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In-situ STM study of phosphate adsorption on Cu(111), Au(111) and
Cu/Au(111) electrodes

Christian Schlaup®*, Sebastian Horch?®

@ Technical University of Denmark, Department of Physics, DK-2800 Kongens Lyngby, Denmark

Abstract

The interaction of Cu(111), Au(111) and Cu-covered Au(111) electrodes with a neutral phosphate buffer
solution has been studied by means of cyclic voltammetry (CV) and in situ electrochemical scanning tun-
neling microscopy (EC-STM). Under low potential conditions, both the Cu(111) and the Au(111) surface
appear apparently adsorbate free, indicated by the presence of a (4 x 4) structure and the herringbone sur-
face reconstruction, respectively. Upon potential increase, phosphate anions adsorb on both surfaces and for
Cu(111) the formation of a (v/3 x v/3) R30° structure is found, whereas on Au(111) a”(v/3 x+/7)” structure
is formed. For a Cu-submonolayer on Au(111), coadsorption of phosphate anions leads to the formation
of a (2 x 2) vacancy structure within an assumed pseudomorphic structure of the Cu-submonolayer with
the phosphate anions occupying the vacancies. When desorbing the phosphate anions at low potentials, the
Cu-submonolayer first becomes mobile and eventually undergoes an irreversible transition to a coalescent
nonpseudomorphic structure.

Keywords: Scanning tunneling microscopy, Electrochemical phenomena, Catalysis, Copper, Phosphate,

Carbon dioxide

1. Introduction chemical metal deposition, in particular on ultra-

thin metal (sub-) monolayers formed by underpo-

The adsorption of anions at metal electrode sur- tential deposition (upd) was studied in great detail
faces is a major topic in the field of interfacial elec- [2]. However, most of these studies focus on halide
trochemistry and has been extensively studied over anions or sulfate, as a representative of molecu-
the past utilizing various methods [1]. Thereby lar oxo-anions, whereas other anionic species have
their influence on the morphology and structure drawn much less attention. In particular the inter-
of the basal planes of single crystaline noble metal action of copper surfaces with phosphate anions has
electrodes, such as Cu, Au and Pt, was of particu- not been studied extensively, yet.

lar interest. But also their influence on the electro- o . . . .
This is quite surprising, as this particular system

not only is interesting in terms of anion adsorption,
*Corresponding author

Email address: cgsc@fysik.dtu.dk (Christian Schlaup) but also is an ideal model system for studying the
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electrochemical reduction of CO3 to hydrocarbons,
e.g. methane, which would allow to store electrical
energy in chemical bond and thus establish a sus-
tainable carbon dioxide cycle [3] for energy utiliza-
tion. For this purpose, copper electrodes are known
experimentally [4, 5, 6] and from theoretical studies
[7, 8] to exhibit the highest activity of all pure metal
electrodes, however they are still very inefficient, i.e.
have a huge overpotential, to drive this reaction. As
the origin of the overpotential, the relative binding
strength of some reaction intermediates with the
copper surface has been identified, which needs to
be changed in order to achieve a higher catalytic
activity [7, 8]. A possibility to modify the binding
energies of adsorbate is to introduce strain into the
surface of the substrate [9], e.g. by deposition of a
pseudomorphic Cu-(sub)monolayer on a Au(111)
surface which has a 12.5% greater lattice constant
than bulk Cu(111). However, the conditions un-
der which such an ultrathin metal film remains in
a pseudomorphic structure and does not collapse
to a more compact structure need to be carefully
determined.

In the present study we characterize the surface
structures of Cu(111), Au(111) and Cu-covered
Au(111) electrodes in contact with a COgy free
0.05 M KHPO4 + 0.05 M KyHPO4 phosphate
buffer solution (pH = 6.8), which was chosen hav-
ing the use of the present systems as model systems
for COy reduction in mind [10]. It behaves inert
for CO5 reduction, in contrast to e.g. a carbonate
buffer solution. Furthermore it allows a precise pH
adjustment, considering the bicarbonate/carbonate
equilibrium of solved CO3, and the hydrogen evolu-
tion reaction (HER) which may compete with CO,

reduction.

2. Experimental

All experiments were carried out in a custom
built EC-STM setup which combines a standard
three-electrode electrochemical cell with a Besocke-
type scanning tunneling microscope [11]. The elec-
trochemical cell is equipped with two Platinum
wires that act as counter- and pseudo reference elec-
trode, respectively. The potential of the Pt/PtO
pseudo-reference electrode for the different elec-
trolytes was calibrated against a NHE electrode.
In order to provide comparability, all potentials re-
ported in the following are given with respect to the
standard hydrogen electrode (SHE). The stability
of the pseudo-reference electrode may be an issue
in acidic solutions, as used for the Cu-deposition
on the Au(111) electrode, and was carefully con-
sidered for each experiment. However, in the neu-
tral and pH-buffered phosphate buffer solution it is
much more stable, probably due to the formation
of stable PtO layers, and even after several hours
of experiments only small potential deviations of
less than 425 mV were observed. STM tips were
etched electrochemically from a Pt/Ir (90/10) wire
with 0.25 mm diameter and insulated with hot-glue
(PEVAC). All STM images were recorded in con-
stant current mode with a typical acquisition time
of about 20 s for a high resolution image.

Commercially available Cu(111) and Au(111)
single crystals (MaTecK, Jiilich) have been pre-
pared prior to each experiment using well-known
procedures: the copper crystal was electropolished

in 50 % H3POy at a voltage of 2 V against Platinum



and rinsed with deaerated MilliQQ water, the gold
crystal was flame-annealed in a butane/air flame at
red heat and cooled down to room temperature in
a high purity argon atmosphere. Both preparation
methods yield clean and well defined surfaces for
STM investigations. In order to avoid contamina-
tions, the Cu(111) crystal was not exposed to a
halide containing electrolyte which can be used to
increase the mobility of step edges [12], therefore its
average terrace width was significantly smaller than
that of the flame annealed Au(111) single crystal.

