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Abstract

The coadsorption of porphyrin molecules (TMPyP: tetra(N-methyl-4-pyridyl)-porphyrin), sulfate anions and copper on a
Au(111) electrode was investigated by the use of cyclic voltammetry (CV) and in situ electrochemical scanning tunneling
microscopﬁ. With decreasing electrode potential the following sequence of surface phases was found: (I) an ordered

(\/5 X \/7 R19.1° — SO42_ structure on the unreconstructed Au(111)-(1 x 1) surface; (II) a disordered SO42‘-1ayer on the
still unreconstructed Au(111)-(1x 1); (IIT) a ( \/5 X \/5 >R30° coadsorption structure of 2/3 ML Cu and 1/3 ML SO42_; av)

a completed 1 ML Cu covered by a layer of mobile, i.e. not imaged, SO42_ anions, moreover, a coadsorption layer of disor-
dered porphyrin molecules and still mobile SO42_ anions; (V) overpotentially deposited Cu-multilayers terminated by the
well known Moiré-type modulated <\/§ X \/7 >R19.1° — SO,*" structure (similar to bulk Cu(111)) and covered by a dense

layer of flat lying TMPyP molecules showing a growing square as well as hexagonally ordered arrangement, and at even
more negative potential values and low Cu concentrations in the solution (VI) a pseudomorphic underpotentially deposited
Cu-monolayer covered by a ( \/5 X \/7 )R19. 1°— SO42_ layer and a dense, ordered porphyrin layer ontop. The formation of

the various phases is driven by the potential dependent surface charge density and the resultant electrostatic interaction with
the respective ions. A severe imbalance between the copper deposition and desorption current in the CV spectra suggests
also the formation of CuTMPyP-metalloporphyrin on the surface which diffuses into the bulk solution.

Keywords Copper - Gold - Porphyrins - Electrochemical scanning tunneling microscopy (EC-STM) - Cyclic voltammetry
(CV) - Solid-liquid interface - Surface structure - Redox reactions

1 Introduction

Following the examples in nature where porphyrin deriva-
tives play a vital role in biochemical processes like chlo-
rophyll in the photosynthesis of plants, like heme of red
blood cells in the transport and storage of oxygen, and like
vitamin B-12 in the metabolism of creatures, porphyrin
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based molecules have also found broad application in tech-
nology. The modification of the porphyrin core by differ-
ent functional groups and different metal centres (e.g. Fe,
Cu, Co, Mg, Mn, etc.) results in the formation of various
porphyrin derivatives which are basic materials for electro-
catalysts of reduction and oxidation reactions [1, 2], for drug
production [3] and cancer chemotherapy [4], as well as for
sensors [5—7], solar cells [8], optoelectronic and data stor-
age devices [9], and molecular electronics [10]. Important
industrial processes catalysed by porphyrins [11] such as
epoxidation, carbonylation, hydroxylation and sulfoxidation
[12] are schematically highlighted in Fig. 1.

The efficiency per porphyrin molecule in the respective
process, of course, depends on its accessibility, and is, thus,
expected optimal if the molecules are spread out as thin films
on a supporting surface. In this case the properties of the
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Fig.1 Sketch illustrating porphyrin catalytized processes such
as: epoxydation, hydroxylation, sulfoxidation, and carbonylation;
M =metal, R=ligand; X=e.g. hydrogen

molecules will also be determined by their immediate envi-
ronment, i.e. by the interactions with adsorbed molecular
neighbours and the influence of the substrate. Both these
influences determine the nano-architecture and the function-
ality of thin deposited films, and have thus been studied in a
number of investigations both in ultrahigh vacuum (UHV)
and in liquids [13-23]. In these studies the use of single-
crystalline substrates helps to reduce “heterogeneous broad-
ening” of both the distribution of the inherent properties
of the individual molecules and the detected characteristic
signals from them.

Since the more natural environment for the application of
functionalized porphyrin molecules are aqueous solutions,
investigations of the adsorption of porphyrin molecules at
solid-liquid interfaces are particularly important. Moreo-
ver, while basic variants of porphyrin molecules are ther-
mally rather stable also during evaporation, functionalized
porphyrins with extended ligands may no longer be intact
volatile. In this case their deposition can only be done from
a liquid phase, e.g. as neutral molecules from a bulk lig-
uid or by spray deposition or electrochemically as cations
from solution. This approach is actually also more conveni-
ent and economic than vapour deposition, and enables also
the investigation of elementary steps of surface reactions in
(electro-)catalysis, corrosion, electroplating and -etching,
galvanization etc., key processes in modern technology.

In this work we concentrate on the investigation and char-
acterization of electrochemically adsorbed porphyrin layers,
namely tetra(N-methyl-4-pyridyl)-porphyrin (TMPyP) in the
form of water soluble tosylate—salts, at modified gold sur-
faces in dilute sulfuric acid solution. Besides the composi-
tion and structure of the substrate surface and the chemical
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nature and concentration of the species in the solution phase
the electrochemical approach provides a further control
parameter, namely the electric potential of the electrode.
The electrode potential not only controls the surface cover-
age of the involved species according to their charge state,
but may also induce electron transfer processes between
the surface and the adsorbed molecules, i.e. redox-reac-
tions. These redox processes change the charge state of the
adsorbed species and thereby the electrostatic interactions
within the adsorbed layer as well as between the adsorbate
and the electrode, which is also expected to cause structural
changes. Besides the chemical and structural properties of
the substrate surface, the electric potential is thus a useful
parameter to trigger and study structural phase transitions
of molecular layers at metal—electrolyte interfaces [24-28].

Dominant adsorbate—adsorbate interactions will result in
a spontaneous self-assembly of the adsorbed species and the
formation of ordered 2D (or in the extreme 3D) molecular
aggregates [29]. In this case the structure of the molecular
adsorbate is not affected by the substrate underneath, but
depends only on the properties of the interacting molecules,
among others also on their charge state. If, however, the
interactions between the adsorbed molecules and the sub-
strate pre-dominate, the sample acts as a template, which
may induce the structure of the molecular overlayer, i.e.
there is a “symmetry transfer” from the substrate to the
adsorbate layer. In reality, the structure of the molecular
layer is usually a consequence of a mixture of both, self-
assembly and template effect.

In order, to achieve, at given external conditions, the
equilibrium structure the relevant interactions must also be
reversible, i.e. the molecules must be able to leave a given
bonding configuration and form new bonds. This is possi-
ble with noncovalent interactions such as electrostatic, van-
der-Waals, and n—r interactions as well as hydrogen bonds.
Under electrochemical conditions in aqueous electrolytes,
besides electrostatic forces, hydrogen bonds may play a par-
ticularly important role.

