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ABSTRACT: Understanding the charge distribution and bonding mechanism at the polarized solid-liquid interface is a funda-
mental challenge in electrochemistry which impacts on applications ranging from materials processing to renewable energy
production. The applied potential, ions in solution and the polarization of the interface all combine to alter the bond formation
and the interfacial charge distribution thus techniques must be developed to provide in-situ characterization of the interface.
Here we present a combination of in-situ resonant surface x-ray diffraction studies and self-consistent DFT calculations to
assess the charge distribution and bonding mechanism for the adsorption of bromide anions onto a single crystal Cu(001)
electrode surface. Comparison between the experimental and modelled data gives detailed information about the charge dis-
tribution at the interface and the bonding of specific adsorbates, predicting a charge rearrangement rather than charging of

the atoms involved and a surface dipole moment situated at the metal surface.

1. Introduction

Although electrochemical interfaces play a key role in
many day-to day applications ranging from renewable en-
ergy production to materials processing, detailed infor-
mation on the charge distribution at the interface and its in-
fluence on reactivity, activity and phase formation is not
easy to obtain. Understanding the influence of the applied
electrochemical potential, the interfacial atomic arrange-
ment and adsorbate layer formation on the nature of the
charge transfer and the interfacial electronic structure is
central to developing a fundamental understanding of elec-
trochemical reactions. Adsorbates play a crucial role in elec-
trochemical processes such as phase formation during elec-
trodeposition’* and during electrocatalytic reactions®,
where they can be present at the interface either as ad-
sorbed species from the electrolyte solution or as reaction
intermediates. Adsorbates can also affect the electrode sta-
bility and resultin degradation of the electrode.®1° Insights
into the exact mechanism of adsorbate bonding at the elec-
trochemical interface, the polarizability of the bond and its
dependence on the applied potential will thus help to better
understand and design electrochemical processes. In addi-
tion, insight into bond formation and modification by sur-
rounding ions or an electrical field is of more general inter-
est to several areas in Chemistry, such as bio-molecular or
complex-formation .11-12

Although recent advances have been made in under-
standing the atomic scale structure of the electrode-elec-
trolyte interface and helped to elucidate many interfacial
electrochemical phenomena, including the ion arrange-
ments close to the electrode surface,!3-19 the exact nature of
the charge distribution at the electrochemical interface is
not understood. The distribution of charges in the absence
and presence of adsorbates has been extensively discussed
in terms of partial charge transfer and electrosorption va-
lencies, but up to now without direct measurements of
these parameters.29-22 The situation is complicated by the
phenomenon of non-specific adsorption which can alter the
potential distribution at the interface. The effect of the dou-
ble layer structure and composition on catalytic reactions
has been suggested and recognized for a number of exam-
ples,?+2% but the exact effect on the charge distribution is
difficult to probe experimentally. Possible indications about
the electron density and potential drop modification near
the electrode surface in the presence of chemisorbed ad-
sorbates by non-specifically adsorbed ions can be gained
from molecular dynamics simulations, whereas the near
range ordering of the ions in solution is accessible through
x-ray reflectivity and surface x-ray scattering.'#30-31 Experi-
mental verification of the theoretical results from molecular
dynamics simulations, such as a direct probing of the pre-
dicted electron density and modification by the applied po-
tential and electrolyte ordering is still lacking.



