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Probing the conformation and 2D-distribution of
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The present paper aims at illustrating how end-attachment of water-soluble flexible chains bearing a

terminal functional group onto graphene-like surfaces has to be carefully tuned to ensure the proper

positioning of the functional moiety with respect to the anchoring surface. The model experimental

system considered here consists of a layer of poly(ethylene glycol) (PEG) chains, bearing an adsorbing

pyrene foot and a ferrocene (Fc) redox functional head, self-assembled onto highly oriented pyrolytic

graphite (HOPG). Cyclic voltammetry is used to accurately measure the chain coverage and gain insights

into the microenvironment experienced by the Fc heads. Molecule-touching atomic force electrochemical

microscopy (Mt/AFM-SECM) is used to simultaneously probe the chain conformation and the position of

the Fc heads within the layer, and also to map the 2D-distribution of the chains over the surface. This

multiscale electrochemical approach allows us to show that whereas Fc–PEG–pyrene readily self-

assembles to form extremely homogeneous layers, the strongly hydrophobic nature of graphite planes

results in a complex coverage-dependent structure of the PEG layer due to the interaction of the

ferrocene label with the HOPG surface. It is shown that, even though pyrene is known to adsorb

particularly strongly onto HOPG, the more weakly adsorbing terminal ferrocene can also act as the chain

anchoring moiety especially at low coverage. However we show that beyond a critical coverage value the

Fc–PEG–pyrene chains adopt an ideal ‘‘foot-on’’ end-attached conformation allowing the Fc head to

explore a volume away from the surface solely limited by the PEG chain elasticity.

Introduction

Layers of end-attached poly(ethylene glycol) (PEG) chains are
extensively used to alter the interfacial properties of many
different materials in aqueous solutions.1 These PEG layers
notably display the unique properties of improving the bio-
compatibility of surfaces by preventing protein and microbial
adsorption.2,3 End-attached PEG chains have also been widely
used to coat the surface of nano-objects, such as nano-
particles,4,5 or carbon nanotubes,6,7 in order to prevent particle

aggregation, but also to render them suitable for bio-analytical
applications, or for in vivo-applications such as medical
imaging or therapy.4,5 Most recently, functionalization of gra-
phene,8 a new type of nano-object, by polymer chains,9 includ-
ing PEG chains,10–13 has drawn a lot of attention. Graphene and
carbon nanotubes are closely related allotropes of carbon:
graphene consists of a single sheet of sp2 carbon atoms densely
packed in a honeycomb crystal, and carbon nanotubes can be
seen as rolled-up graphene sheets. The properties conferred on
these carbon nano-objects by PEG layers are ultimately related
to the conformation the PEG chains adopt once end-attached to
their surfaces. Thus, gaining some insights into the conforma-
tional behavior of PEG chains attached to graphene-like sur-
faces is important for a better predictability of the properties of
PEGylated carbon nano-objects. Yet, whereas the conformation
and structure of PEG chains end-attached to many types of
surfaces have been widely studied, transposition of these
results to the case of PEG on graphene-like surfaces is not
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a priori straightforward. One of the reasons for this is the
exceptionally strong hydrophobic character of the latter sur-
faces14 which may result in direct interactions of the surface
with the PEG chain backbone itself. Indeed, even though PEG is
primarily known for its hydrophilicity, it also displays some
hydrophobic character which sometimes provokes unexpected
polymer adsorption on certain kinds of surfaces.15 Similarly, a
recent theoretical study predicted that the structure of PEG
layers end-attached to graphene-like surfaces should be greatly
perturbed by the intense van der Waals forces resulting from
the dense arrangement of carbon atoms in these materials.16 Of
course if the free-end of the attached PEG chain bears a
molecular label, its interaction with the carbon surface may
also alter the overall chain conformation, further complicating
the picture. For all of these reasons, it is desirable to develop
experimental approaches allowing the conformational behavior
of end-attached PEG layers on graphene-like surfaces in aqu-
eous solution to be probed.