Electrolyte solutions were prepared using Milli-
Q water (18.2 MOhm cm, 2 ppb TOC), HySOy,
KH,PO4, Ky;HPO, (all Suprapur, Merck) and
CuSOy4 (p.A., Merck); before usage they have been
deaerated with high purity Argon (99.9999%, 6.0).
Even though the dominant anionic species in a
0.05 M KH,PO4 + 0.05 M KsHPO,4 phosphate
buffer solution (pH = 6.8), as used in the present
study, is dihydrogenphosphate, in the following dis-
cussion the term phosphate is used for denoting any
adsorbed anionic phosphate species, as, like for the
discussion of (bi)sulfate adsorption, the exact chem-
ical nature of the adsorbed phosphate species re-
mains unclear.

All glassware was cleaned in Caroic’s acid, fol-
lowed by immerging it into 10 M KOH and exten-

sive rinsing with Milli-Q water prior to usage.

3. Results

3.1. Cu(111) in POy buffer solution

3.1.1. Cyclic voltammetry

A typical series of CV curves for a Cu(111) elec-

trode in the phosphate buffer solution is presented

in Fig. 1. A systematic variation of the scan range
in anodic direction shows that the CV curve re-
mains featureless up to a potential of —350 mV,
except for the hydrogen evolution reaction (HER),
which limits the scan range in cathodic direction
(curve #1 in Fig. 1). Upon extension of the scan
range in anodic direction, an additional broad an-
odic peak with a peak potential of —250 mV and
three cathodic peaks close to the onset potential
of the HER appear simultaneously (curve #2 and
curve #3 in Fig. 1). By comparing both curves,
it becomes clear that all three cathodic peaks ap-
pear even if the scan range is limited to —250 mV
in anodic direction, i.e. before the broad anodic
peak is fully passed during the anodic potential
scan. Hence both features, the broad anodic peak
and the three cathodic peaks, are related counter
features. For both processes a charge exchange of
130 1C cm™~2 is measured, corresponding to 0.5 ML
of electrons with respect to the Cu(111) surface.
At potentials above +100 mV an exponentially in-
creasing anodic current and a pronounced cathodic

peak during the back-scan are observed.
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Figure 1: Series of CV curves for Cu(111) in a 0.05 M
KH2PO4 + 0.05 M KoHPOy solution, dE/dt = 10 mV s—1.



A previous SERS study [13] revealed the adsorp-
tion of phosphate anions on copper electrodes start-
ing at potentials of —0.6 V and 0.0 V for a HoPO}
(pH = 4.22) and a HPO;~ (pH= 9.31) solution, re-
spectively. Assuming a linear relation between the
adsorption potential and the pH of the solution,
it appears reasonable to assign the anodic peak at
—250 mV to the adsorption of phosphate anions
from the neutral phosphate buffer solution used in
the present study. Consequently, the three cathodic
peaks appearing close to the onset of the HER cor-
respond to the phosphate desorption. The peak
pair above +100 mV can be assigned to the anodic
copper dissolution and redeposition reactions, in
agreement with previous results in neutral [14, 15]
and weakly acidic [16] solutions as well as the Pour-
baix diagram [17] whereupon Cu?* cations are sta-
ble at potentials above +150 mV up to a pH of 7.3.

In addition, the Pourbaix diagram also predicts
the formation of a Cu(I)-oxide phase at a poten-
tial of about 0 mV, which was also experimentally
found for Cu(111) electrodes in contact with other
neutral [14, 15] and weakly acidic [16] electrolytes.
In these cases, the CV curves show an anodic peak
close to the onset of the Cu dissolution reaction and
a corresponding cathodic peak at approximately
300 mV more negative potentials. However, for
the present system no evidence of the formation
of a Cu(I)-oxide phase can be found. The apparent
passivation against the formation of a Cu(I)-oxide
phase can only be attributed to the presence of the
phosphate adsorbate phase formed at —250 mV.
Most likely, it is not just a simple anion adlayer,
but a more complex mixed copper-oxo-phosphate

phase. This is further supported by the pronounced

kinetically hindering of its dissolution reaction, in-
dicated by the large peak separation. Also the ap-
pearance of three distinguished phosphate desorp-
tion peaks indicates a rather complex desorption

mechanism.

3.1.2. STM measurements

For the limited potential regime between the
HER and the onset of phosphate adsorption, i.e.
—700 and —350 mV, respectively, STM images
show atomically flat terraces (Fig. 2a). The high
step density of the Cu(111) surface is due to the
fact that we intentionally avoid any thermal or elec-
trochemical annealing during the sample prepara-
tion. However, the terrace width is still sufficient
for STM investigations. The terraces are entirely

covered with a hexagonal structure which can be

described with a commensurate (4 x 4) unit cell

(Fig. 2b).

Figure 2: (a) Morphology, 114 x 114 nm?, E = —633 mV,
Up = 340 mV, I7 = 1 nA; and (b) (4 x 4)-structure of the
apparently adsorbate free Cu(11 1) surface at low potentials,

9.53 x 9.53 nm?, E = —594 mV, Ug = 11 mV, I7 = 20 nA.

