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ABSTRACT: Friction between the sliding tip of an atomic
force microscope and a gold surface changes dramatically
upon electrochemical oxidation of the gold surface. Atomicscale variations of the lateral force reveal details of the
friction mechanisms. Stick-slip motion with atomic periodicity on perfect Au(111) terraces exhibits extremely low
friction and almost no dependence on load. Signiﬁcant
friction is observed only above a load threshold at which
wear of the surface is initiated. In contrast, irregular stickslip motion and a linear increase of friction with load are
observed on electrochemically oxidized surfaces. The observations are discussed with reference to the amorphous structure of the
oxo-hydroxide surface and atomic place exchange mechanisms upon oxidation. Reversible, fast switching between the two states of
friction has been achieved in both perchloric and sulfuric acid solutions.

’ INTRODUCTION
Friction is a complex issue in numerous industrial applications
where it leads to signiﬁcant loss of energy as well as wear and tear
of materials.1 Correspondingly, the origins of friction are of
fundamental scientiﬁc interest. A thorough understanding of mechanical energy dissipation requires knowledge of the materials’
physical and chemical properties and study of the underlying
mechanisms.2 At macroscopic length scales, friction between two
sliding surfaces is an average eﬀect of numerous surface asperities
shearing against each other, which makes the understanding of
the exact mechanism very diﬃcult.3-6 Experiments using friction
force microscopy (FFM) reduce the complexity of the problem.
Friction of a single asperity can be studied with nanometer or
even atomic scale resolution and sub-nanonewton force
sensitivity.7
Surface chemistry plays a crucial role for the interfacial
interactions in friction experiments. High-resolution friction
force microscopy experiments therefore require control of surface structure and chemistry and are carried out either in
ultrahigh vacuum (UHV) or in other controlled conditions,
e.g., in an electrochemical environment.8-13 The electrochemical
environment not only allows the preparation of clean surfaces
but also enables quick and reversible changes of the interface,
which makes it a unique tool to investigate the eﬀects of surface
chemistry on friction. Metals are dominant materials in engineering applications involving moving contacts. They are regularly
covered with an oxide layer, which makes the tribological properties of metals in their native as well as oxidized states important to
address. Gold is one of the important metals due to its unique
physical and chemical properties and has a growing number of
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scientiﬁc and technological applications, such as in electrical
contacts and electronic circuits, dental implants, medical devices,
drug delivery chips, catalysis, nanosensors, and micro/nanoelectromechanical systems.14 Many of these applications require
knowledge of the tribological properties of gold, whose surface
chemistry can be controlled at the atomic level through electrochemical methods.15,16
The majority of gold oxidation studies have included the
recording of cyclic voltammograms (CV) in aqueous solutions of
sulfuric acid or perchloric acid. During the anodic sweep in
perchloric acid solution, a broad peak is observed in the CV
corresponding to the adsorption of OH ions, which subsequently
leads to an oxidation when the potential is further increased.17 A
place exchange of gold and oxygen atoms and the release of
adsorbed anions result in an amorphous hydrous oxo-hydroxide
layer, to which we will refer in short as oxidized gold surface.18 A
sharper peak is observed during the cathodic potential sweep
which corresponds to reduction of the gold oxide: the Au(111)
atomic structure is restored below this potential with some
islands and pits. The formation and structure of the oxidized
gold surface have been conﬁrmed by surface X-ray photoelectron
spectroscopy19 and scattering20 and scanning tunneling microscopy (STM).19,21-23
Sulfate anions are speciﬁcally adsorbed on the gold surface
during the anodic sweep in sulfuric acid solution and play a
deﬁned role in the oxidation process by their competition to
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hydroxide adsorption,17,24 whereas perchlorate adsorption is
nonspeciﬁc in perchloric acid solution. However, the process
of gold oxidation itself proceeds similarly in sulfuric and perchloric acid solutions.18,19
The friction force microscopy experiments described in this
paper study the role of electrochemical oxidation for the friction
on gold surfaces. In an early application of atomic force microscopy in electrochemistry, Manne et al. studied the formation of
hydroxide and oxide on Au(111)25 as well as copper deposition
on the Au(111) surface.26 In their topographic studies the
authors demonstrated how the electrochemically induced
changes in the surface structure can be monitored on the atomic
scale. Friction measurements as a function of the electrochemical
potential by means of FFM have been performed by Kautek et al.
at the silver halogenide interface.9 An increase of friction for
speciﬁcally bound anions was found, while nonspeciﬁcally bound
hydrated anions did not change friction. Nielinger et al. performed electrochemical FFM studies on atomically ﬂat gold
surfaces covered with a controlled thickness of copper.11 They
found that friction increases with the amount of copper deposited and that the increase of friction is reversible upon dissolution
of the copper layers. Hausen et al. complemented these studies
by showing that the increase of friction is signiﬁcantly weakened
by the presence of chloride.12 Recently, Labuda et al. have
extended friction studies on copper layers to the atomic scale.13
They conﬁrmed that friction increases on a copper layer adsorbed by underpotential deposition on Au(111). Atomic friction maps on the copper layer reveal a structure which indicates
that sliding occurs on a CuCl layer rather than on an epitaxial
copper layer. All friction force microscopy studies published so
far demonstrate the sensitivity of friction force microscopy to
subtle electrochemically induced changes in the surface structure
and chemistry.
In this article, we present a study of nanometer-scale friction of
atomically ﬂat Au(111) surfaces. Friction as a function of load for
the reduced and the oxidized surface is measured by switching
the potential for each load. The variation in friction as a function
of the potential is investigated by recording friction while running
cyclic voltammograms. The results are compared for perchloric
and sulfuric acid solutions. Atomic friction results provide
information about the surface structure, the lateral contact
stiﬀness, and the surprisingly fast changes in the surface structure
and in the friction upon electrochemical oxidation.