Due to the buried nature of the electrochemical interface
standard electron spectroscopy techniques which could
give details about interfacial electron densities are difficult
to employ, although there has been progress recently in de-
veloping ambient pressure photoelectron spectroscopy, de-
spite the rather severe experimental limitations required
for the technique to be feasible.3? Resonant surface x-ray
diffraction has been employed previously to study oxidation
state changes during the anodic oxidation of Pt(111) elec-
trodes and to probe the adsorption of carbon monoxide
onto the Pt electrode surface.33-3* First principles calcula-
tions were made to reproduce the essential features in the
signal from the specularly reflected x-rays and the model-
ling was restricted to the forward scattering cross sections,
only allowing a qualitative comparison with the experi-
mental data. The authors laid out the necessary computa-
tional steps to be taken for a more quantitative analysis of
the x-ray diffraction data. Recently we have managed to suc-
cessfully implement these computational steps into the
FDMNES program?35-3¢ to allow the first-principles simula-
tion of resonant surface x-ray diffraction data.3”-38 In this pa-
per we present experimental measurements and first prin-
ciples calculations of the resonant surface x-ray diffraction
from a bromide-covered Cu(001) electrode in the electro-
chemical environment. As shown in previous measure-
ments3? this system is an ideal test case to develop the
methodologies as the c(2x2) ordering of the bromide
adlayer enables specific bromide and Cu atoms to be se-
lected by the diffraction conditions for the spectroscopic
measurements. Each resonant diffraction spectra measured
at a position in reciprocal space has a distinguished contri-
bution from the surface and the bulk atoms. The x-ray scat-
tering amplitude depends on the electron density of the
contributing atoms and thus any modification of charge dis-
tribution should be observable in a modification of the scat-
tered intensity close to the adsorption edge of the specific
atom.*° The intensity variation at each position in reciprocal
space is thus specific to the spectroscopic response of the
atoms contributing to the intensity at that specific positions
and to the modification of the atomic form factor due to the
change in the electron arrangement at the interface. The ef-
fect of the electrochemical potential drop and the near in-
terfacial ions were not included in previous calculations.3?
These effects can modify the electron density of the surface
atoms and subsequently the resonant diffraction signal
close to the absorption edge. Here we mimic the electro-
chemical environment by including the effect of a simple
double layer model at the electrochemical interface and this
has been implemented into the FDMNES code. The results
yield new insights into the underlying bonding and charge
distribution, suggesting a charge rearrangement and a sur-
face dipole moment situated at the metal surface.

2. Methodology

2.1 Theoretical details

The modelling of the data extends our recent develop-
ments of the FDMNES code to model resonant surface x-ray
diffraction data3” by including the effect of the electrochem-

ical interface and applied potential in the form of a Helm-
holtz potential due to the double layer and ions present at

the interface. To account for the electrochemical double
layer, we included an additional potential Vieim as would be
expected from a three-dimensional Gaussian charge distri-
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The additional potential Viem then takes the form of a peak
centered at zo and described by the relationship:
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a=0.285925 is linearly related to AH, the FWHM of the po-
tential. This potential accounts for the counter ions plane
present close to the interface. The potential is schematically
shown together with the surface atomic positions in Figure
1 for the particular system under study, namely bromide
anions adsorbed onto a Cu(001) electrode surface. This
model is necessary to account for the ion accumulation at
the interface and the resulting electrostatic potential, in-
duced by the applied electrochemical potential and the elec-
trolyte.
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Figure 1. The Helmholtz potential Vheim(2) is depicted together
with the positions of the surface atoms. The different copper
atoms (orange) and the bromine atoms (brown) sites are la-
belled, with Cui referring to the Cu in the 1st atomic layer, Cuz
and Cus referring to the Cu atom in the second atomic layer to
a position below the Br atom and to a position without a Br
atom on top, respectively. The adjustable parameters of the po-
tential are AH, the FWHM of the potential Vhem, the distance zo
of the center of the charge layer from the surface and Vo the
maximum value of the potential.
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Note that this is a simplistic model to represent a possible
counter charge close to the electrode surface and does not
necessary represent the ‘real’ form of the induced potential
modification. This work is aiming to elucidate the change of
the charge distribution at the electrode surface which is in-
duced by the additional Helmholtz potential representing
the ionic counter plane at the position of the specific atom.
The resonant x-ray diffraction spectra are calculated using
the FDMNES code. Its ab initio DFT approach uses a free



