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This study examined the liquid part of solid/liquid interfaces at the atomic level. By measuring distance
tunnelling characteristics the height of the potential barrier between the tip and the sample, i.e., the potential
energy field the tunnelling electrons are exposed to, can be obtained, and this provides direct access to double
layer properties. We found exponential IS-characteristics for the bare and the oxidised Au(111) surface, while
non-exponential behaviour was obtained in the presence of ordered adlayers. The influence of the local
environment just within the Helmholtz layer is strong enough to perturb the tunnelling process significantly.

The electrolyte properties in the Gouy region do not change with electrode potential, the liquid in the
tunnelling gap has only an average effect by lowering the barrier height.

This Poster Article is based on a poster presentation at Faraday
Discussion 121. The original poster can be viewed here.

Introduction

With the help of modern in situ techniques direct or indirect
information can be obtained about the electronic states of
adsorbed/deposited molecules. One of the most promising
methods is scanning tunnelling microscopy (STM), which
offers the possibility of detecting partial electron transfer
processes. Recently, Tao ef al.? gave an excellent review of the
latest results on the field. A more elaborated way of obtaining
electronic information is the use of modulation techniques of
STM. With the so-called IV-spectroscopy (modulating the bias
between the tip and the sample) the surface density of states can
be measured as a function of the bias i.e. of the electron energy.
Up to now, this method has not been used for functionalised,
potential-controlled (in situ) electrochemical interfaces. Alter-
natively, the effective tunnelling barrier can be estimated
directly with the so-called barrier height, or IS-characteristics
measurements. In this way, the height of the potential barrier
between the tip and the sample can be measured, coupled with
the local work function of the sample. Several applications
have been published about measurements in vacuum or in
dry atmosphere. The first efforts of investigating solid|liquid
interfaces by Siegenthaler ez al.* showed tunnelling current (i)
vs. distance curves with discontinuous jumps, measured for
Pb UPD on Au(111) in perchlorate solution. The authors
attributed these observations to reaching point contact.
Lindsay er al.* suggested that local barrier height measure-
ments are characteristic to the liquid phase of the interface.
Halbritter and co-workers® found for Ag(111)[0.01 M HCIO,
that the IS-curves are exponential, but the potential barrier
height depends on the electrode potential. Non-exponential
tunnelling characteristics were found for HOPG]|water and
Pt(100)|water interfaces.®’ Similar results were obtained by
Kang et al.®° for HOPG and Au(111). Schultze ez al.'® pointed
out the difficulties of these types of measurements on
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oxide-covered titanium. Kolb ef al.'! measured IS-characteristics
on Cu-(1 x 1) UPD adlayer on Au(l11) employing copper
modified STM tip, and estimated an averge barrier height of
1.5 eV. Recently, Lee and co-workers'? found exponential IS-
characteristics for reconstructed Au(111) in humid air. Parallel
to the first measurements, Schmickler'® and Nitzan et al'*
addressed the theoretical background successfully by using
quantum chemical methods. On the basis of these examples we
aimed to understand if it is possible to map the liquid part of the
double layer perpendicular to the metal surface by measuring
distance tunnelling characteristics.

Experimental

The Au(111)]l mM Cu®’* + 50 mM H,SO, system was
investigated with a Molecular Imaging ECSTM under potential
control. The IS-characteristics were measured as it as a function
of the relative tunnelling distance perpendicular to the surface
(As). The results were considered acceptable only if atomic
resolution of the surface was achieved. W and Pt-Ir tips were
used giving identical results. The reprodicibility of measure-
ments was found to be satisfactory.! All potentials are referred
to the Cu/Cu** couple (0.337 V vs. SHE).

Results
Au(111)-(1 x 1)

In this potential region the “bare” Au(l11) surface can be
imaged in the topographic STM mode. The IS-characteristics
was found to be a simple exponential-type curve. The corres-
ponding barrier height profile is almost a horizontal line
fluctuating around the average barrier height of about 1 eV. This
value is in accordance with literature data.> These results
indicate that no strongly ordered adlayer exists in this potential
region. Indeed, it is known from earlier works, that there is no
long range order in the adlayer of sulphate ions co-adsorbed
with water (hydronium ions) on the Au(l11) surface under
these conditions.'>!®
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Introduction

The aim of this work is to characterise the liquid part of solid/liquid interfaces at the atomic level. By measuring the so-called
potential barrier characteristics, or IS-characteristics, the height of the potential barrier between the tip and the sample, i.e.
the potential energy field the tunnelling electrons are exposed to, can be obtained and this provides direct access to double
layer properties.

Experimental

The Au(111)[1 mM Cu®>* + 50 mM H,SO, system was investigated with a Molecular Imaging ECSTM under potential
control. The IS-characteristics were measured as tunnelling current (it) as a function of the relative tunnelling distance
perpendicular to the surface (As). The results were considered acceptable only if atomic resolution of the surface was achieved.
W and Pt-Ir tips were used giving identical results. The reprodicibility of measurements was found to be satisfactory.! All
potentials are referred to the Cu/Cu®" couple (0.337 V vs. SHE).
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Fig. 1 CV of Au(111)|l mM Cu*" + 50 mM H,SO, as measured in situ in the STM cell with 10 mV s~ '. For further results and discussion
click to the corresponding subtitle.