In our model studies we have used an Au(111) single
crystal electrode which was modified by underpotential
(upd) and overpotential (opd) deposition of copper layers
in sulfuric acid solution. Copper and gold, which are often
used as working electrodes in electrochemistry, exhibit dif-
ferent chemical properties. Copper is more reactive than
noble metals like Au, Ag, and Pt. Gold in the form of bulk
samples is chemically rather inert. The potential window of
Cu extends to more negative values than that of gold (see
Figs. 2, 3, 10) and therefore permits to study phenomena
which occur under more reactive/reductive conditions. The
choice of copper is also motivated by its significance as
“metal of the 21st century” in the production of nanoscale
circuitry, namely in the Damascene process of electroplat-
ing and on-chip wiring, which is largely controlled by the
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Fig.2 Partial cyclic voltammogram of Au(111) recorded in a 0.1 M
H,SO, solution, scan rate dE/dt=10 mV/s. HER reflects the hydro-
gen evolution, the maxima A/A’ and P/P' are associated with the
adsorption/desorption and an order/disorder structural transition of
sulfate (SO,%7) on the surface, respectively. The in situ STM images
were recorded in the indicated potential range: a STM image
54.2 nmx 54.2 nm of the reconstructed Au(11 1) 23 X \/_ ]Sl surface

taken at a tunnelling current ;=1 nA, a bias voltage U;=—450 mV,
and an electrode potential E=—400 mV. b image 8.8 nmx 8.8 nm of
the unreconstructed Au(111)-(1x 1) surface covered with disordered

operation of co-adsorbed organic molecules, so-called accel-
erators, suppressors, and levellers [30, 31]. The aims of this
work are to study the adsorption and ordering of TMPyP as
a simple representative of the class of porphyrins on copper
layers of different thickness on a Au(111) electrode and to
compare the results with those known from bare Au(111)
and bulk Cu(111). After a description of the experimental
conditions we briefly review (i) the electrochemical redox-
behaviour of TMPyP as determined on inert HOPG, (ii) the
interfacial electrochemistry of bulk Au(111) and Cu(111)
in pure as well as TMPyP containing dilute sulfuric acid,
(iii) the modification of the Au(111) electrode surface by
underpotential (upd) and overpotential (opd) deposition and
co-adsorption of sulfate anions, and then (iv) present the
results for adsorbed TMPyP layers on the differently copper-
terminated Au(111) surface.

2 Experimental

The experiments were carried out by the use of an appa-
ratus built at the University of Bonn [32] which combines
in situ scanning tunneling microscopy [33] and cyclic vol-
tammetry. The incorporation of both methods in the same

sulfate (I;=46 nA, U=-335 mV, E=-157 mV); ¢ image
353 nmXx353 nm of Au(l11) with two dimensional gold islands
formed after the sulfate induced lifting of the surface reconstruction
(I;=10 nA, U =+24 mV, E=—157 m); d image 8.9 nmXx 8.9 nm of
the (\/5 X 7) sulfate structure on Au(111)-(I1x1) (I,=3 nA,

U,=-781 mV, E=297 mV); e height profile along the white line in f
taken after oxidation of the surface; f image 135 nmx135 nm
obtained after surface oxidation (dissolution) and redeposition of Au
(I,=1nA,U;=24 mV,E=10 mV)

electro-chemical cell enables a direct correlation of the CV
and EC-STM results. Cyclic voltammograms in different
potential windows between the hydrogen evolution and the
gold oxidation reaction were scanned in order to identify
all adsorption/desorption peaks [34]. The electrochemical
cell has a volume of 2.5 ml and is made of Teflon, which is
particularly suitable for experiments in strong acid solutions.
The experimental four electrode setup consisting of the STM
tip, the sample (working electrode), a Pt/PtO (pseudo-)refer-
ence electrode, and the counter electrode (Pt) with a bipoten-
tiostat permits the registration of STM images in the liquid
environment in potentiostatic, potentiodynamic, as well as
quasi-spectroscopic mode [32, 33]. Here we present and
discuss STM images taken in potentiostatic and constant
tunneling current mode, i.e. during the registration of an
STM image the electrode potential is kept constant. Before
the measurements the Au(111) sample was electropolished
in sulfuric acid solution, and subsequently soaked in hydro-
chloric acid solution in order to remove oxides from the
surface. The surface was then exposed to an oxygen-rich
butane-air flame and annealed in order to remove all organic
contaminants and to heal defects. During the whole process,
in particular during the subsequent cooling down, the sample
was kept under a high-purity argon atmosphere [35].
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Fig.3 Cyclic voltammogram of Cu(111) in 5 mM H,SO,, scan rate
dE/dt=10 mv/s. HER hydrogen evolution reaction, CDR copper dis-
solution reaction, CRD copper redeposition reaction. a In situ STM
image of the adsorbate-free Cu(111) surface at negative potentials
(3 nmXx3 nm, [;=30 nA, U;=-—10 mV, E=-215 mV). In a wide
range between A and R adsorption of a disordered SO42_ layer takes
place, which at R transforms into a stable (\/5 X \ﬁ ) - SO42‘ struc-

ture with Moiré-type superstructure (dark regions) shown in b 31
nmx3l nm, =1 nA, U=79 mV, E=140 mV; and ¢ 7.6
nmX7.6 nm, [;=1 nA, U,=-120 mV, E=-56 mV; d model of the

(\/5 X \/7 ) — SO, structure (see text). CV and STM data adopted
from [42]

STM tips were prepared by an alternating current etching
procedure from a 0.25 mm diameter tungsten wire in 2 M
KOH solution. Each tip was rinsed in ultra-pure distilled
water and covered by hot polymer glue (Pattex, Germany).
In such a way the uncovered apex of the tip was minimized
and, hence, any faradaic current flowing through the tip was
reduced far below the level of the tunneling current [33, 36].

Cyclic voltammetry measurements were performed by
recording of the ion current flowing between the working
electrode (sample) and counter electrode as a function of the
sample potential determined with respect to the reference
electrode (Pt/PtO) using typically a scan rate of 10 mV/s.

1 mM and 0.1 mM CuSO, solutions in 0.1 M H,SO,
were prepared from ultrapure copper sulfate and sulfuric
acid (Merck), as well as Milli-Q distilled water (18.2 MQ
and total organic carbon content (TOC) below 5 ppb). The
porphyrin molecules (suprapure, halide-free, Scientific
Frontiers) were used without further purification.