This structure is well known from other studies of
Cu(111) electrodes in contact with other neutral,
e.g. K350, [15], and acidic, e.g. H2SO4 [18] and
HCl10y4 [19], electrolytes. Its unspecific appearance,

which cannot be correlated with the presence of a



certain anion or cation species in the electrolyte,
yields to its interpretation as an adsorbed water
species, e.g. H3OT, OH™ or OH [19]. These stud-
ies also revealed a strong dependence of the appar-
ent atomic features within the (4 x 4) unit cell on
the bias voltage and tunnel current used for STM
imaging, which has caused a misinterpretation of
this phase as adsorbed organic molecules in the past
[19]. Both, chemical nature and atomic structure of
this (4 x 4) phase, are still unclear.

Recent EC-STM studies revealed a hydrogen-
induced reconstruction of Cu(100) electrodes un-
der low potential conditions [20, 21]. However, for
the present system no morphological changes which
would indicate a copper mass transport during ei-
ther the formation or disappearance of the (4 x 4)
phase were found and therefore an analog interpre-
tation of the (4 x 4) phase as a reconstruction phase
appears unlikely.

Independent from its actual chemical nature, the
appearance of this structure indicates an only weak
interaction of the Cu(111) surface with any phos-
phate anion species in the electrolyte. This is con-
sistent with the results of the electrochemical char-
acterization which revealed a featureless CV curve
with this limited potential range (curve #1 in Fig.
1) and SERS results indicating an adsorbate free
copper surface under low potential condition [13].

At only slightly higher potentials, i.e. the onset
of the broad anodic peak in the CV curves, the sur-
face topography changes and small patches appear
on formerly atomically smooth terraces (Fig. 3a).
High resolution STM images show that the (4 x 4)
structure has disappeared on terraces and instead

the (1 x 1) structure of the apparently adsorbate

free Cu(111) surface is imaged, whereas the small
patches exhibit a structure with hexagonal sym-
metry but significantly larger lattice constant (Fig.
3b). The possibility of imaging both structures in
the same image allows a precise structure determi-
nation by internal calibration against the substrate,
yielding in a commensurate (v/3 x v/3)R30° unit
cell for the structure of the patches. The bound-
aries of the patches are rather blurry, moreover, the
(\/3 X \/§)R30° structure appears in STM images
superimposed with the (1 x 1) structure of the ter-
races (Fig. 3b). This indicates a continuous dif-
fusion of the adsorbate along the boundaries of the
patches and thus a rather weak bonding to the sub-
strate.

According to the electrochemical characteriza-
tion, we assign the (\/3 X \/g)RSO" structure to be
formed by adsorbed phosphate anions. The local
phosphate coverage within the patches can be di-
rectly deduced from their structure as 1/3 ML. For
the areas in between different patches, the phos-
phate coverage cannot be determined from STM
images, as they just show the (1 x 1) structure
for these regions. However, the distinctive dif-
fusion of phosphate anions along the boundaries
of the patches strongly suggests that the terraces
in-between the patches are covered with a mo-
bile 2-dimensional gas-like phosphate anion adlayer.
Since its condensation to the immobile patches does
not occur preferentially at step edges (Fig. 3a),
where it would be facilitated by additional Smolu-
chowski dipole moments, also point defects on ter-
races can be ruled out as nucleus for the patches.
However, as this phase appears only in a very nar-

row potential range, it’s most likely a kind of pre-



cursor for the formation of an amorphous copper-
oxo-phosphate phase at slightly more anodic poten-
tials, which will be discussed in the following sec-
tion. Hence it appears reasonable that the immo-
bile phosphate adlayer patches condensate at nuclei

of the copper-oxo-phosphate formed during the ini-

tial stages of formation.

Figure 3: (a) Appearance of small patches (arrow) after po-
tential increase, 114 x 114 nm?, E = —375 mV, Up =
700 mV, I = 10 nA; (b) high-resolution STM image of
the (V3 x v/3)R30°-POy adlayer, 5.72 x 5.72 nm?, F =
—375 mV, Ug = 108 mV, It = 20 nA.

A further potential increase does not lead to a
stabilization of the phosphate adlayer and forma-
tion of larger patches, instead an amorphous phase
with granular appearance is formed (Fig. 4a). Its
grains exhibit a corrugation of about 0.4 nm, how-
ever, as they cover the entire Cu(111) surface their
height with respect to the substrate cannot be de-
termined. In either case their height is significantly
larger than those of a mono-atomic step on the
Cu(111) surface (0.21 nm) and the thickness of a
Cuz0(111) film (0.25 nm) [22], suggesting an in-
volvement of more than a single copper layer and
thus a Cu mass transport during their formation.

The charge exchange during the formation of
the granular phase indicates an at least partial

oxidation of the involved copper atoms. Even

though the Pourbaix diagram [17] suggests the
formation of a pure Cu(I)-oxide phase at about
200 mV more anodic potentials, attractive copper-
phosphate interactions may facilitate the forma-
tion of a mixed copper-oxo-phosphate at lower po-
tentials due to which we assign this phase to a
mixed Cu(I)-oxo-phosphate species. However, it
cannot be ruled out that also the deprotonation of
involved (di)hydrogenphosphate anions contributes
to the measured charge exchange. Once formed,
this phase passivates the copper surface for the
growth of thicker films until the onset of copper cor-
rosion at potentials above +100 mV. Its stability is
also reflected by the kinetic hindering of its reduc-
tion reaction, occurring at potentials close to the
onset of HER, i.e. at about 300 mV more negative
potentials with respect to its formation. Due to the
overlap of the three reduction peaks, it is not pos-
sible to image the individual steps of the reduction
reaction with STM, though a complete disappear-
ance of the granular phase and a reappearance of
the (4 x 4) phase can eventually be observed.

After few formation and decomposition cycles
of the granular phase, the Cu(111) surface be-
comes significantly rougher and STM images show
the formation of numerous additional islands (Fig.
4b). This implies a copper mass transport during
the formation and decomposition of the granular
phase and supports the previous assumption of a Cu
mass transport during the formation of the granu-
lar phase. In contrast to e.g. Cl™ containing elec-
trolytes [12], no healing up of these defects could
be found at any potential, making STM imaging
eventually impossible.