In order to address this issue, we propose in the present
work to assemble and to study the conformational and dyna-
mical properties of a layer of PEG chains end-attached to highly
oriented pyrolytic graphite (HOPG), a surface consisting of well-
ordered stacked layers of graphene. Hence, we expect that our
work can provide some insights into the behavior of PEG layers
attached to isolated graphene sheets or carbon nanotubes, as
far as the PEGcarbon surface interactions are concerned, leav-
ing obviously aside any nano-size effect. Surprisingly, and in
spite of the fact that numerous methods exist to attach mole-
cules or macromolecules to HOPG, either covalently17–19 or
non-covalently,20–23 we found only one experimental report
describing end-attached PEG (actually PEG 4-mer)13 layers on
this surface. Yet, beyond being a model for graphene-based
objects, HOPG has many other advantages that we intend to
exploit in the present study. It is notably a very good electrode
material24–26 which allows the straightforward in situ inter-
rogation of molecular layers formed at its surface by using
robust electrochemical methods.20–23 An extra benefit of HOPG
is its nanometer-scale smoothness which makes it possible to
characterize molecular layers using local probe techniques,
such as atomic force microscopy (AFM).

In the present case a molecular layer of PEG3400 chains
bearing a redox-label at one of their extremities and an anchor-
ing pyrene foot at the other was allowed to self-assemble onto
HOPG. The strong adsorption of the pyrene moiety onto graphite
planes allowed the robust non-covalent end-attachment of the
PEG chains to the HOPG surface. The properties of the PEG layer
were studied via the electrochemical interrogation of the redox
label decorating the free-end of the terminally attached chains.
Cyclic voltammetry was used to accurately measure the sur-
face coverage in PEG chains, which is a crucial parameter for
studying end-attached layers, but also to gain insights into
the microscopic environment experienced by the free end of
the anchored chain. The PEG layer was also studied by
molecule-touching atomic force electrochemical microscopy
(Mt/AFM-SECM), an innovative local probe microscopy techni-
que using a microelectrode for combined local force and

electrochemical measurements.27–29 This technique uniquely
allowed both the overall chain conformation and the position
of the redox-labeled free-end of the chains over the anchoring
surface to be determined. Overall it is shown that the strongly
adsorbing nature of HOPG results in a complex coverage-
dependent behavior of the PEG layer but that controlled
formation of ‘‘ideal’’ and potentially useful end-grafted PEG
layers on HOPG is possible.

Experimental
PEG derivatives and materials

The ferrocene Fc-end labeled linear poly(ethylene glycol) PEG
chain Fc–PEG–OH (PEG = (CH2CH2O)n with n E 79, avg. MW

PEG 3400) was synthesized and obtained as an analytical
sample as described previously.27,30 The pyrene-terminated
Fc–PEG product, Fc–PEG–pyrene, was prepared from Fc–PEG–OH,
and was thoroughly characterized by 1H NMR and MALDI-TOF
mass spectroscopies as detailed in ESI.† The characterization
demonstrated that the Fc–PEG–pyrene sample was absolutely
free of the parent compound Fc–PEG–OH. This extreme degree
of purity was essential for the interpretation of the data
reported here.

1-Pyrene-methylamine hydrochloride (95%) was obtained
from Aldrich. Triethylamine was a puriss. p.a. Z99.5% grade
product obtained from Sigma-Aldrich. Sodium perchlorate
(NaClO4) monohydrate was purchased from Fluka. Other com-
mercial chemicals were of reagent grade or better quality and
used as received. All aqueous solutions were made using
Milli-Q purified water (Millipore). All solutions used for AFM-
SECM experiments were filtered before use on a 0.22 mm nylon
VWR syringe filter.