environments with high spatial and force resolution. The home-built
microscope has several features which make it particularly suitable for
atomic-scale friction studies. The mechanical noise is minimized by
decoupling the detection components from the mechanical assembly
joining the sample and cantilever, the signal ampliﬁcation is optimized
for small lateral force signals, and a small scan range was chosen to
improve the lateral resolution.
The Au(111) substrates for the home-built AFM were thin ﬁlms
evaporated on a smooth sapphire surface; for sample preparations details
see ref 13. Using the Agilent AFM, we studied the (111) surface of a gold
single crystal (Mateck, Germany), which was prepared by annealing in a
butane ﬂame for 1 min and cooling under dry argon ﬂow, prior to each
experiment. All potentials in this article are quoted with respect to a Ag/
AgCl leak-free electrode (Cypress Systems and WPI).
Friction experiments were performed using doped silicon cantilevers
(nanosensors, PPP-CONT) with nominal normal and lateral stiﬀness
values of ∼0.1 and 40 N/m. A stiﬀness calibration was performed for
each cantilever using Sader’s method;27,28 the tip height was determined
by scanning electron microscopy. Zero normal tip-sample force was
deﬁned as zero cantilever deﬂection.
In order to study the eﬀects of surface chemistry on friction, it is
necessary to exclude the inﬂuence of surface topography on the friction
measurements. It is therefore imperative to work on atomically ﬂat
substrates. In perchloric and sulfuric acid solution, redox cycling causes
corrosion pitting of the Au(111) surface which roughens it on the scale
of several atomic layers within a few cycles.23 Trace amounts of chloride
(10-5 M) prevent this problem by increasing the surface mobility of gold
atoms.23,29 The time for the recovery of atomically ﬂat Au(111) terraces
is reduced signiﬁcantly,23 allowing fast switching between atomically ﬂat
Au(111) and oxidized surfaces during the experiments.