shape potential allowing the adding of the Helmholtz bar-
rier potential described above. The resonant form factors,
giving finally the intensity of the reflections, depend on the
local electronic structure around the resonantly excited at-
oms. The code can thus deliver at the same time and with
the same model, for example with or without the Helmholtz
potential, the projected density of states (pDOS) on the at-
oms and the Crystal Orbital Overlap Population (COOP).4!
The COOP is a direct measure of the covalency between 2
neighboring atoms. It corresponds to the integral over
space of the product of 2 orbitals of the 2 atoms. Its unit is
as for the pDOS, the number of electrons per energy unit.
Importantly its sign reveals the bonding (>0) or antibond-
ing (<0) character of the bond. Results on the COOP and
pDOS are analyzed in the next sections.

2.2 Experimental details

X-ray measurements. The resonant x-ray scattering ex-
periments were performed at XMaS (BM28), the UK-CRG
beamline at the European Synchrotron Radiation Facility in
Grenoble. The samples were aligned using an incident x-ray
beam energy below the Cu K-edge (8.979 keV). The Cu(001)
crystal was indexed to the conventional fcc unit cell with the
(0, 0, L) direction along the surface normal (a* = b* = c* =
2m/a, with a = 3.615 A) and aligned with the (0, 0, 2) and (1,
1, 1) bulk Bragg reflections. The energy of the incoming x-
ray beam was scanned through the Cu and Br absorption K-
edges at 8.919 keV and at 13.474 keV, respectively, while
the Q-vector was kept constant at the selected point in re-
ciprocal space. A 4-circle diffraction geometry3® 42 was used
and the spectra were each measured in two different geom-
etries changing the polarization of the incoming x-ray beam
by 90° with respect to the surface normal to allow to distin-
guish charge rearrangement parallel and perpendicular to
the surface normal. The change in polarization was
achieved by physically rotating the sample by 90° while the
polarization of the x-rays was kept constant. In the vertical
geometry the Q-vector is perpendicular to the polarization
of the x-ray beam and at low L parallel to the surface normal.
In the horizontal geometry the Q-vector is parallel to the po-
larization of the beam and at low L perpendicular to the sur-
face normal.43

The intensity of the elastically diffracted x-rays was rec-
orded using a Vortex® x-ray detector. This detector has suf-
ficient energy resolution to enable separation of the elastic
and the fluorescent x-ray signal from the copper substrate
and record both in parallel. The derivative of the recorded
fluorescence together with the EXAFS features of the fluo-
rescence was used to define the position of the Cu K-edge
and allow exact alignment of the energy spectra measured
in the two different geometries. At each particular recipro-
cal lattice position where energy scans were performed, a
background signal was measured by rotating the sample
about its surface normal (by ~0.5°) and repeating the en-
ergy scan. Each set of scans was repeated at least once to
allow for averaging and to acquire sufficiently precise
counting statistics.

Sample Preparation and Setup. The Cu(001) single-crystal
sample (Mateck, 99.999%, 10 mm diameter, miscut <0.1°) was

prepared prior to the experiments by electropolishing in 70%
orthophosphoric acid. The sample was covered by a droplet of
milli-Q water and mounted into the electrochemical thin layer
x-ray cell.44-46

In all experiments 10 mM HClO4 + 10 mM KBr solution was
prepared from 99.999% trace metals basis KBr (Aldrich) and
99.999% trace metals basis 70% perchloric acid (Aldrich) elec-
trolyte. Perchloric acid was chosen to keep an acidic pH to stop
the formation of surface oxide as perchlorate is strongly solv-
ated and thus does not specifically adsorb on the surface.*” All
potentials were measured versus a Ag/AgCl (3 M KCl) refer-
ence electrode. The measurements of the x-ray resonant data
were performed at OCP (-0.08V versus Ag/AgCl). At this po-
tential the electrode is covered by a full monolayer of bromide.
We chose this potential to avoid any possible reference elec-
trode potential shifts as the collection of the full data set took
several days. In all measurements, the outer chamber of the x-
ray cell was continuously purged with nitrogen to protect the
electrode surface from oxygen.