Assembly of a Fc–PEG layer on HOPG

The freshly peeled HOPG surface (Mersen, France) was
mounted as the bottom of an O-ring cell and covered with
B200 mL of an aqueous solution containing the Fc–PEG deri-
vative (either Fc–PEG–pyrene or Fc–PEG–OH), at a concen-
tration chosen in the 5–200 mM range. After 30 min, the Fc–
PEG modified HOPG surface was thoroughly washed with MQ
water. For subsequent characterization of the Fc–PEG layer, by
cyclic voltammetry or Mt/AFM-SECM, the cell was filled with
B600 mL of an aqueous 1 M NaClO4 electrolyte. If AFM imaging
in air was then intended, the surface was rinsed anew with
water and dried under a flux of nitrogen.

Cyclic voltammetry (CV)

Cyclic voltammetry characterization of the HOPG surfaces
modified by the Fc–PEG derivatives was either carried out using
the ‘‘substrate’’ channel of the home-made AFM-SECM bi-
potentiostat (see below), or a dedicated custom designed voltam-
metry set-up.30 All potentials in this work are reported versus SCE
(KCl saturated calomel reference electrode). The temperature in
electrochemical experiments was 20 1C.
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Fabrication of the combined AFM-SECM probes

The probes were hand-fabricated from bent, flattened and
etched 60 mm-diameter gold wires according to a procedure
adapted from the literature,31 and largely detailed elsewhere.32

The flattened part of the wire acted as a flexible cantilever
(spring constant B0.5–3 N m�1, fundamental flexural fre-
quency B2–3 kHz), bearing a conical tip formed by etching.
By adjusting the etching conditions tips with a spherical apex of
B100 nm or down to B20 nm in radius could be selectively
produced. The actual tip radius was measured from MEB
images (see Fig. S6 in ESI†). The tip was fully insulated by
deposition of an electrophoretic paint, and glued onto an AFM
chip. The apex was selectively exposed in order to act as a
current-sensing nanoelectrode.

AFM and combined AFM-SECM experiments

AFM images in air and in water were obtained using a Molec-
ular Imaging PICOSPM I AFM microscope (Agilent) operating in
tapping mode and using commercial Multi-75G probes (Budget
Sensor). The Mt/AFM-SECM experiments were carried out using
the same PICOSPM I instrument modified to be operated in
SECM mode32 and using hand-fabricated AFM-SECM probes.
A platinum wire was then used as a counter-electrode, and the
reference electrode was a Pt wire coated with an electro-
polymerized polypyrrole film, as previously described.29 A home-
made bipotentiostat was used to control the potential applied to
the substrate and to the probe independently. Cyclic voltam-
mograms could be recorded at the substrate while maintaining
a constant bias at the probe. For the probe and substrate current
acquisitions, high (10 pA V�1) and low (20 mA V�1) gain current
measuring circuits were used. The probe-current signal was
passed through a 10 Hz low-pass analogue filter. The substrate
potential was generated by a PAR 175 programmer. The probe-
current data were corrected from the nonspecific leakage current
resulting from the imperfect insulation of the connecting wires.
This current is nonspecific and independent of the tip-to-
substrate distance and of the probe and substrate potential.

Results and discussion
Fc–PEG–pyrene as a model functional molecule designed to
form self-assembled redox monolayers onto HOPG

In the present work the Fc–PEG–pyrene molecule depicted in
Scheme 1 was home-synthesized as detailed in the ESI,† with
the purpose of forming self-assembled layers onto HOPG
surfaces.