Discussion

At it < 0.1 nA, i.e. relatively far from the surface, all curves have simple exponential decay with an average barrier height of
about 1 eV. For the bare or oxidised Au(111) surface, exponential it vs. As characteristics were obtained (Fig. 2 and 4). The
calculated potential barrier profiles show no layering in the liquid phase. Non-exponential behaviour of it vs. As
characteristics was obtained only in the presence of ordered adlayers (Fig. 3 and 5). The distance scale was calibrated by
measuring topographic images as a function of setpoint current (it). We found for the Cu UPD adlayer that the image is
strongly distorted if it > 10 nA implying that there is a strong interaction between tip and adsorbed layer. A similar effect was
found for the ordered sulphate adlayer above 50 nA.

Conclusions

(1) For the bare and the oxidised Au(111) surface, exponential IS-characteristics were obtained with an effective barrier height
of approximately 1 eV.

(2) Non-exponential behaviour of the IS-characteristics was obtained only in the presence of ordered adlayers: the (\/ 3 x \/ 3)
Cu UPD and the (\/ 3 % \/7) sulphate phases.

(3) The distance scale was calibrated by measuring topographic images as a function of the it.

(4) Although the structure of ordered adlayers is known there is no simple correlation between the barrier height profiles and
the molecular/atomistic models. Moreover, the role of co-adsorbed water has to be clarified.

(5) The above findings suggest that the influence of the local environment just within the Helmholtz-layer is strong enough to
perturb the tunnelling process significantly. The electrolyte properties in the tail of the Gouy-region do not change with
electrode potential, the liquid in the tunnelling gap has only an average effect by lowering the barrier height.

Au(111)-(1 x 1) + (\/3 X \/7) sulphate adlayer

In this potential region the (\/3 x ./7) sulphate adlayer with
co-adsorbed water (hydronium ions) can be imaged in the
topographic STM mode.!>'®! The IS-curve was found to be
non-exponential at larger tunnelling currents. The corresponding
potential barrier profile, like in the case of Cu UPD, contains
characteristic peaks clearly showing the layering within the
double layer. By measuring topographic images in the function
of setpoint current we ‘“‘calibrated” our distance scale and
found that we probed the structure of adsorbed layer, therefore
the peaks in the potential barrier profile can be related to the
ordered structure of sulphate and water species. Further away
from the surface (As > 0.4 nm) the [S-characteristics becomes

exponential and the corresponding barrier height is about 1 eV
[¢f. disordered sulphate on Au(l111)-(1 x 1)]. Although the
structure of the ordered adlayer is known it is not easy to relate
it to the peaks in the barrier height profiles without assuming
not only molecular but atomic contributions from sulphate
ions and water to the potential barrier. From the peak positions
one may deduce the position of electron rich species and the
charge distribution may be estimated.!

Oxidised Au(111) surface

By oxidising the Au(111) surface small AuO, clusters form
with an average size of 1-3 nm. Similarly to the case of the
disordered sulphate adlayer on Au(111), the IS-curve was
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Fig. 2 IS-characteristics (ir—As - black line) and the calculated’ one-
dimensional potential barrier height (¢ - red line) profile at £ = 0.5V
vs. Cu/Cu®>*. The zero of the distance scale is arbitrary. The IS-
characteristics were measured simultaneously with the corresponding
topographic image (ir = 1 nA). The actual adlayer structure'>!® is
depicted as a side view.

Au(111)-(1x1) + (V3 xV7)
sulphate adlayer

Fig. 3 IS-characteristics (ir—As - black line) and the calculated’ one-
dimensional potential barrier height (¢ - red line) profile at £ = 0.8 V
vs. Cu/Cu?*. The zero of the distance scale is arbitrary. The IS-
characteristics were measured simultaneously with the corresponding
topographic image (it = 1 nA). The actual adlayer structure!” is
depicted as a side view.

found to be exponential-type. The corresponding potential
barrier profile is approaching the average barrier height of
1 eV. The same qualitative picture was found for the disordered
sulphate on Au(111)-(1 x 1). These results indicate that no
strongly ordered adlayer exists in this potential region. The

Oxidised Au(111) surface
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Fig. 4 IS-characteristics (ir—As - black line) and the calculated’ one-
dimensional potential barrier height (¢ - red line) profile at E = 1.3V
vs. Cu/Cu®*. The zero of the distance scale is arbitrary. The IS-
characteristics were measured simultaneously with the corresponding
topographic image (it = | nA). The white line in the topographic
image indicates the position of the separately plotted cross-section. The
actual adlayer structure is depicted as a side view.

Fig. 5 IS-characteristics (ir—As - black line) and the calculated” one-
dimensional potential barrier height (¢ - red line) profile at £ = 0.15V
vs. Cu/Cu?*. The zero of the distance scale is arbitrary. The IS-
characteristics were measured simultaneously with the corresponding
topographic image (ir = 1 nA). The actual adlayer structure’'? is
depicted as a side view.

fact, that the calculated barrier height values are very similar
for the bare Au(111) surface and for the oxidised Au(111)
surface, may indicate no big, discontinuous changes in the

7nmx 7 nm

Fig. 6 Setpoint dependence of the topographic images for the (\/ 3 x \/ 3) Cu UPD on Au(111) at 0.15 V vs. Cu/Cu>".