A possibility to prevent the roughening of the



Cu(111) surface is to limit the available Cu-
amount, for example by depositing small amounts

of copper on an inert substrate, e.g. Gold, a strat-

egy which we will follow in the next sections.

Figure 4: (a) Granular copper-oxo-phosphate phase, 14.5 x
145 nm2, E = —145 mV, Ug = 241 mV, Iy = 20 nA,;
(b) roughening of surface after several oxidation/reduction
cycles, 533 x 533 nm?, E = —445 mV, Ug = 108 mV, Ip
= 20 nA.

3.2. Au(111) in POy Buffer Solution

Prior to the deposition of a Cu film, we character-
ize the behavior of the Cu-free Au(111) electrode

in the same the phosphate buffer solution.

3.2.1. Cyclic voltammetry

A typical steady state CV curve for a Au(111)
electrode in the phosphate buffer solution is shown
in Fig 5. Its overall shape, which is dominated by a
sharp anodic and a broad cathodic current peak at
about 400 mV, is similar to that of Au(111) elec-
trodes in more acidic 0.1 M H3POg solutions [23],
however the CV curve for the more alkaline phos-
phate buffer solution, used in the present study,
is shifted by about 200 mV to more negative po-
tentials. Corresponding to previous FTIR studies

[24], we assign the anodic peak to the adsorption

and the cathodic peak to the desorption of phos-
phate anions, respectively. Considering the low de-
gree of dissociation of an acidic phosphate solution,
the shift of the phosphate adsorption in the present
case to more negative potentials reflects the signif-
icantly different concentration of ionic HoPO, and
HPOE_ species in both electrolytes. In addition,
the CV curve for the neutral phosphate buffer solu-
tion exhibits a second small peak pair at a potential
of about +950 mV. Its appearance reminds of the
well-known ”butterfly” peak pair of many fcc(111)
metals in sulfate containing electrolytes [1], in fact,
CV curves for Au(111) in sulfate containing elec-
trolytes exhibit a similar shape as those obtained
for phosphate containing electrolytes [23]. Hence,
it appears reasonable to interpret this peak pair in
a similar fashion as being related with a phase tran-

sition of the adsorbed phosphate anions.
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Figure 5: Cyclic voltammogram for a Au(111) electrode in
a 0.06 M KHoPO4 + 0.05 M KoHPOy4 solution, dE/dt =
10 mV s™.

3.2.2. STM measurements
At potentials below 400 mV, i.e. more ca-

thodic with respect to the sharp anodic current



peak in the CV curve, STM images show the typ-
ical double-stripe pattern of the Au(111) herring-
bone reconstruction (Fig. 6a), which propagates in
the <21 1>-direction and appears, according to the
substrate symmetry, in three rotational domains.
Atomically resolved STM images (inset in Fig. 6a)

clearly show the uniaxially compressed and appar-

ently adsorbate free Au(111) surface.

Figure 6: (a) Au(111) surface reconstruction at low poten-
tials: 116 nm x 116 nm?, E = —538 mV, Ug = 4 mV, I
= 10 nA (differentiated for sake of visibility), inset: 4.77
X 4.77 nm?, E = —538 mV, Ug = 4 mV, I7 = 10 nA; (b)
Au(111)-(1x1) phase after lifting of the reconstruction: 112
x 112 nm?, E = 452 mV, Ug = 6 mV, I = 2 nA, inset:
4.09 x 4.09 nm2, E = 425 mV, Ug = 50 mV, I = 10 nA.

After increasing the potential to 450 mV, i.e.
slightly positive from the sharp anodic peak in the
CV curve, the herringbone reconstruction is lifted
and instead the unreconstructed Au(111)-(1 x 1)
phase is imaged (Fig. 6b). Beside the (1 x 1)-
phase, no evidence of a phosphate adlayer, partic-
ularly regarding the results of our electrochemical
and previous FTIR [24] characterizations, could be
found under these conditions. A similar behavior is
also known for Au(111) electrodes in sulfate con-
taining electrolytes: after lifting of the surface re-
construction first a mobile sulfate adlayer is formed

[1, 25], which cannot be imaged with STM. Hence

also in the present case a mobile phosphate adlayer
is formed after lifting of the Au(11 1) surface recon-
struction.

In contrast to sulfate adlayers on Au(111) which
undergo a complete phase transition to an immo-
bile ”(v/3 x v/7)” phase [1, 25, 26], such transition
could not be found for the present system. Even
though the CV curve shows a similar feature (Fig.
5) as the so called ”butterfly”-peak pair for the sul-
fate system, no complete phase transition was ob-
served with STM under high-potential conditions.
However, STM images recorded at such high po-
tentials do show small patches with an at least par-
tially ordered structure on fuzzy appearing terraces
(Fig. 7). Despite their numerous defects, their
structure can be described by parallel aligned close
packed rows with a nearest neighbor distances of
approx. 0.5 nm within a row and approx. 0.7 nm
between adjacent rows, which are similar to those
of the ” (\/3 x /7 )” structure of sulfate adlayers on
Au(111) (0.499 nm and 0.762 nm, respectively).

The ” (V3 x V/7)” sulfate adlayer structure is
known to be stabilized by coadsorbed water species,
such as hydronium or Zundel ions [1, 27], which
form a zigzag-like structure in between adjacent
close packed sulfate rows. The lower degree of or-
der of the phosphate adlayer may indicate a lack
of such an additional stabilization. Besides the sta-
bilization of the structure, a coadsorbate may also
screen the charge of the adsorbed anions and de-
crease thereby their repulsive coulomb interaction,
which may have a strong effect in the present case
due to the potentially higher charge of the adsorbed
phosphate anions with respect to (bi)sulfate anions.