’ RESULTS AND DISCUSSION
The relation between electrochemical potential, gold surface
structure, and friction has been studied in solutions of perchloric
acid and sulfuric acid. We will ﬁrst discuss the experimental
results in detail for perchloric acid, followed by a comparison to
the sulfuric acid case.
Figure 1 describes the friction measured on a Au(111) surface
while recording a cyclic voltammogram between 0.25 and 1.15 V,
i.e., starting from a Au(111) surface, developing an oxidized gold
surface, and then returning to Au(111). The lateral force map in
Figure 1a initially shows smooth sliding at a low friction level.
The onset of a regular modulation of the lateral force can be
observed at a potential of 0.35 V. Above a potential of about 0.6 V
the modulation becomes blurry. At a potential just above 0.8 V
we observe a sudden and signiﬁcant increase in lateral force and
rather irregular patterns, which continue for all potentials up to
1.15 V. In the same range we observe increasing oxidation
currents. Upon reducing the potential, low lateral forces and
smooth sliding are reestablished at a potential of 0.8 V, just after
passing the reduction peak in the current. Again, a period of
modulation of lateral forces is observed for potentials around 0.5
V. The inset in Figure 1c reveals that in these periods the lateral
force is modulated in a sawtooth-like shape with the periodicity
of the Au(111) lattice.
The observed changes in the lateral force patterns occur at
potentials whose signiﬁcance has been described in the literature.
The force modulations with atomic periodicity start at the
potential of zero charge of 0.33 V.30 While we cannot draw an
exact picture of the tip-sample interaction in the acid solution,
we conclude that the formation of the double layer plays an
important role in the atomic contrast formation in friction force

’ EXPERIMENTAL METHODS
Friction experiments begin by bringing the tip of the AFM, which is
attached to the end of a rectangular cantilever, into contact with the gold
surface. When scanning the sample, the lateral force acting on the tip
causes a twisting of the cantilever, which is detected as deﬂection of a
light beam reﬂected from the cantilever. The lateral force is modulated
by the interaction with the surface structure. The friction force, which is
proportional to the energy dissipation, is equal to the average of the
measured lateral force. The averaging is done over many pairs of forward
and backward scans. Note that the modulation of the lateral force is often
larger than the averaged friction force and that the two do not follow a
simple relationship with each other. The tip, cantilever, and sample were
fully immersed in the electrolyte. The electrochemical potential was
varied during the friction experiment in order to study changes in friction
upon oxidation and reduction.
The experiments were performed with a home-built13 and a commercial (Agilent 5500) atomic force microscope. Both microscopes are
capable of performing friction measurements in electrochemical
B
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Figure 2. Time series of friction vs load measurements performed with
the home-built AFM in 0.1 M HClO4 solution, in the presence of 10-5
M HCl. The normal force was increased and decreased in steps, while for
each load the friction was measured on Au(111) and oxidized surfaces,
by switching the potential between 0.5 and 1.4 V. Each data point
represents the average friction of one lateral force map of 10 nm, and
each frame was recorded in 25 s. The arrows refer to atomic friction
maps in Figure 4.

Figure 1. (a) Lateral force map recorded with the Agilent AFM on a
Au(111) surface at a normal load of 6.5 nN in 0.1 M HClO4 solution (no
HCl present) while sweeping the potential continuously between 0.25
and 1.15 V and back at a rate of 25 mV/s. The slow scan direction is from
top to bottom. See text for a description of frame segments with atomic
stick-slip and with high friction. (b) Friction force as a function of the
electrochemical potential extracted from the data shown in (a). The
corresponding CV is shown in order to directly relate friction in diﬀerent
states to Au oxidation and reduction. (c) Cross section of the lateral
force along the line indicated in (a). Atomic stick-slip with the
periodicity of the Au(111) lattice is observed.