3 The Substrates
3.1 Au(111)in Sulfuric Acid

The well prepared Au(111) surface (see Sect. 2) exhibits the

well known (23 X 4/3 ) surface reconstruction as observed
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Fig.4 Cyclic voltammograms of Au(111) in a 0.1 M H,SO,+1 mM
CuSO, solution (CV1), and Au(111) in the 0.1 M H,SO,+1 mM
CuSO,+0.01 mM TMPyP solution (CV2). In CV1 the current max-
ima correspond to: Ox/Ox’ = dissolution(oxidation)/redeposition of
Au, P/P' = order/disorder phase transition of SO42_ on Au(111), A/A’
= adsorption/desorption of SO42_ on Au(l11), S/S' = desorption/
adsorption of 2/3 ML of Cu, M/M' = desorption/adsorption of
1/3 ML of Cu, B/B’' = desorption/adsorption of Cu multilayers,
C=phase transition of SO,*~ on 1 ML of Cu with associated adsorp-
tion of H,O and/or H;0™. In CV1 the observed sulfate structures are:

@ (\/5 x /7 ) 0f SO, on Au(111)-(1 x 1), (II) disordered SO, on
Au(111)-(1x 1), (III) <\/§>< \/5) of SO,2" on 2/3 ML of Cu on
1

Au(111)-(1x 1), (IV) disordered SO,2~ on 1 ML of Cu on Au(111)-
(1x1), (V) (\/3 x \/?) of SO, on Moiré Cu multilayers, (VI)
M

(\/Ex \/7)] of SO,> on 1 ML of Cu on Au(111)-(1x1). CV2 cor-

responds to the black trace in Fig. 10 and is shown here for direct
comparison with CV1 in the TMPyP containing solution. P1 and P2
mark the first two two-electron reduction steps of the adsorbed
TMPyP molecules (see Fig. 8 and text)

under UHV conditions [37, 38] as well as in sulfuric acid
solution at very negative potentials, where no specific
adsorption of SO42_ anions takes place [39, 40]. Figure 2
displays the relevant low potential part of a cyclic voltam-
mogram of Au(111) in 0.1 M H,SO, between the limit of the
cathodic hydrogen evolution reaction (HER) and the anodic
formation of an ordered layer of sulfate anions. The even
more anodic part up to the gold oxidation (Ox) is seen in
Fig. 4, CV1. Inset (a) in Fig. 2 shows a large scale in situ
STM image taken at —400 mV (vs. Pt/PtO) which clearly
exhibits the “herringbone” reconstruction of the Au(111)
surface. A potential scan (10 mV/s) towards more positive
potentials leads to adsorption (A) of sulfate anions and lift-
ing of the gold surface reconstruction (inset b, c). Since the
atomic density of the reconstructed Au(11 1)-(23)(\/5 ) sur-
face is about 4% higher than that of the unreconstructed
Au(111)-(1 x 1) surface the lifting of the reconstruction
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causes a displacement of these excess atoms and their reas-
sembly into small gold islands on the surface (inset c). At
this stage the adsorbed SO,>~ layer is still disordered (inset
b). At even more positive potentials, namely at P, a disor-
der—order phase transition within the SO,>~ layer takes place
[41] and the formation of a long-range ordered
(\/3 X \/7 ) - SO42_ structure is observed as shown in inset

(d) up to the oxidation reaction of the gold electrode (Ox in
CV1, Fig. 4). These processes, sulfate adsorption, lifting of
the substrate reconstruction, the disorder—order phase transi-
tion of sulfate and the surface oxidation are reversible (see
A', P', Ox" in Figs. 2, 4). In particular the (23 X \/5) recon-
struction is restored. However, repeated cycling leaves the
surface with an increasing amount of defects (inset f in
Fig. 2) due to the involved transport of gold atoms in the
reconstruction—deconstruction process. These defects are
vacancy islands and added islands of Au atoms, which
appear after the redeposition of Au from solution (peak Ox'
in CV1 in Fig. 4), as evidenced by the height profile shown
in inset (e) of Fig. 2 taken along the white line in inset (f).
The fact, that no ordered sulfate structure was observed
in neutral solutions (pH 7), points to the need of hydronium
ions (rather than water molecules) to stabilize the

<\/§ X \/7) — S0,* adlayer. A model of the <\/§ X \/7)

structure is shown in Fig. 3d. In turn, in situ infrared (IR)
measurements of the ordered sulfate layer in acidic solution
support the presence of co-adsorbed hydronium ions
[42-44].

3.2 Cu(111) in Sulfuric Acid

Figure 3 shows the complete cyclic voltammogram of a
Cu(111) surface in sulfuric acid solution between the
cathodic hydrogen evolution reaction (HER) and the copper
dissolution reaction (CDR). In contrast to Au(111) the
anion-free Cu(111) surface at very negative potentials is not
reconstructed, but shows the regular hexagonal (111)-(1x 1)
atom arrangement (inset a) [45—-48]. With increasing poten-
tial SO42_ anions adsorb over a broad potential range, again
forming first a disordered layer [42], which at peak R trans-
forms into a < \/5 X \/7 ) - SO42_ structure which, in addi-

tion, is superimposed by a long-range ordered Moiré-type
superstructure (dark regions in insets b, c). The latter is the
consequence of a sulfate induced reconstructive expansion
of the first copper layer by about 6% and the resultant mis-
match between this expanded first and the regular second Cu
layer. As a further consequence of this expansion, i.e. lower-
ing of the atom density of the first copper layer, is the forma-
tion of added copper islands on top, which are again covered
by the (\/5 X \ﬁ ) — SO,*" structure and sized in units of

the Moiré superstructure (inset b). Thus, while sulfate
adsorption lifts the reconstruction of the bare Au(111) sur-
face, adsorption of sulfate on the Cu(111) surface induces a
reconstruction. Due to the involved copper mass transport
this reconstruction/deconstruction process is strongly kineti-
cally controlled, which explains the enormous “hysteresis”
between the reconstruction (R) and sulfate desorption sig-
nals in the CV [42, 48]. The double-peak structure of the
desorption signal is a consequence of the so-called Frumkin-
effect [49], namely the extra negative charge of the adsorbed
anion layer enhances the reduction of the protons in solution.
The dominant right-hand peak of the SO,*~ desorption sig-
nal corresponds to a superposition of hydrogen evolution (on
the SO,%~ covered surface) and SO,*~ desorption. Inasmuch
as the SO, anions desorb with decreasing potential the
contribution from the hydrogen evolution reaction decreases,
and the left-hand peak represents dominantly SO,>~ desorp-
tion until hydrogen evolution on the bare Cu(111) surface
sets in (HER).

Like on Au(111) the (\/5 x /7 ) — SO, layer is stabi-

lized by co-adsorbed hydronium ions, which in this case
could even be resolved by in situ STM. The zig-zag chains
of small bright spots in Fig. 3, inset (c) between the adsorbed
sulfate anions (big bright spots) are assigned to the co-
adsorbed hydronium ions, which may be regarded as 2D
hydration “shell” insulating the negatively charged sulfate
anions from each other. A model of the (\/5 X \/7 ) -S0,*"

structure is shown in inset (d). This ordered (SO,>~ + H;0™)
co-adsorption layer plays a crucial role in the ordered
adsorption of the porphyrin molecules.

3.3 Copper Deposition on Au(111) in Sulfuric Acid

The electrochemical deposition of copper on Au(111) is a
well established example for the phenomenon of “underpo-
tential deposition (upd)”, namely the electrodeposition of
a metal 1 on an unlike substrate 2 at a potential before the
electric equilibrium potential of deposition (dissolution) of
metal 1 on (from) itself, i.e. the Nernst potential, is reached
[50]. The reason for this underpotential deposition is the
extra (chemical) interaction between the two unlike met-
als, here Cu and Au. Obviously this extra interaction decays
quickly once the first layer of copper “screens” the gold
substrate underneath, so that the phenomenon of underpo-
tential deposition is largely restricted to just one, possibly
two, monolayers of deposit. This, in turn, permits a precise
control of the amount or layer thickness of the deposited
material.