3. Results and discussion

The experimental diffraction spectra obtained at specific points
in reciprocal space at the Cu K-edge (8.979 keV) are presented
in Figure 2 (a-d). Fig 2 (e-g) shows the calculated electron den-
sities of the empty p-orbital states for the 1st two Cu atomic
layers (specifically the Cu atoms labelled in Figure 1) calcu-
lated both with and without the presence of the counter ions
included through the form of the Helmholtz potential. The
structural parameters for the Br adatoms and Cu substrate at-
oms are based on a previous in-situ surface x-ray diffraction
study of the Br-Cu(001) -c(2x2) system. 48 As can be seen, the
inclusion of the counter ions only affects the density of states
of the outermost layer, Cui. We have modelled the Br-Cu(001)-
c(2x2) interface both with and without the presence of the po-
tential representing the Helmholtz layer. For the choice of the
parameters we have taken a distance, zo, of 1.9 A above the Br
adlayer which corresponds to 3.4 A above the first Cu(001)
atomic layer. The potential maximum coming from the electro-
static potential due to cation layering above the adsorbed bro-
mine is 18 eV. The width of the potential has been taken as
AH=2 A&, which corresponds to the potential of a charge distri-
bution with a Gaussian profile along the surface normal with
0=0.4 & and thus a FWHM of 0.94 A. Note that the surface atoms
are affected only by the tail of the potential distribution, thus
small changes in the parameters will not have a large effect. Fig-
ure 1 depicts the potential as used to model the data with re-
spect to the atomic positions of the Cu(001)-Br surface. The
structural ion layering parameters used in this study to give a
good agreement with the experimental data are close to ion or-
dering parameters found previously.14 49-50 Cation-substrate
distances were found to be of the order of 2-3 A for an adsorb-
ate-free aqueous-mica interface and of the order of ~4 A for an
adsorbate-free Ag(111) surface in aqueous solution.14:31 In the
presence of adsorbed hydroxyl anions the cation layer was
found to be stabilized closer to the Ag(111) surface at a dis-
tance of ~3.6 A. 14
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Figure 2. The spectra at different points in reciprocal space (a)
(110.2),(b)(010.2),(c) (110.8)and (d) (0 1 0.7) measured
in horizontal and vertical polarization mode are shown to-
gether with the modelled data obtained both with (solid line)
and without (dotted line) applying an additional potential of 18
eV at a distance of 1.9 A as further specified in the text. Error
bars on the measured intensity have been obtained as the
square-root of the measured counts in the detector. The posi-
tion of the Cu K-edge is indicated by a vertical dashed line. The
changes in the empty states of the electron density of the 4p-
orbitals, which are probed by exciting the Cu K electrons in the
Cu atoms in the 1st two atomic layers Cu: (e), Cuz (f) and Cus
(g) are shown to illustrate the changes induced in the spectra.
The energy is indicated as the photon energy (against which
the data is measured) and as E-Er, with Erthe Fermi energy, for
the density of states. The scales are aligned to each other to al-
low for comparison.

Molecular Dynamics simulations have been able to give a con-
crete value for the electrostatic potential induced by ion order-
ing close to a charged interface. A potential of the order of 6 eV
has been obtained for a water layer adsorbed close to a Pt(111)
surface.51-52 In this study we need a larger value to reproduce
the experimental data than the one obtained in the above-men-
tioned study. These values are however not unreasonable as
we do consider the case of a specifically adsorbed anion layer
for which itis not unreasonable to consider a remaining partial
charge on the adsorbate in comparison to a potential induced
by the dipole moment of adsorbed water. In addition, for the
halide covered copper surface the potential at which the data
was measured corresponds to a shift of 1.1 V in potential com-
pared to the work function of a halide covered Cu(001) surface
in UHV.53-5¢ The water layer on Pt(111) was found to induce a

lower shift of 0.55 V 51 thus supporting a lower potential due a
less ordered charge layer on the solution side of the interface.

