface at —0.70 V, where the Cl adlayer is disordered. In
both cases we find very similar values for the first Cu inter-
layer spacing, specifically an =1% inward relaxation. This
agrees well with the relaxation of the clean Cu(001)
surface, but clearly differs from that of the Cu(001)-c(2
X 2) Clin UHV,'® which points again to pronounced changes
in the nature of the adsorbate’s bond as suggested
previously.5 The CI vibration amplitudes at —0.70 V are
increased in comparison to those at —0.20 V, in agreement
with a disordering of the adlayer at negative potentials. The
Cu-Cl spacing at —0.70 V appears smaller than that at
—-0.20 V, suggesting a slight change in the metal-halide
bond. This is not unexpected since already under UHV con-
ditions the adsorbate’s coverage influences its charge state.
For adsorbates in electrochemical environment this effect is
even stronger due to the different hydration of the adsorbates
in the low coverage phases at negative potentials as com-
pared to that in the close-packed structures at more positive
potentials, where the solvent is largely displaced from the
metal surface and the adlayer is partly discharged."'© How-
ever, following the arguments given previously,®’ the Cl-Cu
bond length should increase at more negative potentials,
where the adsorbate is expected to be more ionic, or be po-
tential independent, assuming that the Cl adsorbate on
Cu(001) is largely ionic even in the c(2 X 2) phase.®” A simi-
lar effect was observed for Cl adsorption on Au(111), where
the existence of a weaker bond with a longer distance at
more negative potentials was revealed by x-ray absorption
fine structure.®

V. CONCLUSION

In this work we have presented detailed structural results
obtained by in situ SXRD measurements and DFT calcula-
tions for the chloride adlayer on Cu(001) as well as dis-
cussed those data in relationship to previous studies of this
and related adsorbate systems. Although Cl adsorption at the
electrochemical interfaces and Cl, adsorption under UHV
conditions result in the same c(2X2) superstructure, the
presence of the electrolyte induces a corrugation reversal in
the buckling of the second Cu layer. The subsurface struc-
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tural reversal can be reproduced in the calculations by taking
the outer part of the electrochemical double layer into ac-
count. The estimation of the difference in work function in
electrochemical and UHV environment points toward a more
negatively charged Cu(001)-¢(2 X 2) surface in solution and
consequently to a more ionic bonding.

In addition, potential dependent x-ray scattering measure-
ments reveal that the ¢(2 X 2) structure exists down to poten-
tials close to the onset of hydrogen evolution, where a phase
transition from the ¢(2 X 2) structure to a disordered 2D lat-
tice gas of chloride is observed. The disordered Cl adlayer
was found to exhibit a substantial coverage even at potentials
as negative as 0.7 V vs Ag/AgCl. This behavior is analogous
to that of ClI and Br on Ag(001) electrodes, where a qualita-
tively identical continuous order-disorder transition was
reported. %1617

In general, the ¢(2X2) phases of anionic adsorbates on
(001)-oriented metal surfaces represent particularly simple,
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but important cases and therefore are well suited as model
systems to further a true quantum theoretical understanding
of electrochemical interfaces and their relationship to sur-
faces under UHV conditions. Detailed surface crystallo-
graphic studies as presented here as well as in a few previous
publications®= provide experimental data that can be directly
compared to calculations, thus allowing to test and guide the
development of ab initio theories for the description of elec-
trochemical phase boundaries.
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