Figure 3. Friction vs load results for Au(111) and oxidized surfaces
recorded in 0.1 M HClO4 solution, in the presence of 10-5 M HCl. The
graph summarizes the results of the experiment in Figure 2.

microscopy. The strong increase of the lateral force and the
onset of irregular stick-slip patterns start just below the potential for hydroxide adsorption, the ﬁrst step of gold surface
oxidation.17,19,23
Friction data are plotted together with the cyclic voltammogram in Figure 1b. Friction on the Au(111) surface is very low
with values around 20 pN and independent of the electrochemical potential. Not even for potentials between 0.35 and 0.6 V,
where the lateral force exhibits the atomic periodicity modulation, does friction, i.e., the average lateral force, increase. These
observations conﬁrm the report of Kautek et al., who also found
no change in friction as a function of potential as long as there
was no speciﬁc adsorption of anions.9 Speciﬁc adsorption is not
expected for perchlorate ions on Au(111). Any electrostatic
contributions to the forces between tip and sample, which could
change with the electrochemical potential and inﬂuence the
friction, are screened by the electrolyte.
Starting at a potential just above 0.8 V, i.e., a little below the
usually observed potential for hydroxide adsorption, friction
increases and reaches a level of about 0.4 nN at a potential of
1.0 V and higher. In this regime of high friction the data exhibit

some scatter consistent with the rather irregular stick-slip
behavior of the sliding interface. As introduced above, the
oxidation process of gold surfaces has been described as a
hydroxide adsorption into a surface network followed by a place
exchange of gold and oxygen species and further oxidation.18
The irregular stick-slip and the scatter in the friction data can be
understood in view of this continuing turnover of the surface
structure. In the cathodic scan, friction starts to decrease around a
potential of 1.0 V when the reduction peak is observed in the
current. Friction reaches the low level of 20 pN again around 0.8
V. A fast recovery of the Au(111) surface upon reduction without
pitting is observed even without added chloride in cases where
the oxidation did not exceed far beyond the principal oxidation
peak at 1.25 V, as previously reported in a STM study.23
A key experiment in friction studies is the measurement of
friction as a function of the applied load. A linear dependence is
regularly found from macroscopic to microscopic scales in
weakly adhesive situations like the one studied here.31 We have
recorded friction as a function of applied load, while switching
C
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between the reduced and the oxidized Au surface for each value
of applied load. In this way we could exclude that a change in the
tip structure obscures the load dependence of friction for both
surfaces. Results for this experiment are plotted in chronological
order in Figure 2. Each point in this graph represents the average
friction of a lateral force map. Load and potential have been
switched in between frames. The scatter between data points
recorded in equivalent conditions is not caused by instrumental
noise, but by minor changes in the atomic structure of the tipsample contact. Note that the scatter is small compared to the
friction contrast caused by changes in load and potential.
The ﬁrst and most important observation is that friction
increases with load signiﬁcantly only for the oxidized surface,
while it remains at low values for the reduced Au(111) surface.
This result is summarized in Figure 3 where friction is plotted as a
function of load for both surfaces. While there is almost no
increase in friction for Au(111), the oxidized surface exhibits the
expected linear increase with load. Only at loads higher than 12
nN do we ﬁnd signiﬁcant friction on Au(111) with a large scatter
of corresponding data points in Figure 2. These observations
indicate the onset of wear for loads higher than 12 nN, i.e., a
destruction of the Au(111) surface by the scanning tip. Very
similar observations of extremely low friction at low loads and
increased friction at the onset of wear have been made in friction
measurements on Au(111) in ultrahigh vacuum.32 We conclude
that friction is extremely low and almost independent of load as
long as the tip slides over a perfect crystalline Au(111) surface.
Signiﬁcant friction is observed only when the load is high enough
to displace surface atoms.
These conclusions are supported by atomic-scale lateral force
maps recorded during the experiment depicted in Figure 2. The
lateral force recorded on the reduced Au(111) surfaces exhibits
a periodic modulation which reﬂects the crystalline structure of
the Au(111) surface. Examples for atomic friction maps of
Au(111) are given in the upper halves of the frames in Figure 4.
Scanning at constant potential and use of dedicated instrumentation13 allows for high-quality lateral force data. Line proﬁles of
the lateral force have a sawtooth proﬁle indicative of an atomic
stick-slip process: the contact sticks to one atomically locked
position until the lateral force is high enough to initiate a jump to
the next atomic position. While the contact between tip and
surface is not formed by a single atom but may consist of some
tens of atoms, the atomic structure of the surface is still revealed
in atomic friction experiments. The atomic slipping may actually
occur as a simultaneous jump of all atoms in contact or as fast
propagation of a dislocation through the contact.6 Similar atomic
stick-slip results have been reported for experiments on clean
metal surfaces in ultrahigh-vacuum environments.32-34
Oxidation of the surface immediately eliminates the atomic
periodicity of the stick-slip mechanism. This is demonstrated in
Figure 4, where the potential is switched after half a lateral force
map is recorded. The regular hexagonal stick-slip pattern is
replaced by a stick-slip pattern which still shows nanometerscale features, however irregularly arranged. We conclude that
the stick-slip mechanism works not only on single-crystal
surfaces but also on the disordered surface after hydroxide
adsorption. Irregular stick-slip on the nanometer scale agrees
well with the observation of arrays of small clusters 1-2 nm in
average size by STM at the onset of electrochemical oxidation.19
At higher loads the lateral force maps recorded on the oxidized
surface show stripes along the scan direction which indicate
displacement of surface atoms or clusters by the action of the tip.