In the case of Cu-upd on Au(111) in sulfuric acid several
stages of Cu growth and co-adsorption of sulfate anions on
top have been identified [51-54]. In Fig. 4, CV1 shows a
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cyclic voltammogram of Au(111) in 0.1 M H,SO, solution
containing 1 mM CuSO,. Like in Fig. 2 the signals at more
positive potentials correspond to the adsorption/desorption

(A/A), the disorder — (\/5 X \/7 )—order/( \/§ X \/7 )-order

— disorder transition of the SO42_ adlayer (P/P’), and the
oxidation/reduction of the gold surface (Ox/Ox’). The first
stage of Cu-upd (peak S’) leads to the formation of a co-
adsorption layer of 2/3 ML copper and 1/3 ML SO,>~ ani-
ons. The copper atoms form a pseudomorphic layer on the
unreconstructed Au(111) surface with a < \/5 X \/§ )-net of

monoatomic Cu vacancies, which are filled by a SO42_ anion

each, giving rise to the (\/5 X \/5 ) structure in the first Cu
1

layer (subscript 1) as seen in Fig. 5a, b. The Au island seen
in Fig. 5a, which originates from the lifting of the gold

reconstruction, is also covered by this (\/gx \/5) co-
1

adsorption structure, which forms also translational domains
(Fig. 5b). A model of this <\/§ X \/5 ) co-adsorption struc-
1

ture is displayed in Fig. 5c.
The second stage of Cu-upd (peak M’ in Fig. 4) arises
from the additional adsorption of 1/3 ML of copper,

Fig.5 a, b In situ STM images of the (\/5 X \/5 ) structure of sul-
1

fate on 2/3 ML of Cu on Au(111) (region III in CV1, Fig. 4) recorded
in the 0.1 M H,SO4+1 mM CuSO, solution. a 28.8 nm X 28.8 nm,
=1 nA, U=-159 mV, E=-488 mV (P/PtO); b
14.4 nmXx 14.4 nm, [,=10 nA, U,=-85 mV, E=-496 mV (Pt/PtO);
¢ ball model of the (\/5 X \/5)1 structure of SO, (top and side

@ Springer

displacing the (\/5 X \/5 ) — S0,*" structure from the pre-
1

vious Cu vacancies and thereby forming a complete pseudo-
morphic copper monolayer (1 ML) on the Au(111) surface
[35, 55, 56]. However, no corresponding structure can be
seen with STM just below the M’ peak indicating that at this
potential the Cu monolayer is covered by a disordered SO,*~
anion overlayer. Only at potentials E < —950 mV (region VI

in Fig. 4) the formation of a <\/§ X \/7 ) sulfate structure
1

is observed on the first pseudomorphic Cu monolayer as
shown in Fig. 5d, e and sketched in Fig. 5f. This structure is
readily expected, because the same sulfate structure is also
formed on both the bare Au(111) and bulk Cu(111) as shown
in Figs. 2 and 3, and described in Sects. 3.1 and 3.2.. Due to
the threefold symmetry of the 1 ML Cu/Au(111) system
three sulfate domains (I, II, III) rotated by 120° and sepa-
rated by domain boundaries are observed (Fig. 5d). In
Fig. Se the (\/5 X \/7 )] arrangement of single sulfate ani-

ons within one domain is clearly resolved, as it was also
observed on the bare Au(111) at more positive potentials
(Fig. 2d). In analogy to Au(111), Cu(111) and Pt(111)
[42-44, 57-59] the formation of this layer is interpreted in

<78 (c) Top view

o5 ng\/—) Side view
: ’)E{b(j\){\) ‘j‘\»/} so”

‘‘‘‘ (ﬂ/ o

) Top view

(\/gx\/—) Side view

’\/Sifﬁtitﬁ*ﬂ
g ;‘) Z Q cu*

view). d, e in situ STM images of the (\/5 X \/7 ) sulfate structure
1

on 1 ML of Cu on Au(111) (region VI in CV1, Fig. 4) recorded in a
0.1 M H,SO,+1 mM CuSO, solution. d 153 nmx15.3 nm,
I;=1nA, U;=52 mV, E=-985 mV (Pt/PtO); e 10.9 nmx10.9 nm,
I—l nA, U 26 mV, E=-903 mV (Pt/PtO); f ball model of the
(\/5 X \/_ ) structure of SO, (top and side view)
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terms of a co-adsorption layer with hydronium (H;O%) and/
or Zundel (H502+, i.e. hydrated hydronium) cations, which
form hydrogen bonds between the sulfate anions and thereby
stabilize this structure.

In Fig. 6a—c in situ STM images recorded in the opd
region, i.e. below the Nernst potential, are presented. These
images clearly show regions of different local copper cover-
age, i.e. different thickness of the copper deposit. In Fig. 6b,

besides a large region of the (\/5 X \/7 )1 structure on the

first copper monolayer, a slightly brighter (higher) region
with a \/5 X \/§ ) structure as well as an even higher region

at the top of the image is seen. Such higher regions (denoted
Moiré in panel a, c) are shown enlarged in Fig. 6a together

with the (\/gx \/7)1 and in Fig. 6¢ together with the
(\/5 X \/5) structure. From a careful analysis of step

heights between the three regions ( \/3 X \/7 )1, ( \/5 \/5 ),

and Moiré it has been concluded [35, 55, 56], that (i) the
(\/5 X \/5) structure in Fig. 6b, c corresponds to a

(\/5 X \/5 )2 - SO42' + 2/3 ML copper co-adsorption struc-

ture in the second layer (within a region of total local Cu
coverage of 5/3 ML), where the SO,>~ anions again occupy

Cu vacancies like in the <\/§ X \/5 ) structure (at a total
1

coverage of 2/3 ML Cu), and (ii) the higher Moiré-islands
have a height of > 5 ML copper. The designation “Moiré¢”
becomes clear when zooming into the surface structure of
such thicker deposits as shown in Fig. 6d—f. These higher
layers exhibit a similar Moiré structure (Fig. 6e) like on
Cu(111) in sulfuric acid as shown in Fig. 3c. Moreover, like
on bulk Cu(111) some disordered regions (black arrows in
panel d) co-exist with the Moiré-structure and become only
slowly ordered with time [42, 48]. Thus, Cu deposits of local
coverage > 5 ML in contact with sulfuric acid start to show
the same behaviour as bulk Cu(111), namely a slow growth

Fig.6 a, ¢ In situ STM images recorded in a 0.1 M H,SO,+0.1 mM
CuSO, solution during the continuous overpotential deposition
(Igep=—2.2 pA) of Cu from solution (I;=1 nA, U=21 mV,
E=-953 mV (Pt/PtO)); a 43.2 nmXx43.2 nm; b 28.8 nmx28.8 nm; ¢
43.2 nmx43.2 nm. The images reveal the \/5 X \/7 . structure of

sulfate on the first pseudomorphic Cu_monolayer, the growth of the
Z sulfate structure, and the

second Cu layer with the \/gx \/5
2

growth of Cu multilayers with a sulfate induced Moiré structure. The
arrow indicates a stable reference point. d, f In situ STM images of