The calculated spectra at the points in reciprocal space for
which experimental data was recorded, both with and without
including the potential representing the counter cations at the
interphase, are shown in Figure 2 (a-d). The spectra recorded
at the most surface sensitive position, (1 1 0.2), are shown in
Figure 2 a. The features of the energy spectra are better repro-
duced considering the counter ions/Helmholtz layer and the
change observed are associated with a modified bonding and
shift of the electron density and surface dipole moment as will
be discussed below. The (0 1 0.2) and (0 1 0.7) positions (Fig-
ure 2b and d, respectively) are sensitive to atoms with the sym-
metry of the c(2x2) Br adlayer and thus, for the case of the Cu
K-edge, have contributions from the second atomic Cu layer
only (atoms Cuz and Cus in Figure 1). The differences between
the intensity modelled with and without including the Helm-
holtz layer are not as pronounced as for the (1 1 0.2) position,
though the near edge structure is slightly better reproduced. To
compare the goodness of fit of the model to the experimental
data, a distance reliability factor R1 and a confidence factor D1
were used.55-56 The inclusion of the Helmholtz potential in the
calculations leads to a reduction in the R1 and D1 values from
.0012 to .00069 and from 1.096 to 0.925 respectively. These
are the values obtained for the entire data set, a breakdown of
the R1 and D1 values for the individual spectra is presented in
the supplementary information in table SI1. The results can be
better understood by plotting the calculated electron densities
associated with each atom and orbital as shown in Figure 3 for
the case with and without the presence of the Helmholtz poten-
tial. For the Br adatom, a clear shift to lower energies of the pz-
orbitals combined with a more defined energy range is ob-
served. In addition to the energy spectra at the Cu K-edge, the
energy spectra measured at the (0 1 0.2) position, while scan-
ning the energy through Br K-edge, are shown in the supple-
mentary information, Figure SI1.

Localized energy states of the s electrons are also observed in
the same lower energy ranges for the 1st two Cu atomic layers.
This indicates formation of a stronger bond through orbital
overlap, with the charge mostly residing on the Br adatoms.
This result is further supported by the COOP which is shown in
the supplementary information, Figure S2. The localized en-
ergy state at -9 eV with contributions mostly from the Br p- and
Cu s-orbitals can be observed. Interestingly sharpening of the
energy states can be observed down to the second atomic layer.
As discussed previously>? the assignment of electronic charge
belonging to specific atoms is difficult. To distinguish between
the amount of charge belonging to the metal and to the adsorb-
ing species is impossible as the charge assigned to a specific
atom depends on the area selected for the integration of the
electronic density around each atom. Therefore, we only quan-
titatively discuss the changes in the electron densities and try
to further the discussion around charge redistribution by con-
sidering differences in charge density maps and potential, as
the differences do not rely on a specific radius selected to ob-
tain atomic electron densities. The effect of the electrochemical
potential on the electron distribution at the interface is shown
in Figure 4, in which the difference of the electron density Ap=
p2- p1 with (pz) and without (p1) the Helmholtz potential is
shown along (a) the <100> and (b) the <110> directions (bulk



coordinates) through the Br adsorbate atom. The charge distri-
bution at the atoms has been altered, not only by adding or sub-
tracting charges, thus resulting in simply a charged atom, but
by a rearrangement of the electron densities at different dis-
tances from the center of the atom. The Br atom shows an ad-
ditional negative charge which is concentrated towards the
center and in an additional sphere around the atom, whereas
in between these spheres a slight positive charge can be seen.
The Cu atoms close to the surface show an additional positive
charge close to the center and in a sphere ~0.5 A from the cen-
ter, whereas the space in between these two positive charge ac-
cumulations is slightly negatively charged. This can be under-
stood in terms of a redistribution of the charges between the
orbitals and a possible hybridization of the orbitals due to a
change in the bonding between the atoms. Note that the elec-
tron density as shown in Figure 4 is deduced from the contri-
bution of the atomic orbitals only. To estimate the effect of hy-
bridization and of the associated charge rearrangement, the
COOP between the different atoms was integrated up to the
Fermi level; the difference with and without applying a Helm-
holtz potential indicates the shift in the charge arrangement in
the free electrons (s and p orbitals) due to bond formation and
orbital overlap. This is indicated schematically by the ‘+’ and ‘-’
signs in Figure 4. The modification of the potential energy V:
due to the rearrangement of the electron density is also shown
in Figure 4 using a different color scheme (green/grey).