Figure 4. Examples for lateral force maps of the transition from
Au(111) to the oxidized surface recorded with the home-built AFM in
0.1 M HClO4, in the presence of 10-5 M HCl. Scan direction is from top
to down. In the three upper frames, the potential is switched from 0.5 to
1.4 V after the half of the frame is scanned. Times and forces indicated
refer to the time and load in the experiment depicted in Figure 2. The
lateral force is modulated by stick-slip motion on both surfaces,
revealing atomic periodicity on the crystalline Au(111) surface in the
upper half and nonperiodic events on the amorphous oxidized surface in
the lower half. The fourth frame shows signs of wear on the reduced
Au(111) surface at higher load. The cross sections of the lateral force are
taken from the data recorded at a load of 12.4 nN. The red lines indicate
the eﬀective lateral contact stiﬀness.

While the nanometer-scale features can be recognized in consecutive scan lines, the overall structure is not reproduced in
consecutive scan frames. Given the dynamic rearrangement of
the surface during oxidation, such atomic instabilities are to be
expected. The stress caused by the sliding tip may actually
accelerate the oxidation process, which is otherwise hindered
by the necessity of an atomic place exchange.18 The atomic
friction results relate the threshold for friction on the perfect
Au(111) surface (around 12 nN in the example in Figure 3) to
D
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the visible onset of wear. They furthermore relate the increase of
friction with load on oxidized surfaces to the displacement of
surface atoms which is found increasingly at all loads on the
amorphous oxo-hydroxide surface.
The transition from low friction on Au(111) to irregular
stick-slip and high friction on the oxidized surface occurs
instantaneously on the time-scale of our measurements (<100
ms), as observed in the sharpness of the respective transitions in
Figure 4. While adsorption of hydroxide on Au(111) may
generally happen at the millisecond time scale,18 we consider it
noteworthy that the conﬁnement of the solution under the AFM
tip does not cause any delay of the switching. The transition back
from the oxidized surface to the Au(111) surface occurs within
seconds. We observe signs of an atomic rearrangement which was
not reproducible in its details between experiments. However,
the friction drops to its low value in less than 1 s, and the hexagonal stick-slip pattern is reestablished within a few seconds.
The switching of friction by changing the potential is reversible
and repeatedly reproducible for at least 100 cycles. Traces of
chloride are required for repeated switching, as discussed at the
end of the Experimental Methods section.
The slope of the sawtooth stick-slip curves in Figure 4
quantiﬁes the eﬀective lateral stiﬀness of the contact between
tip and surface. Typical values for Au(111) are 2 N/m with a
signiﬁcant scatter of (0.5 N/m due to the noisy character of the
data. The eﬀective stiﬀness is much smaller than the spring
constant for the cantilever torsion and, therefore, reﬂects the
lateral stiﬀness of the contact rather than that of the cantilever.
The values are of the same order than in results obtained on
Au(111) in ultrahigh-vacuum conditions.32 The lateral contact
stiﬀness is a measure of the stiﬀness of the tip apex and of the
contact size.35 For the oxidized gold surface the values for the