Cu multilayer deposits on Au(111); d shows different terraces cov-
ered largely with a Moiré superstructures. Note also the occurrence of
screw dislocation (white arrow) as well as diffuse patches (black
arrows) of still disordered sulfate (see text). e, f display close-ups of
the \/5 X \/7 - 5042_ structure superimposed by the long-range

Moiré structure. Imaging parameters are d 86.4 nmXx86.4 nm,
I;=11nA, U =24 mV, E=-759 mV; e 43.2 nmXx43.2 nm, [,=1 nA,
U,=21 mV, E=-690 mV; f 20 nmx20 nm, [;=1 nA, U ;=92 mV,
E=-808 mV. Potentials E determined with respect to the Pt/PtO ref-
erence electrode
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Fig.7 Schematic representation giving the various sulfate structures
observed on different copper layers as a function of electrode poten-
tial and local Cu coverage on Au(111) in sulfuric acid solution

of a Moiré structure, which in addition is superimposed by
a (\/5 X \/7) mesh of SO~ anions (Fig. 6f). Two differ-

ences, however, are noteworthy, (i) the lattice constants of
both the Moiré structure of the Cu multilayers and the super-

imposed <\/§ X \/7 > — S0,*" structure approach those on

bulk Cu(111) only with increasing film thickness, and (ii)
the Cu films show a significant density of screw dislocations
(white arrow in Fig. 6d), which are most likely triggered by
step defects and the small gold islands at the copper—gold
interface as a result of the lifted gold surface
reconstruction.

In summary, the system upd-/opd-Cu/Au(111) in sulfuric
acid solution exhibits a great variety of surface structures as
sketched in Fig. 7 and thereby offers itself as an interesting
substrate to study the surface influence on the adsorption
and ordering behavior of organic anions in solution, here
TMPyP.

4 Prophyrin Adsorption from Sulfuric Acid
Solution

Our motivation for the present study arises from the results
obtained for TMPyP adsorption on Cu(111) presented in
[23] and in particular in [60], and the lack of such investiga-
tions on Cu upd layers.

As mentioned in the introduction porphyrins are also
available in the form of water soluble salts which can be
used to study their adsorption and structural arrangement at
solid-liquid interfaces. In this work we used tetra(N-methyl-
4-pyridyl)-porphyrin (TMPyP, inset in Fig. 10) in the form
of tetratosylate (CH;-C4H,—SO;™) in sulfuric acid solution.
Due to its lower charge and much larger molecular volume,
and hence, lower charge density the tosylate anion is not a
competitive adsorbate for SO,>~ anions. In fact, the presence
of the tosylate anions in the applied solutions has not detect-
able influence on neither the cyclic voltammetry nor the
in situ STM measurements in this work. The concentration
of TMPyP in the solutions is given in the figure captions.

@ Springer

4.1 Electrochemistry of the Porphyrin Molecules

The TMPyP molecules are redox-active. Figure 8 shows cyclic
voltammograms of an HOPG (highly oriented pyrolytic graph-
ite) electrode in pure 5 mM H,SO, (CV1) as well as in 1 mM
TMPyP containing 5 mM H,SO, solution (CV2). Both CVs
cover the whole potential range between the cathodic hydrogen

CV5

: : h{ Ox
. s $0,/Cu/Au(111)
| e RO,
1 = wo 1
o CV6 el [s M |
% : vi |'~ |1t Ox :
= : HEF i TMPyP/SO,/Cu/Au(111)
e 1
cv7 | l
I 1 1
1 | I
1 P.I
i ™ ) " so,cu(1an)
cv4 i j R~
|| I 2 g1
i = vy :
i [ ! TMPyP/SO,/Cu(111)
: 200 i
I . I
1
I

1
1
cv3 o :
sl k | OER
[} I 1
P
: £ ! $0,/HOPG
; i !
L 1 1
] 1 ]
@[ A :
I 1
: 7 1
]
: TMPyP/SO,/HOPG

T T T T T g T
-1000 -500 0 500 1000 1500 2000

E [mV] vs RHE

Fig.8 Direct comparison of cyclic voltammograms CVI1-CV7
measured for the various samples indicated next to the respective
trace. CV3, CV6 and CV7 reproduce the data from Figs. 2 and 4.
Inset a emphasizes the quasi-reversible pair of peaks P1/P1’ for the
first two-electron reduction reaction of TMPyP on HOPG measured
for different cathodic limits. Inset b accentuates the superposition
of the redox-peaks P1/P1’ (see inset a) and the copper dissolution/
redeposition current from bulk Cu(111). The designations in CV3,
CV6 and CV7 are explained in Figs. 2 and 4 (see also text). Cyclic
voltammograms for HOPG (CV1 and CV2) and Cu(111) (CV4 and
CV5) were recorded in pure 5 mM H,SO, and containing 1 mM
TMPyP solution, respectively, while those for Au(111) (CV3, CV6,
and CV7) in pure 0.1 M H,SO, and containing 0.1 mM CuSO, and
0.01 mM TMPyP solution, respectively. Voltammograms CV1, CV2,
CV4, and CVS5 are adopted from [60]. The full vertical lines mark the
potentials of the first two two-electron reduction steps P1 and P2 of
the adsorbed TMPyP molecules. The dashed vertical lines mark the
cathodic potential limit (red) on bare Au(111) and Cu(111), and the
anodic limit (black) on bare Au(111) and bare Cu(111), respectively
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Fig.9 Insitu STM images of
adsorbed TMPyP molecules on
a sulfate modified bulk Cu(111)
surface in sulfuric acid solution.
a Closed TMPyP overlayer

on different terraces which

are fully Moiré-reconstructed
by adsorbed SO,>~ anions,

27.4 nmx27.4 nm, [;=0.1 nA,
U,=124 mV, E=-100 mV
(RHE); b tip-induced removal
of the TMPyP overlayer

from the SO,*/Moiré-
reconstructed Cu(111) surface,
9.55 nmx9.55 nm, I;=0.1 nA,
E=-100 mV (RHE), upper
half: U;=210 mV (porphyrin
imaging), lower half: U, =5 mV
(SO, imaging). The unit cells
of TMPyP and SO, struc-
ture are indicated; ¢ imperfect
SO,>"/Moiré-structure on
Cu(111) showing regions of still
disordered SO42_ (diffuse) and
patches of Moiré-reconstruction
(55 nm x 55 nm, [;=2 nA,
U,;=46 mV, E=-144 mV
(RHE)); d stabile TMPyP
adsorption (bright dots) only on
the Moiré-reconstructed patches
in ¢ 55 nmx55 nm, [;=0.1 nA,
U,=194mV,E=-144 mV
(RHE). STM images adopted
from [60]

T T T T T T T T
-1000  -800  -600  -400  -200 0
E vs. PYPtO [mV]