From both the change in the electron density rearrangement
and the potential a change in the surface dipole moment can be
deduced, with a slightly increased negative charge towards the
Br adsorbates. Interestingly the origin of the change in the di-
pole moment does not lie, as might be expected, between the
Br adsorbate and the first Cu atomic layer but is actually in the
first Cu atomic layer. The origin of the charge modification thus
is between the Br-adsorbate and the 2nd Cu atomic layer.
These effects explain the buckling of the 2nd Cu atomic layers3
which can, with the origin of the dipole moment on the 1st Cu
atomic layer, be understood as being due to local Friedel oscil-
lations induced by the Br ad-atoms. It is apparent that the sim-
ple approximation of a metal electrode with the jellium model
is invalid at least when specific adsorption occurs. The first
atomic layers of the metal electrode have to be treated differ-
ently from the bulk atoms due to the interaction of the surface
atoms with ions in solution and subsequent adsorbate for-
mation. The position of the surface or interface can be assumed
as the position of the surface dipole moment (Friedel oscilla-
tions can induce additional smaller dipole moments further
into the substrate). With the dipole surface moment shifting
into the metal electrode, the 1st atomic layer cannot clearly be
assigned as part of the substrate or of the electrolyte anymore.
This may sound counterintuitive from the perspective of tradi-
tional surface science but could well help to explain several as-
pects of electrochemical processes such as corrosion, electro-
deposition, the occurrence of underpotential deposition and
the stability of catalysts undergoing electrochemical reactions.
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Figure 3. The s-,p-, and d-electron densities obtained by modelling the resonant data without (a,c,e,g) and with an applied potential
of 18 eV at a distance of 1.9 A above the Br adsorbate (b,d,fh) are shown. The z-contribution of the p and d-orbitals are separately
shown as a purple and blue line, respectively. The electron densities are shown for (a,b) the Br adsorbate atom, (c,d,) the 1st layer
of Cu atoms, (e,f) the 2nd layer Cu atom beneath an empty hollow site, (g,h) the 2nd layer Cu atom beneath an adsorbed Br atom.
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Figure 4. Map of the difference in electron density Ap and in

the potential energy Vr induced by the applied Helmholtz po-
tential and without an applied potential are shown. (a)
Shows a cut along the [100] (x) direction (bulk coordinates)
through the Br adsorbate. The Br adsorbate atoms and the
second copper layer are visible. The ‘+’ and ‘-* indicate the ad-
ditional charge rearrangement from the hybridization of the
orbitals obtained from the COOP. (b) Shows a cut along the
[110] (x=y) direction through the Br atom, the Br adsorbate
atom and the 1st copper atoms are visible.

4. Conclusions

In this article we have shown that a combination of in-situ
resonant surface x-ray diffraction studies and self-consistent
DFT calculations can suitably assess the charge distribution
and bonding mechanism at the electrochemical interface for
the adsorption of bromide anions onto a single crystal
Cu(001) electrode surface. Comparing the experimental and
modelled data gives information about the modification of
the charge distribution at the interface and the bonding of
specific adsorbates in the presence of a Helmholtz potential.
A charge reorganization within the atoms at the interface
was observed rather than a charge shift in between atoms. In
addition, the dipole surface moment shifts into the metal
electrode. With a charge modification found down to the sec-
ond metallic layer, the results imply that it is important to
consider the detailed charge distribution in the metal elec-
trode in the modeling of electrochemical reactions.
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