Both, shape and size of the patches change



rapidly, which indicates a continuous diffusion and
hence a rather weak bonding of the adsorbed phos-
phate anions to the Au(111) substrate. During
further potential increase, no further stabilization
of the phosphate adlayer is observed, instead the
substrate starts to oxidize at potentials of about
41100 mV and roughens significantly, in accor-

dance with literature [28].

Figure 7: Patch of the partially ordered phosphate adlayer
phase: 14.5 nm x 14.5 nm?, E = 998 mV, Ug = 30 mV, I
=1 nA.

3.3. Cu modified Au(111) in POy Buffer Solution

In the following, we report on the interaction of
an ultrathin Cu-film on an Au(111) electrode with
the phosphate buffer solution. Therefore, in a first
step Cu is deposited on an Au(111) electrode and
in a second step this Cu-modified electrode is ex-

posed to the phosphate buffer solution.

3.3.1. Preparation of a Cu-submonolayer
Due to the low solubility of Cu(OH); and
Cug(POy)2, the Cu-deposition on the Au(111)

electrode cannot be carried out directly from the

phosphate buffer solution. Instead a sulfuric acid
solution is used for Cu-deposition, which is actually
one of the best studied systems for metal underpo-
tential deposition (upd), and allows the preparation
of either a Cu-submonolayer with an exact cover-
age of a 2/3 monolayer or a full pseudomorphic Cu-
monolayer on a Au(111) electrode [2, 29].

After deposition of a certain amount of copper,
the remaining Cu?* cations in the liquid phase have
to be removed by a first electrolyte exchange for a
Cu-free sulfuric acid solution. For this step, it is
important to ensure that none of the deposited cop-
per desorbs into the blank solution, which can be
achieved by a controlled potential decrease of about
200 mV during the electrolyte exchange. Such an
approach is already reported by Friebel et. al.
[30, 31] for the preparation of ultrathin copper sul-
fide films on a Au(111) electrode. Our electro-
chemical and STM characterization of these first
two preparation steps is in perfect agreement with
these results.

After this first electrolyte exchange, the Au(111)
surface is either covered with 2/3 ML of copper and
1/3 ML of coadsorbed sulfate anions or a full pseu-
domorphic Cu-monolayer. As both Cu-coverages
exhibit a similar behavior in the phosphate buffer
solution, the following discussion focuses mainly on
the Cu-submonolayer, however, different behaviors

of the full Cu-monolayer will be pointed out.

3.83.2. Transfer of the Cu-submonolayer into the
phosphate buffer solution

After the first electrolyte exchange for a blank

sulfuric acid solution, a second electrolyte exchange

for the phosphate buffer solution was carried out.



Due to the pH change during this second electrolyte
exchange from initial value of 1 in the sulfuric acid
electrolyte to 6.8 in the phosphate buffer solution,
the potential of the used Pt pseudo-reference elec-
trode drops by 290 mV. As this electrolyte exchange
is performed at a constant potential with respect
to the pseudo-reference electrode, also the working
electrode potential drops from typically 250 mV to
about —50 mV.

Due to the geometry of the electrochemical cell,
the working electrode will get in contact with the
new electrolyte first and will be thereby subjected
for a short time to the higher potential. However,
the following will show that structure and morphol-
ogy of the Cu-film are only affected at potentials
above 400 mV. Hence the exposition to the higher
potential at the beginning of the electrolyte ex-
change does not cause any uncontrolled changes to
the Cu-film.

STM images recorded after the second elec-
trolyte exchange exhibit significant morphological
and structural changes of the Cu submonolayer
with respect to the sulfuric acid electrolyte. In-
stead of being completely closed and homogeneous,
it breaks up and vacancy islands are formed (upper
right in Fig. 8a). Moreover, its morphology appears
fuzzy and many domain borders can be found in
STM images, which enclose 60° angles, according to
the substrate symmetry (Fig. 8a). High resolution
STM images of the Cu film exhibit a well ordered
hexagonal structure with a nearest neighbor dis-
tance of (0.573+0.006) nm and reveal the observed
domain borders to be translational domain borders
(Fig. 8b). Both, symmetry and nearest neighbor

distance can be described with a (2 x 2) unit cell

10

with an ideal lattice constant of 0.576 nm, which is
further supported by the absence of any long-range
modulation indicating a slight deviation from this
commensurate to an alternative noncommensurate
structure. As the Cu-free Au(111) surface appears
adsorbate free under the same potential conditions,
this structure can be clearly assigned to a coadsor-
bate phase of the Cu-submonolayer and an anion
species.

For the structure of the 2/3 ML Cu-submonolayer
in the initially used sulfuric acid electrolyte it is
known, that 1/3 ML of coadsorbed sulfate anions
forms a (v/3 x v/3) R30° structure by occupying the
vacancies of an assumed pseudomorphic structure
of the Cu-submonolayer [2, 29]. Assuming that also
in the present system coadsorbed anions occupy va-
cancies, i.e. the defects of the Cu-submonolayer,
implies a rearrangement of the Cu-submonolayer
from its initial (\/g X \/§)R30° in the sulfuric acid
solution to a (2 x 2) defect structure in the phos-
phate buffer solution (Fig. 9). Due to the de-
creased defect density of the latter, 0.08 ML of va-
cancy islands must remain after the structural re-
arrangement of the Cu-submonolayer, which is in
agreement with the vacancies found in STM im-
ages (Fig. 8a). The structural transition of the
Cu-submonolayer is induced by the exchange of the
initially coadsorbed sulfate anions by phosphate an-
ions after the second electrolyte exchange.