T
-1200

Fig. 10 Cyclic voltammograms of Au(111) recorded in a 0.1 M
H,SO, solution containing 0.1 mM CuSO,+0.01 mM TMPyP and
extending to different cathodic potentials, scan rate dE/dt=10 mV/s.
TMPyP molecule (inset). As in Fig. 4, P1 and P2 mark the first two
two-electron reduction steps of the adsorbed TMPyP molecules (see
Fig. 8 and text)

evolution reaction (HER) and the oxygen evolution reaction
(OER). The presence of the TMPyP molecules leads to a series
of clear reduction peaks (P1-P4) as well as a shift of the HER
to lower potentials. Since HOPG is “inert” towards specific
adsorption of anions these reduction peaks are not disturbed or
superimposed by anion adsorption and desorption processes.
In the range + 300 to +900 mV versus RHE the molecules
remain in their stable oxidized state and undergo only a pH-
dependent acid/base transition:

[H4TMPyP(O)]4+ < [H,T™MPyP(0)| * yoH*. (D)

Towards lower potentials the molecules are stepwise
reduced by electron transfer reactions, e.g.:

[HZTMPyP(O)]4+ +2e” 4+ 2H' —» [H4TMPyP(-H)]4+ )

[H,TMPyP( — )| " + 2¢~ + 2H* — [H,TMPyP(-IV)|**
3)

[H,TMPyP( — IV)|*" 4 2¢~ + 2H* — [H;TMPyP(-vD)]"**
4

@ Springer



1344

Topics in Catalysis (2018) 61:1335-1349

which may be associated with the cathodic reduction
peaks P1-P4 in Fig. 8 (CV2) [61-65]. Only the first process
seems to be reversible (see inset (a) P1/P1’) and is the only
which falls into the range of the Cu(111) potential window
(see inset b). All other oxidation peaks seem to lie in the
range from + 700 to +2200 mV (RHE) [61, 62], i.e. far
outside the potential window of copper, and therefore do not
need to be considered further in the present context.

4.2 Porphyrin Adsorption on Au(111) and Cu(111)

The relevant reference system for the behaviour of TMPyP
on the copper-modified Au(111) surfaces is obviously the
adsorption of TMPyP on Cu(111). Figure 9 displays STM
images from two experiments. While panel (a) and (b) refer
to TMPyP adsorption on terraces of a Cu(111) surface,
which is terminated by a well ordered

Moiré/(\/g X \/7 ) — SO, > -structure (see Sect. 3.2), panels

(c) and (d) demonstrate the adorption behaviour of TMPyP
on a highly imperfect Moiré/( \/3 X \/; ) — SO, > -structure.

A perfect and an imperfect Moiré terminated surface can be
prepared by exploiting the slow kinetics of the sulfate
induced restructuring of the Cu(111) surface [42, 48]. The
faster the potential of the Cu(111) electrode is scanned in
positive direction (in the extreme case by a potential jump)
beyond peak R in Fig. 3, the less perfect is the resultant
sulfate induced Moiré reconstruction. Even though the sur-
face is actually fully covered by sulfate anions in panel (c)
only part of it is visibly Moiré-reconstructed. Only on these

Moiré-patches the SO42_ anions form a rigid (\/5 X \/7)

structure; in the diffuse regions in between the sulfate anions
are mobile. Panel (a) and a comparison of panels (c) and (d)
thus prove that a stable TMPyP structure is only formed on
the rigid Moiré/( \/5 X \/7 ) — SO,* regions. According to

the threefold symmetry of the Cu(111) substrate this TMPyP
structure occurs in 120° rotated domains (1-3 in panel a).
The upper and lower half of panel (b) were registered with
“soft” and “drastic” tunneling conditions, respectively [60].
For given tunneling current I “soft” and “drastic” tunneling
conditions are achieved by changing the bias voltage
between tip and surface. At high bias voltage the tip is fur-
ther away from the surface and does not affect the adsorbed
molecules, while at low bias voltages the tip comes closer to
the surface and may even penetrate into the organic layer,
which may lead to a removal of porphyrin species from the
surface. This strategy results in an image in which both
structures, that of the TMPyP overlayer and the Moiré-struc-
ture of the substrate underneath appear side by side, as
reflected in Fig. 9b. This enables to extrapolate the lattice of
the molecular layer onto the substrate lattice and vice versa,

@ Springer

and, thereby, to determine their structural relationship as
well as the adsorption sites of the adsorbed species. In the
present case the porphyrin molecules form a commensurate

overlayer, which is related to the <\/§ X \/7 ) lattice by
a [y 3 1 aSM ate
b porph 23 b sulfate

4.3 Porphyrin Adsorption on Cu-Modified Au(111)

In this final section we describe the porphyrin adsorption
on the Cu-modified Au(111) surface with different sulfate
structures on top as presented in Sect. 3.3 and discuss the
results in the light of the two reference systems TMPyP/
Au(111) and TMPyP/Cu(111) in sulfuric acid solution as
delineated in Sect. 4.2.

Figure 10 displays cyclic voltammograms which were
recorded in 0.1 M H,SO,+0.1 mM CuSO,+0.01 mM
TMPyP solution by extending the cathodic potential limit
to more and more negative values. This reveals the corre-
lation between the cathodic and anodic peaks of the upd/
desorption of 2/3 ML of copper (S'/S), of the upd/desorption
of the additional 1/3 ML Cu (M'/M) completing the first Cu
monolayer, and of opd/desorption (stripping) of Cu multilay-
ers (B'/B). B’ and B increase the more negative potential val-
ues are reached, because more Cu is deposited. As already
observed in Fig. 4 (CV2) the presence of the TMPyP mole-
cules in the solution leads almost to the disappearance of the
maximum S', and the peak M’ is apparently shifted towards
more negative potentials and much more intense than the
corresponding desorption peak M (see below). Likewise,
the considerable increase of the cathodic peak current in
the regime of Cu multilayer deposition (area of peak B’) is
much larger than both the mere Cu opd current (compare
CV1 and CV2in Fig. 4) as well as the Cu desorption maxi-
mum B. Two effects may contribute to this imbalance of the
peak pairs M'/M and B'/B in Fig. 10. On the one hand M’
and B' are a superposition of two reduction currents, namely
from the reduction of Cu®* cations (Cu upd) and from the
reduction of TMPyP cations which undergo the first two
two-electron transfer reaction in these regimes (see peaks
P1 plus inset (a) and P2 in CV2 of Fig. 8). On the other
hand one can also assume that part of the adsorbing Cu is
incorporated into TMPyP molecules on the surface forming
CuTMPyP which desorbs and transports copper into the bulk
solution [66]. Only the rest of copper desorbs during the
sweep towards positive potentials and forms peaks B and M.
Interestingly, the more negative the cathodic limit is chosen
the stronger is also an observable distortion of peak S, i.e.
the desorption of the final 2/3 Cu.