This linear molecule consists of a flexible, water soluble
PEG3400 chain, B79 monomers long, bearing at one of its extre-
mities a redox moiety, ferrocene (Fc) known for its uncomplicated
electrochemistry, while its other extremity bears a pyrene ring. The
pyrene moiety is capable of robustly adsorbing onto graphite
planes,33 and is thus expected to be an effective anchoring foot
for the end-attachment of the Fc–PEG chain onto HOPG, as was
observed for pyrene-modified small molecules,20–23 or linear
macromolecules so-attached to graphene-like surfaces, such

as DNA onto HOPG,22 PEG onto carbon nanotubes6,7 and gra-
phene.13 The PEG chain itself obviously attracts interest due to its
wide use as a biocompatible polymer which, once end-attached to a
surface, efficiently prevents non-specific protein adsorption. The
Fc–PEG–pyrene molecule also constitutes a good model of a func-
tional molecule that one would want to spontaneously end-attach
onto graphene planes in such a way that its functional free extremity
(here the Fc head) is presented to the solution in a controlled way,
and positioned at some predefined distance from the surface.34 In
the present case, the Fc-head being borne by a flexible polymer
chain, its position above the surface is not expected to be fixed, but
rather to be statistically defined, and to be in the order of the Flory
radius of the chain, RF B 5 nm.30

Generally speaking, formation of well-defined end-grafted
layers of water-soluble molecules comprising a pyrene foot, a
linker, and a functional free end, onto HOPG requires that
(i) the interaction between the pyrene anchoring group and the
graphite planes is strong enough to compensate for the solu-
bility of the molecule. (ii) Other parts of the molecule, such as
the linker or the functional group, themselves are not prone to
interact (adsorb) with the HOPG surface. In the present case
these general problems are particularly acute since: (i) the PEG
chain endows the Fc–PEG–pyrene molecule with a high water
solubility. (ii) Yet molecular dynamics simulations of PEG
layers end-grafted onto HOPG (or graphene) surfaces have
predicted that the chain backbone, in spite of its hydrophilicity,
should paradoxically be prone to adsorption onto these sur-
faces.16 Moreover, the hydrophobic nature of the cyclopenta-
dienyl rings of ferrocene may favor adsorption of the Fc-heads
from aqueous media. Indeed adsorption of ferrocene deriva-
tives onto HOPG has been reported in the literature,35 and also
observed by us for the simple ferrocenemethanol.

For all of these reasons we systematically compared here the
adsorption behavior of Fc–PEG–pyrene to that of the parent
compound Fc–PEG–OH (Scheme 1, right), which lacks the
anchoring pyrene foot.

Scheme 1 Molecular structures of the Fc–PEG conjugates considered in
this work. The molecules are shown in interaction with a HOPG electrode
surface. (left) Fc–PEG3400–pyrene molecule (n B 79), designed to end-
adsorb onto HOPG via its pyrene foot. (right) Parent Fc–PEG3400–OH
molecule lacking the anchoring pyrene foot and possibly adsorbing onto
HOPG in an unpredicted way.
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Forming a self-assembled layer of Fc–PEG–pyrene chains on
HOPG. Characterization by cyclic voltammetry

Assembly of the Fc–PEG–pyrene layer onto freshly cleaved
HOPG electrode surfaces was carried out by covering the sur-
face, secured in an O-ring cell, with B200 mL of a 5–200 mM
Fc–PEG–pyrene solution in MQ water. The Fc–PEG–pyrene
solution was left in contact with the surface for 30 minutes.
The surface was then thoroughly rinsed with MQ water, and the
cell filled with a 1 M NaClO4 aqueous electrolyte. Cyclic
voltammograms (CV’s) were then recorded at the modified
HOPG surface, by scanning its potential between 0.0 V/SCE
and +0.4 V/SCE, at scan rates ranging from 0.1 V s�1 to 20 V s�1

and recording the resulting current. One can see from Fig. 1A,
that a well-defined peak-shaped current signal is then obtained
(blue trace), which contrasts with the featureless capacitive
signal recorded at a bare HOPG surface (dashed trace).