The exchange of the coadsorbate and the
corresponding structural transition of the Cu-
submonolayer can also be directly imaged with
STM: images recorded immediately after the elec-
trolyte exchange for the phosphate buffer solution

show a second phase with hexagonal symmetry in
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Figure 8: (a) Morphology, 113 x 113 nm?, E = —6 mV, Up
=101 mV, I = 1 nA; and (b) atomic structure of the Cu-
submonolayer after electrolyte exchange for phosphate buffer
solution, 9.33 x 9.33 nm?, E = -6 mV, Ug = 6 mV, I =
2 nA.

Figure 9: Model of the (2 x 2)-Cu-POy4 coadsorbate phase
(outlines circles: Au(111) substrate; dark gray: Cu, light
gray: PO4) with phosphate anions occupying the vacancies

within the Cu-submonolayer.

the fuzzy appearing regions of the Cu-film (Fig.
10).
the (2 x 2) structure, i.e.

Its lattice is rotated by 30° with respect to
it cannot be a sym-
metry equivalent, and has a lattice vector length
of (0.501 £ 0.008) nm. Both fits perfectly to the
(v/3x+/3) R30° unit cell of the Cu-SO,4 coadsorbate
structure of the Cu-submonolayer before it was ex-
posed to the phosphate buffer solution. This struc-
ture disappears rapidly on favor of the (2x 2) phase,

which eventually covers the entire sample surface,
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Figure 10: Coexisting (2 x 2)-Cu-POy4 (black unit cell) and
(V3 x v/3)R30°-Cu-SOy4 (white unit cell) coadsorbate struc-
tures, 9.53 X 9.53 nm?, E = —72mV, Ug = 72 mV, Iy =
10 nA.

The assumption that phosphate anions are coad-
sorbed in the vacancies of the Cu-submonolayer
can be proved by exposing a full Cu-monolayer
with a defect free pseudomorphic structure to the
same electrolyte. Here, STM images recorded at
the same potential at which the (2 x 2) structure
was found for the Cu-submonolayer, show atomi-
cally smooth terraces without any evidence of the
(2 x 2) coadsorbate phase (Fig. 11a). Ouly if the
full Cu-monolayer is subjected to irreversible phase
transitions at either very low or high potentials, the
formation of domains of the (2 x 2)-Cu-POy4 coad-
sorbate phase can be found (Fig. 11b). The nature
of these potential induced phase transitions will be
explained in detail in the following section.

Hence, after the electrolyte exchange for the
phosphate buffer solution, the Cu-submonolayer
has changed from its initial (\/gx \/§)R30°—Cu—SO4
to a (2 x 2)-Cu-POy4 coadsorbate phase, in which



Figure 11: (a) Absence of phosphate adlayer on atomically

terraces of the full Cu-monolayer, 14.1 x 14.1 nm?, E =

—115 mV, Ug = 14 mV, It = 1 nA; (b) appearance of

(2 x 2) phase on the full Cu-monolayer after its exposure to
low potentials, 12.0 X 12.0 nm?, E = —47mV, Ug = 34 mV,
Ir = 0.5 nA.

coadsorbed phosphate anions occupy the vacancies
of a (2 x 2) defect structure of a pseudomorphi-
cally arranged Cu-submonolayer on the Au(111)

substrate.

3.8.3. Potential-induced phase changes

After deposition and transfer of the Cu-
submonolayer into the phosphate buffer electrolyte,
the sample potential was varied in both cathodic
and anodic directions with 10 mV s~!, starting each
time with a freshly prepared sample at an initial
potential of about —50 mV.

Decreasing the potential below —200 mV yields
to a partial desorption of the coadsorbed phosphate
anions and a transition of the Cu-submonolayer
to a mobile 2-dimensional gas-like phase (Fig.
12a). Such a transition is already known for
the Cu-submonolayer in sulfate containing elec-
trolytes, where the CV curves show a distinctive
cathodic peak which is correlated to the desorp-
tion of the coadsorbed sulfate anions, which sta-

bilize its the honeycomb like structure [32]. In
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agreement with these results, the CV curves of
the Cu-submonolayer in the phosphate buffer so-
lution also show a sharp cathodic peak (curve #1
in Fig. 13) which can be correlated to the tran-
sition to the mobile phase in STM images. This
order—disorder transition is reversible, upon sub-
sequent potential increase an anodic peak is ob-
served in the CV curves (curve #1 in Fig. 13) and
STM images show the reappearance of the (2 x 2)-
structure (Fig. 12b), which, however, has a signif-
icantly decreased average domain size with respect
to the initially formed (2 x 2)-structure. In addi-
tion, this also proves the previous assumption that
phosphate anions coadsorb in the (2 x 2) phase: al-
ternatively coadsorbed sulfate species which might
remain at the surface would have been infinitively
diluted into the phosphate buffer electrolyte after
their cathodic desorption. Both the change of the
structure and the order-disorder transition of the
Cu-submonolayer are another excellent example for
the strong influence of coadsorbed anions on metal
adlayers, similar as it is already known for small

amounts of chloride [33].

Figure 12: (a) Mobile Cu-adlayer after desorption of phos-
phate coadsorbate, 28.3 x 28.3 nm?, E = —245 mV, Ug =

50 mV, IT = 2 nA; (b) reappearance of (2 x 2) phase after
phosphate adsorption, 12.8 x 12.8 nm?, E = —45 mV, Up
=38 mV, IT = 20 nA.
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Figure 13: Series of CV curves for a Cu-covered Au(111)
electrode in a 0.05 M KH2PO4 + 0.05 M KoHPOy4 solution,
dE/dt = 10 mV/s

However, if the potential range is extended in
either anodic or cathodic direction over 400 mV
or —500 mV, respectively, additional irreversible

phase transitions can be observed.