The cyclic voltammograms shown in Fig. 10 do not
exhibit clearly resolved peaks assignable to the adsorption/
desorption of porphyrins. The different character of the
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cyclic voltammograms taken before (Fig. 4, CV1) and
after (Fig. 4, CV2, and Fig. 10) adding the porphyrins into
the solution arises from a superposition of the competing
adsorption of sulfate anions, and porphyrin and copper
cations, and the resulting current flow through the inter-
face. STM images recorded in the 0.1 M H,SO, + 0.1 mM
CuSO, +0.01 mM TMPyP solution in the anodic potential
range, before Cu adsorption takes place and sulfate first

3x \/7) layer

on the Au(111) substrate, show no additional features

which could be assigned to porphyrin molecules. Also on

the (\/3 X \/§> co-adsorption layer of 2/3 Cu+ 1/3 ML
1

forms a disordered and then an ordered (

SO, no additional molecular features were identified in
the images. These images (not shown here) indicate either
the lack of TMPyP on the surface or the formation of a
mobile porphyrin layer. Only at more negative potential
values such as E=—700 mV (Pt/PtO), after the formation
of the first pseudomorphic Cu monolayer on Au(111) with
disordered sulfate on top, the STM images reveal the for-
mation of a disordered porphyrin layer (Fig. 11). Single
quadratic porphyrin species are clearly imaged with their
ligands (inset in Fig. 11b). The molecules exhibit a planar
orientation with respect to the surface, however, without
long range order. Only occasionally some short range
order can be made out (arrows). The distribution of mol-
ecules with respect to the stable reference point marked by
the white circle in panels (a)-(c) changes from image to
image, which shows the diffusion of the TMPyP molecules
on the disordered sulfate layer on 1 ML of Cu supported
on Au(111). Note that no TMPyP molecules at all are

detected on the regions of disordered SO,*~ adsorption on
the bulk Cu(111) surface (see Fig. 9d).

An ordered TMPyP layer is only observed (Fig. 12) ata
potential E=—996 mV, where sulfate forms the stable

(\/5 X \/7 ) structure on the first completed pseudomorphic
1

Cu monolayer on Au(111) (Fig. 5e). The large scan area
(Fig. 12a) shows porphyrin domains mutually rotated by
60°/120°, and a close-up of one domain (Fig. 12b) reflects
the long range order of the porphyrin layer.

As shown in Fig. 6d—f in the opd region the formation
of Cu multilayers with the sulfate induced Moiré structure
is observed. At these potentials under the progressive cop-
per deposition in the copper rich electrolyte the adsorbing
TMPyP molecules exhibit no order and the recorded STM
images (not shown) are characterized by large noise. Thus, in
order to decrease the copper deposition rate the solution was
diluted with 0.1 M H,SO,+0.01 mM TMPyP after the for-
mation of Cu multilayers at fixed potential. Images recorded
at this suppressed Cu deposition are shown in Fig. 13. A
gradual increase of the TMPyP coverage is observed with
deposition time (Fig. 13a—c). Although the porphyrin layer
does not exhibit a long range order, a short rang ordering
with increased coverage is observed, in that the TMPyP
molecules form both square (sqr) and hexagonal (hex) local
arrangements (see inset in Fig. 13b), as it was also observed
on bulk Cu(111) in sulphuric acid solution [23].

The STM images shown in Fig. 13a—c were recorded
under “soft” tunneling conditions, i.e. with larger surface-
tip distances. Under these conditions the molecular layer
is not affected by the tip during the scanning process. A
change to “drastic” tunneling conditions during registra-
tion of the image in Fig. 13d, where the tip approaches the

Fig. 11 In situ STM images recorded from 1 ML of Cu on
Au(111) obtained after 5 min of Cu deposition at E=—673 mV
from a 0.1 M H,SO, solution containing 0.1 mM CuSO, and
0.01 mM TMPyP. Before taking the images the solution was
diluted with 0.1 M H,SO,+0.01 mM TMPyP, in order to signifi-
cantly decrease the deposition of Cu from solution, and the poten-
tial was lowered to E=—699 mV. a 72 nmXx72 nm, [[=1 nA,

Ui=—43 mV; b 72 nmXx72 nm, [,=1 nA, U;=-200 mV; inset in
b 145 nmx14.5 nm, I,=1 nA, U =-214 mV; ¢ 72 nmX72 nm,
I;=1nA, U=-211 mV. At E=—699 mV sulfate forms only a dis-
ordered layer on 1 ML Cu/Au(111) (region IV in Fig. 4, CV1). The
white circle marks a stabile reference feature; the arrows indicate
local patches of ordered TMPyP molecules. Potentials E determined
with respect to the Pt/PtO reference electrode
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Fig. 12 In situ STM images
taken from 1 ML of Cu on
Au(111)ina0.1 M
H,SO,+0.1 mM
CuSO,+0.01 mM TMPyP solu-
tion: a 53.8 nm x53.8 nm,
I[=1nA,U,=-77mV,
E=-996 mV; b

13.1 nmx13.1 nm, I, =1 nA,
U=-44mV,E=-993 mV
(Pt/PtO). At these potentials E
S0, forms a <\/§ X \/73)1

ordered layer (region VI in
Fig. 4, CV1); c sketch of the

MPyP layer on
V3 x ﬁy) ~S0,%/1 ML
1

Cu/ Au(111)

surface, leads to a penetration of the tunnelling tip into
the organic layer and a removal of the porphyrin species
from the Cu multilayer surface as reflected in Fig. 13d, e.
The exposed surface underneath exhibits the characteristic
Moiré superstructure for Cu multilayer deposits. Going
back to “soft” tunnelling conditions results in a tip retrac-
tion and the re-formation of the TMPyP layer (Fig. 13f),
like on bulk Cu(111) as shown in Fig. 9b [60]. The newly
formed porphyrin layer, however, seems to be less ordered
than before the tip manipulation.

As it was demonstrated in [16] the diffusion of TMPyP
molecules on Au(111) can be tuned by the electrode poten-
tial. The change of electrode potential, and thus the sur-
face charge, controls the electrostatic attraction between
the electrode and the TMPyP cations, and thereby deter-
mines whether an ordered or disordered molecular layer
is formed. This control, however, is most effective only
in the case of a direct adsorption of the molecules on the
bare metallic electrode. The presence of any anion layer
between the molecular layer and the metallic electrode
acts as a “buffer”, which screens the electrode surface.
Therefore, in the case of the adsorption of TMPyP on the
sulfate precovered Cu/Au(111) electrode the change of the
potential has less influence on the mobility of the adsorbed
molecules, and thus on structural changes within porphy-
rin layer.