The peak current of the signal recorded at the Fc–PEG–
pyrene modified surface was observed to increase linearly with
the scan rate and the peak-to-peak separation was small, in the
order of 10 mV at 20 V s�1. These characteristics are typical of
an electrode-attached redox species undergoing fast (Nernstian)
electron transfer. The voltammograms therefore correspond to
the one-electron reversible oxidation–reduction of the Fc/Fc+

heads of the surface confined Fc–PEG chains.
The apparent standard potential (E10) of the Fc heads, given

by the half-sum of the anodic and cathodic peak potentials, was
systematically found to fall in the 0.21–0.15 V/SCE region (see
below), i.e. in a potential region encompassing the standard
potential of ferrocenedimethanol (E1 = 0.21 V/SCE)36 and of the
Fc-head of Fc–PEG chains free in solution (E1 = 0.15 V/SCE, as
we measured it previously).27 All of the above clearly indicates
that, as expected, Fc–PEG–pyrene assembled spontaneously
onto the HOPG surface.

The stability of the layer was assessed by monitoring the
persistence of the CV signal with time, the surface being kept in
the NaClO4 electrolyte solution either at open-circuit or biased

at +0.0 V/SCE. It was found that the signal remained unchanged
for many hours. However the layer was found to be less stable
when the electrode was held at a potential more positive than
B+0.4 V/SCE. Understandably immersion of the modified
HOPG surface in organic solvents, such as acetonitrile, resulted
in an immediate and complete signal loss, i.e. in the desorption
of the Fc–PEG–pyrene layer.

The surface coverage in Fc–PEG-chains of the modified
HOPG electrodes was determined by integration of the peak-
shaped CV signals, which yielded Q, the total charge passed to
oxidize/reduce the Fc-heads present on the surface. Dividing
this charge by the ‘‘real’’ surface area of the HOPG electrode,
and by the Faraday constant, yielded GFc, the surface coverage
in Fc heads. Due to its extreme smoothness the ‘‘real’’ surface
area of the HOPG electrode can be legitimately considered as
its geometric surface area, as a result very accurate and
reliable GFc values could be derived. Since there is one Fc
head of the PEG chain the surface coverage in chains, G, is
simply G = GFc. Surface coverages in the 5–25 pmol cm�2 range
were obtained, depending on the concentration of the Fc–
PEG–pyrene solution used for adsorption, Csol.. More pre-
cisely, and as seen from the adsorption isotherm reproduced
in Fig. 2A, G was observed to increase almost linearly with Csol.

up to B50 mM. For higher concentrations (50 mM o Csol. r
200 mM) the G vs. Csol. variation described a slightly descend-
ing plateau, with a maximum (saturating) coverage value
around G B 25 pmol cm�2.

Fig. 1 Cyclic voltammograms recorded at HOPG surfaces bearing (A) a
Fc–PEG–pyrene layer, and (B) a Fc–PEG–OH layer. The dashed trace is
the typical purely capacitive signal recorded at a freshly cleaved bare
HOPG surface. Surface coverages: (A) 10.5 pmol cm�2. (B) 18.4 pmol cm�2.
Adsorption was carried out on a 20 mM Fc–PEG derivative in water.
Aqueous 1 M NaClO4 electrolyte. Scan rate 1 V s�1. T = 20 1C.

Fig. 2 Characteristics of the Fc–PEG–pyrene (blue dot symbols) and of
the Fc–PEG–OH (red square symbols) layers formed on HOPG as deter-
mined by cyclic voltammetry (CV). (A) Adsorption isotherm: surface cover-
age in chains as a function of the concentration in Fc–PEG derivatives of
the solution used for adsorption (Csol. in text). (B) Apparent standard
potential (E10) of the Fc head as a function of the chain coverage. The
lines are guide to the eye. Aqueous 1 M NaClO4 electrolyte. T = 20 1C.
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Importantly we verified that, for any given value of Csol., G
did not increase further if the adsorption time was increased
beyond B30 min, i.e. the G values discussed here correspond to
equilibrium coverages. It is also interesting to note that even
the highest G values measured here are much lower than the
coverage value corresponding to a close-packed layer of
adsorbed pyrene rings, which, taking 1 nm2 for the foot-print
of pyrene, would be in the order of B166 pmol cm�2. Hence
saturation of the HOPG surface is controlled by the foot print of
the chain on the surface. Therefore, determining the value of G
can yield the first insights into the conformation of the Fc–
PEG–pyrene molecule on the surface. Indeed like for any linear
polymer, the conformation of Fc–PEG–pyrene once end-grafted
is expected to be dictated by the average distance separating
neighboring chains on the surface, denoted s and related to G