After decreasing the potential below —500 mV,
the mobile Cu-submonolayer becomes immobile
again and coalescent islands are formed (Fig. 14a).
Within the vacancies of the islands most likely the
adsorbate free Au(111) surface is being imaged,
however, it exhibits numerous small defects (ar-
row in Fig. 14a) and no evidence of the onset of
the "Herringbone” reconstruction, as for the Cu-
free system, can be found. The relative coverage of
the islands can be estimated to about 2/3 ML, con-
sistent with the initial Cu-coverage. However their
low height of 0.11 nm with respect to the vacan-

cies is only about half of what would be expected
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from a geometric hard sphere model of Cu-atoms
occupying 3-fold hollow-sites on a Au(111) surface
(0.235 nm). In addition they appear rather inho-

mogeneous and exhibit surprisingly an amorphous

but not pseudomorphic structure in high-resolution

STM images (Fig. 14b).

Figure 14: (a) Immobile Cu-adlayer at low potentials, 106
x 106 nm2, E = —555 mV, Ug = 100 mV, Iz = 10 nA;
(b) amorphous structure of immobile Cu-phase, 5.37 X

5.37 nm?, E = —548 mV, Ug = 4 mV, Ir = 30 nA.

Corresponding to the phase transition in STM
images, the CV curve shows a cathodic shoulder
close to the onset of the HER (curve #2 in Fig.
13) and during the back-scan in anodic direction
the sharp peak, which corresponds to the adsorp-
tion of phosphate anions on the Cu-submonolayer,
is suppressed. However, it reappears slowly during
several potential cycles after limiting the scan range
in cathodic direction to —400 mV again (curve #3
in Fig. 13; 7th potential cycle in limited scan range
after curve #2), but remains even after many cy-
cles significantly broader and weaker as in the ini-
tial potential scan. Subsequent recorded STM im-
ages show at the same potential at which the initial
(2 x 2)-Cu-POy coadsorbate phase was found, a
rather defective surface with some granular parti-

cles and only small domains of the (2 x 2) structure



(Fig. 15a). Hence, both electrochemical and STM
measurements indicate that the Cu-submonolayer
has become partially inert for the formation of the
Cu-PO, coadsorbate phase after being exposed to

low potentials, i.e. after its transition to the immo-

bile phase.

Figure 15: Reappearance of (the 2 x 2) phase either after
(a) anodic phosphate readsorption on immobile Cu-adlayer,
10.7 x 10.7 nm?, E = -7 mV, Ug = 52 mV, I7 = 10 nA;
or (b) reduction of the amorphous oxidized copper film, 11.5

x 11.5 nm?, E = 255 mV, Ug = 37 mV, It = 20 nA.

In general, the transition from the mobile to the
immobile phase can be attributed to an increased
bonding strength of the Cu-submonolayer to the
Au(111) substrate. The corresponding peak in the
CV curve indicates a charge exchange of the Cu-
submonolayer with the substrate during this phase
transition. Both effects can be explained by a two-
step desorption mechanism of the coadsorbed phos-
phate anions: Starting with the initial (2 x 2)-Cu—
PO, coadsorbate phase, only some of the phosphate
anions are desorbed during the first phase transi-
tion of the Cu-submonolayer to the mobile phase,
whereas the remaining phosphate anions are des-
orbed during the second phase transition to the im-
mobile phase.

Hence, also the mobile phase must be interpreted

as a Cu-POy4 coadsorbate phase, but with a de-
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creased POy coverage with respect to the immo-
bile (2 x 2)-Cu-PO4 coadsorbate phase. The re-
maining attractive Cu—PQOy interactions reduce the
bonding strength of the Cu-submonolayer to the
substrate, which causes its high mobility. Due to
the fast desorption of the residual phosphate an-
ions during the phase transition to the immobile
phase, these attractive Cu-POy interactions dis-
appear abruptly, yielding in a sudden condensa-
tion of the Cu-submonolayer. Its resulting amor-
phous structure is stabilized by the slow diffusion
of the Cu-atoms due to their strong binding to the
Au(111) surface.

The irreversible character of this phase transition
stems from a hindering of the phosphate adsorption
on the amorphous Cu-film, most likely it does not
provide suitable adsorption sites, similar to the full
Cu-monolayer. Only at its step edges a restructur-
ing appears reasonably easy which eventually pro-
vides suitable adsorption sites, causing the weak
phosphate ad/desorption peak in the CV curves
and the small domains of the (2 x 2) structure in
STM images (Fig. 15a).

However, the small defects on the Au(111) ter-
races may also suggest an incorporation of Au-
atoms, supplied by the substrate, into the islands
of the amorphous phase and thereby an alternative
interpretation as a Cu—Au alloy phase rather than
a pure Cu-film. In either case, the low height of the
islands with respect to the surrounding Au(111)
surface does not reflect its topological height but
is probably caused by a reduced density of states
on the islands, yielding in a lowered appearance
in STM. An alternative interpretation of their low

height as being caused by an inversion of the verti-



cal stacking, i.e. an Au termination of the islands
and a diffusion of Cu into the second layer as ob-
served on AuzCu surfaces [34], appears unlikely due
to the absence of large scale defects of the Au(111)
substrate in STM images and the fast transition
from the mobile to the amorphous phase. The par-
ticles observed after subsequent potential increase
(Fig. 15a) are most likely coalescent, bulk-like Cu-
particles that appear inert for phosphate adsorption
due to the lack of suitable adsorption sites. Both
the interesting structural properties and the chem-
ical identity of the immobile phase call for further
studies using different techniques.