@ Springer

STM images recorded after porphyrin adsorption (Figs. 9,
11, 12, 13) reveal a flat orientation of the adsorbed species,
as it was also observed on other surfaces under UHV condi-
tions [13, 17, 67, 68]. This planar orientation maximizes
the n bonding to the substrate. In contrast to the adsorption
of porphyrins on bare metal surfaces in UHV conditions,
however, the adsorption from an electrolyte solution occurs
mostly on the metal electrode modified by adsorbed ani-
ons. The charged electrode surface attracts electrostatically
counter ions, which leads to their specific adsorption. Hence,
depending on the adsorption/desorption potential of porphy-
rins with respect to that of the other specifically adsorbed
anions in solutions the TMPyP molecules interact directly
with Au(111) or with adsorbed anions. Highly ordered por-
phyrin layers were observed on iodide (I) [23], chloride
(C1) [66] and sulfate (SO42_) [60] precovered Au(111) or
Cu(111) single-crystalline electrodes. Adsorbed iodide is
almost uncharged and makes the electrode surface hydro-
phobic. Therefore, the interaction between porphyrins and
preadsorbed iodide is expected to have mainly van der Waals
(vdW) character [69]. Such weak interaction facilitates the
diffusion of the adsorbed molecules. Sulfate anions, how-
ever, stay largely ionic on the surface, therefore the driving
force for the adsorption of TMPyP cations is mainly elec-
trostatic in nature. In this case the potential induced charge
of the surface changes, and thereby the balance between
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Fig. 13 In situ STM images of TMPyP molecules adsorbed on a
Cu multilayer deposited on Au(111). The Cu deposit was obtained
after 5 min deposition of copper from a 0.1 M H,SO,+0.1 mM
CuSO,+0.01 mM TMPyP solution at E=—830 mV. Then the solu-
tion was diluted with 0.1 M H,SO,+0.01 mM TMPyP in order to
suppress the continuous deposition of Cu. a 72.2 nmXx72.2 nm,
;=1 nA, U;=301 mV, E=-802 mV; b 722 nmXx72.2 nm,
I;=1 nA, U;=301 mV, E=—-802 mV. The insets (sqr) and (hex)
in b accentuate two observed structures, namely a square and a
hexagonal arrangement of the TMPyP molecules, respectively;

all interactions, which leads to a new equilibrium and, as a
consequence, a rearrangement of the porphyrin molecules
compared to the bare surface. Moreover, potential induced
redox reactions of the porphyrins can occur, as was demon-
strated for TMPyP on iodide precovered Cu(111) [60]. In the
case of Au(111) precovered with 1 ML Cu obviously strong
electrostatic interactions due to the sulfate precoverage and
the very negative electrode potential hinder the diffusion
of the molecular porphyrin cations and the formation of a
well ordered layer. In addition a high defect density arising
from steps (Fig. 9a) and screw dislocations through the Cu
multilayer on Au(111) (Fig. 6d) hamper the formation of
long-range order.

In the case of the increased negative charge density of the
electrode surface also the formation of the second porphyrin
layer is even possible. Porphyrin molecules in the second layer
interact less strongly with the substrate than TMPyP molecules
of the first layer, but have, indeed, been observed on a chloride
modified Cu(111) surface [70]. The presence of low and high

(sqr) 11 nmx11 nm, I[[=1 nA, U,=222 mV, E=-807 mV;
(hex) 10 nmx10 nm, I;=1 nA, U;=238 mV, E=-807 mV;
¢ 722 nmx72.2 nm, I[=1 nA, U=301 mV, E=-798 mV; d
72.2 nmXx72.2 nm, I;=1 nA, upper part U,=301 mV (TMPyP
imaging), lower part U, =6 mV (SO,>” imaging), E=—798 mV;
e 722 nmx72.2 nm, ;=1 nA, U=16 mV (SO42" imaging),
E=-798 mV; £ 72.2 nm X 72.2 nm, I, =1 nA, upper part U =16 mV
(SO,* imaging), lower part U=301 mV (TMPyP imaging),
E=-798 mV. Potentials E determined with respect to the Pt/PtO ref-
erence electrode

contrast protrusions within one terrace observed in Fig. 13f
may thus be associated with porphyrins of the second layer.
However, the presence of different oxidation states of TMPyP,
differently imaged by STM tip, could also be a reason for this
difference in contrast.

The STM images recorded for Cu(111) (Fig. 9) prove that
porphyrins are adsorbed only on the surface areas, which are
covered by the Moiré structure induced by sulphate [60]. This
clearly shows that the driving force for the TMPyP adsorption
is electrostatic in nature. In Fig. 13 the whole surface area is
covered by the sulfate induced Moiré pattern, therefore the
adsorption of TMPyP is observed on all terraces.

5 Summary
Combined cyclic voltametry (CV) and in situ electrochemi-

cal scanning tunneling microscopy (EC-STM) measure-
ments provide interesting insight into the coadsorption
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behavior of sulfate-anions with porphyrin (TMPyP)- and
copper-cations on a Au(111) electrode. Starting at positive
potentials > 1000 mV (RHE) the Au(111) surface is first
covered with a highly ordered <\/§ X \/§>R19.1° -S0,*"

structure, which below 1000 mV (RHE) becomes disor-
dered. At about 400 mV (RHE) first 2/3 ML copper coadsorb

with SO42_ anions forming a ( \/5 X \/5 )R30° ordered layer.

After adsorption of further 1/3 ML copper at about 200 mV
(RHE), as suggested by CV, the first copper monolayer
becomes completed which, however, must be hidden under
a layer of mobile SO,>~ anions (and, possibly, TMPyP cati-
ons) because no ordered structure can be seen in STM
images. Even though at about 100 mV (RHE) a rigid ordered
S0,>~ adlayer does not exist the first disordered arrangement
of TMPyP molecules can be imaged on the surface. Only at
—200 mV (RHE) the copper monolayer is covered again
with a (\/5 X ﬁ)R19.1° — SO42_ structure and a dense

TMPyP-layer showing first indication of ordered packing of
the porphyrin molecules. It is obviously the potential
dependent charge density of the surface which controls the
adsorption of the respective ionic species and their coverage
and order on the surface.

In the regime of opd-grown multilayers of copper show-
ing the characteristic sulfate-induced combination of

(\/§ X \ﬁ)R19.1° — SO42_ and Moiré-superstructure the

TMPyP coverage increases and the porphyrin molecules
show a growing tendency to order, forming a square and
hexagonal arrangement similar to what is found on bulk
Cu(111). Using at this stage “drastic” and “soft” tunneling
conditions enables also a tip-induced removal and re-depo-
sition of the porphyrin molecules and, thereby, the verifica-
tion of the SO,*"-induced Moiré-structure underneath. The
STM images prove a flat orientation of the TMPyP mole-
cules in all their adsorption phases.

Reincreasing the electrode potential leads to a step-wise
reversal of all the above described processes, i.e. Cu multi-
layer-, porphyrin-, 1/3 ML Cu- and 2/3 CuML Cu-desorp-
tion until the (\/§ X \/7>R19.1° —S0,* covered and

TMPyP-free Au(111) surface is restored. Interesting to note
in this context is the fact, that the multi- and monolayer Cu
desorption CV peaks are all much smaller than the previous
Cu adsorption signals. This suggests that a part of the
adsorbing Cu cations are incorporated into adsorbed TMPyP
molecules and are carried away into the bulk solution as
metallo-porphyrin (CuTMPyP).
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