eﬀective lateral contact stiﬀness extracted from stick-slip curves
are the same as for Au(111) within error. We conclude that the
contact size does not change signiﬁcantly upon oxidation of the
surface. The increase in friction must originate in other factors
which change upon oxidation. One factor is certainly the
increased roughness of the oxidized surface, which strengthens
the resistance against sliding of the amorphous tip. Another
factor may be the irregular charge distribution of the oxidized Au
surface, introduced above as an amorphous oxo-hydroxide layer.
Local dipoles should interact more strongly with the silicon oxide
tip, charged at pH < 2, than the metallic Au(111) surface. Finally,
energy may be dissipated in tip-induced changes of the atomic
conﬁguration of the oxidized layer, which do not take place on
the crystalline Au(111) surface.
Finally, we compare experiments regarding the load dependence of friction on Au(111) and the oxidized surface in
perchloric and sulfuric acid. Results for sulfuric acid are plotted
in Figure 5. Again friction was measured at each applied load for
Au(111) and the oxidized surface. Very similar to the results for
perchloric acid, friction increases signiﬁcantly only for the
oxidized gold surface. The corresponding friction vs load curve
is given in Figure 6. The similarity of the results for both solutions
agrees well with STM studies that found no signiﬁcant diﬀerence
in the electrochemical oxidation of Au(111) between perchloric
acid and sulfuric acid.19 Once the electroadsorption of hydroxide
has displaced the speciﬁc adsorption of sulfate, possibly preadsorbed chloride, or the nonspeciﬁc adsorption of perchlorate,
no further diﬀerence in the oxidation process is expected
between the two solutions.18 Possible subtle diﬀerences in
friction in the anion adsorption regime are subject of ongoing

Figure 5. Time series of the friction vs load measurements performed
with the Agilent AFM in 0.05 M H2SO4 þ 1 mM HCl solution. The
normal force was increased and decreased in steps, while for each load
the friction was measured on Au(111) and oxidized surfaces, by
switching the potential between 0.35 and 1.0 V.

Figure 6. Friction vs load results for Au(111) and oxidized surfaces in
0.05 M H2SO4 þ 1 mM HCl solution. The graph summarizes the results
of the experiment in Figure 5.

experiments. Our results conﬁrm that friction on the oxidized Au
surface does not signiﬁcantly diﬀer between perchloric and
sulfuric acid solutions and their speciﬁc oxidation processes.

’ CONCLUSION
A strong contrast in friction between reduced and oxidized Au
surfaces at the nanometer scale has been observed reproducibly
in two laboratories with diﬀerent instrumentation and for sulfuric
and perchloric acid solutions. Extremely low friction and almost
no increase with load are found for sliding on perfect crystalline
Au(111) surfaces. Modulation of the lateral force in a sawtooth
fashion reveals an atomic stick-slip sliding mechanism. Only
above a certain load threshold does friction increase; this
corresponds to the onset of surface wear.
On the oxidized Au surface, friction increases with load as
generally expected. An irregular stick-slip motion reﬂects the
amorphous structure of the oxo-hydroxide surface and the
displacement of surface atoms even at low loads. Fast, reversible
switching between the two states of friction is achieved by
electrochemical control.
E
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