Increasing the potential after preparation of the
(2 x 2) phase to above +400 mV results in an oxi-
dation of the Cu-submonolayer. The corresponding
CV curve (Fig. 16) shows for both, oxidation and
subsequent reduction of the Cu-submonolayer, only
a single distinguished peak pair at about 400 mV.
The charge exchange for both processes corresponds
to about 2 electrons per copper atom, indicating
a direct Cu(0)-Cu(Il) transition. The stabiliza-
tion against the oxidation towards an intermedi-
ate Cu(I) phase, as it is suggested by the Pour-
baix diagram, is also reported for Cu covered Pt
clusters [35] and is denoted to attractive interac-
tions of the deposited copper with its support. In
addition, they also stabilize the Cu-submonolayer
in the present system for its dissolution into the
Cu-free phosphate buffer solution, whereas for the
bulk Cu(111) electrode the onset of Cu corrosion
was observed at a potential of +100 mV. By com-
parison with the Cu-free Au(111) electrode (Fig.
5) is becomes clear that the oxidation of the Cu-

submonolayer and the lifting of the ”herringbone”
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reconstruction occurs at the same potential, i.e.
4400 mV. Hence the gain in surface free energy by
the onset of surface reconstruction for the Cu-free
system, stabilizes the Cu-submonolayer for dissolu-
tion on the unreconstructed Au(111) surface.
STM images of the oxidized Cu-submonolayer
show a closed-film like morphology with several ad-
ditional small particles (Fig. 17a), but no atomic
order can be found in high-resolution STM images
(Fig.

pearance of additional particles indicate a signifi-

17b). The closed morphology and the ap-

cant lateral expansion of the Cu-submonolayer dur-
ing its oxidation, yielding in a structure which is
determined by Cu—O interactions rather than by
interactions with the Au(111) substrate. After re-
duction, the (2 x 2) phase reappears in STM im-
ages (Fig. 15b), though the small particles, which
have been formed during the oxidation of the Cu-
submonolayer, can still be detected. The oxidized
phase might be either a bulky CuO or a Cuz(POy)2
like phase, however, considering the behavior of the
bulk Cu(111) electrode in the same electrolyte it
appears reasonable to assign at least the additional

particles to a copper-oxo-phosphate like species.

4. Discussion and Summary

We have studied the interaction of Cu(111),
Au(111) and Cu-covered Au(111) electrodes with
a neutral phosphate buffer electrolyte and found the
formation of ordered phosphate anion adlayers on

all three surfaces:

e a partial (v3 x V/3)R30°-PO, phase for
Cu(111) (nominal © = 0.33 ML),



20 T T T T

jIuA cm?

7200 0 400
E/mV (vs. SHE)

800

Figure 16: CV curve for the oxidation/reduction of a Cu-
submonolayer on Au(111) in a 0.05 M KHaPO4 + 0.05 M
K2HPOy solution, dE/dt = 10 mV s~—!

Figure 17: (a) Morphology, 113 x 113 nm2, E = 760 mV, Up
= 50 mV, It = 10 nA; and (b) amorphous structure of the
oxidized Cu-submonolayer, 14.1 x 14.1 nm?, E = 760 mV,
Up =50 mV, It = 10 nA.

e a partial 7 (v/3 x v/7)”-POy4 phase for Au(111)
(nominal © = 0.20 ML) and

e a (2 x 2)-Cu-POy coadsorbate phase for a
Cu-submonolayer on Au(111) (nominal © =

0.25 ML).

By comparing these systems, it becomes obvious
that the nominal phosphate coverage increases in
the order of Au(111) < Au(111)-Cu < Cu(111),
thus with increasing Cu-amount at the electrode

surface. The higher affinity of phosphate anions to
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copper than to gold results from their bonding with
oxygen atoms to the surface and is hence predicted
by the oxygen affinity of the substrate, which is
naturally higher for copper than for gold.

However, only on the Cu-submonolayer covered
Au(111) surface the phosphate adsorbate layer
covers the entire surface, except for 0.08 ML of va-
cancies due to the low initial Cu-coverage, whereas
on the bulk Cu(111) and Au(111) electrodes just
few adlayer patches are formed, and most of the
adsorbed phosphate anions remain in a mobile 2-
dimensional gas-like phase. In contrast to the
bulk Cu(111) and Au(111) electrodes, the Cu-
submonolayer on the Au(111) electrode undergoes
a lateral rearrangement during phosphate adsorp-
tion due to which phosphate anions are adsorbed in
a (2 x 2) defect structure of the Cu-submonolayer
which has a significantly higher corrugation than
the bulk electrode surfaces and thus stabilizes the
phosphate adlayer. In comparison to sulfate, which
is known to form closed adlayers on Cu(111) and
Au(111) surfaces, the potentially higher charge
and thereby stronger Coulomb repulsion of the ad-
sorbed phosphate anions may inhibit the formation
of closed adlayers.

At low potentials, which are of interest for the en-
visioned electrochemical COs reduction, both the
Au(111) and the Cu(111) surface appear appar-
ently adsorbate free, indicated by the presence of
the "herringbone” reconstruction and the formation
of a characteristic (4 x 4) phase, respectively. In the
case of Cu(111), however, the morphology of the
electrode is heavily influenced by the formation of a
copper-oxo-phosphate phase at intermediate poten-

tials and roughens significantly after few phosphate



adsorption/desorption cycles.

For the Cu-covered Au(111) electrode, a phase
transition from a 2-dimensional gas-like to an im-
mobile phase was found during potential decrease
after phosphate desorption. Surprisingly, the im-
mobile Cu-adlayer phase exhibits an amorphous
structure and some evidence is found that it might

even be an Au—Cu-alloy phase. In either case it

does not stay in a pseudomorphic structure, more-
over its amorphous structure may exhibit interest-
ing properties, e.g. in its catalytic behavior, and

will be subject to further investigation.
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