114 PhysChemComm, 2002, 5(17), 112-116



7 nmx 7 nm

Fig. 7 Setpoint dependence of the topographic images at for the (\/ 3 x \/7) ordered sulphate adlayer on Au(111) at 0.8 V vs. Cu/Cu*".

work function due to the surface oxide formation. This is in
accordance with the work function measurements for poly-
crystalline gold by Kolb et al.*®

Cu UPD

In this potential region an ordered Cu sub-monolayer (2/3)
with an ordered sulphate adlayer (1/3) and co-adsorbed water
adsorbed on-top can be imaged in the topographic STM
mode.?! % The IS-curve was found to be non-exponential at
larger tunnelling currents. The corresponding potential barrier
profile, like in the case of the ordered sulphate adlayer, contains
characteristic peaks clearly showing the layering within the
double layer. We “calibrated” our distance scale by measuring
topographic images in the function of the setpoint current (it)
and found that we indeed probed the structure of the adsorbed
layer. Therefore, the peaks in the potential barrier profile can
be related to the Cu UPD structure. Further away from the
surface (As > 0.4 nm) the IS-characteristics becomes more or
less exponential and the corresponding barrier height is about
0.8 eV which is lower than the value for the disordered sulphate
on Au(111)-(1 x 1). Despite the complexity of the Cu UPD
there appears to be a clear correlation between the shape of
the calculated barrier height profile and the structure of the
adlayer. The two steps in the IS-characteristics, and the
corresponding two large peaks in the barrier profile may be
related to the copper adlayer and the adsorbed sulphate layer.
In order to prove these types of correlations, a systematic study
of related, but distinctly different systems is necessary. More-
over, the role of co-adsorbed water should also be clarified.

Cu UPD: setpoint dependence

To determine an approximate absolute tip-surface distance we
measured topographic images in the function of it. In this way
we “‘calibrated” our distance scale. For the Cu UPD adlayer we
found that the image is distorted if it > 10 nA implying that
the tip is so close to the surface that there is a strong interaction
between tip and the adsorbed layer. From the shape of the
distortion we may conclude that an attractive interaction
between tip and adlayer becomes important in this case. If we
use higher setpoint currents the tip probably gets in contact
with the copper layer. Thus, we may conclude that during the
IS-characteristics measurements the tip probes the interfacial
region in the immediate vicinity of the Cu UPD adlayer.

Au(111)-(1 x 1) + (\/3 X \/7) sulphate adlayer: setpoint
dependence

To determine an approximate absolute tip-surface distance we
measured topographic images in the function of iy. In this way
we “calibrated” our distance scale. We found that the image is
distorted if it > 70 nA implying that the tip is so close to the
surface that there is a strong interaction between tip and
adsorbed sulphate layer. From the shape of the distortion we
may conclude that the short range, repulsive interaction
between tip and adlayer becomes important in this case. It is
probable, that at very “high” tunnelling currents (100 nA) the
tip is already within the adsorbed layer. This allows us to
conclude that during the IS-characteristics measurements the
tip probes the interfacial region in the immediate vicinity of the
ordered sulphate adlayer.

Discussion and conclusions

At it < 0.1 nA, i.e. relatively far from the surface, all curves
have simple exponential decay with an average barrier height
of about 1 eV. For the bare or oxidised Au(111) surface
exponential it vs. As characteristics were obtained (Fig. 2 and
4). The calculated potential barrier profiles show no layering in
the liquid phase. Non-exponential behaviour of it vs. As
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characteristics was obtained only in the presence of ordered
adlayers (Fig.3 and 5). The distance scale was calibrated
by measuring topographic images as a function of setpoint
current. We found for the Cu UPD adlayer that the image is
strongly distorted if it > 10 nA implying that there is a strong
interaction between tip and adsorbed layer. A similar effect was
found for the ordered sulphate adlayer above 50 nA. We
conclude that:

(1) For the bare and the oxidised Au(111) surface exponential
IS-characteristics were obtained with an effective barrier height
of approximately 1 eV.

(2) Non-exponential behaviour of the IS-characteristics was
obtained only in the presence of ordered adlayers: the (\/ 3 x \/ 3)
Cu UPD and the (/3 x /7) sulphate phases.

(3) The distance scale was calibrated by measuring topographic
images as a function of it.

(4) Although the structure of ordered adlayers is known there is
no simple correlation between the barrier height profiles and
the molecular/atomistic models. Moreover, the role of co-adsorbed
water has to be clarified.

(5) The above findings suggest that the influence of the local
environment just within the Helmholtz-layer is strong enough
to perturb the tunnelling process significantly. The electrolyte
properties in the tail of the Gouy-region do not change with
electrode potential, the liquid in the tunnelling gap has only an
average effect by lowering the barrier height.
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