by s ¼ 1
� ffiffiffiffiffiffiffiffi

NG
p

. Two extreme regimes can be reached depending
on the value of s with respect to RF: if s c RF the chain adopts a
coil-like (so-called mushroom) conformation, its monomers
explore a hemi-spherical volume of radius B RF extending
away from the anchoring point, and there is no interaction
between neighboring chains. If at the opposite s { RF then the
chain extends toward the solution to avoid such interactions,
forming a so-called polymer brush of height h > RF.37,38

Practically the brush regime has been predicted to be reached
for s r RF/4.39

In the present case the range of G explored (5–25 pmol cm�2)
corresponds to s values going from 2.5 nm to 5.8 nm, i.e.
comprised in the range extending slightly beyond and above
RF. Hence, the chains on the surface studied here are expected to
adopt a non- to a weakly-overlapping mushroom conformation.39

Finally, in that context, attainment of a saturating coverage
in Fc–PEG–pyrene at the plateau of the adsorption isotherm can
be explained based on the peculiar behavior of end-anchored
chains: saturation is reached when the energy penalty asso-
ciated with the insertion of a new chain in the layer, which
would require further stretching of the anchored chains, no
longer compensates the energy gained by forming a new
pyrene–HOPG bond.

Of course the above discussion is only valid provided the
Fc–PEG–pyrene chains are effectively end-attached, i.e. if the
pyrene foot does play its role of an anchor and no other part of
the molecule interacts with the HOPG surface. In order to verify
if such is the case we carried out the exact same adsorption and
characterization steps as above but replacing Fc–PEG–pyrene by
Fc–PEG–OH. Much to our surprise we observed that voltam-
mograms recorded at HOPG surfaces modified by either of the
Fc–PEG-derivatives are, at first glance, similar (compare Fig. 1A
with Fig. 1B). Hence, not only Fc–PEG–OH and Fc–PEG–pyrene
molecules both adsorb onto HOPG, but they also form layers of
comparable chain coverage. However a closer examination of
the cyclic voltammetry results shows that there are meaningful
differences in the adsorption behavior of Fc–PEG–pyrene and
Fc–PEG–OH. Firstly, the stability of the Fc–PEG–OH layer upon
repeated potential scanning was found to be somewhat less
than that of the Fc–PEG–pyrene layer. Secondly the quantitative
characteristics of the voltammograms recorded at HOPG

electrodes modified by either of the two Fc–PEG derivatives
are not exactly the same. The peaks of the CV recorded at the
Fc–PEG–pyrene modified surface tend to be broader than those
recorded at Fc–PEG–OH bearing surfaces: in the latter case the
width at half-peak height was 90–105 mV, whereas in the
former case it ranged from 98 mV up to 130 mV depending
on the concentration of the adsorption solution. But most
importantly the adsorption isotherms of the two Fc–PEG deri-
vatives differ markedly (see Fig. 2A). Rather than being plateau-
shaped, as observed for Fc–PEG–pyrene, the G vs. Csol. variation
for Fc–PEG–OH is clearly peak-shaped: G initially rapidly
increases with Csol., faster than what was observed for Fc–
PEG–pyrene, but then sharply decreases when Csol. is increased
beyond Csol. B 75 mM. These differing adsorption isotherms are
an indication that the interactions of each of the two Fc–PEG
derivatives with HOPG are thermodynamically distinct, sug-
gesting that differing parts of the molecules adsorb on the
surface. This is an indication that adsorption of the pyrene foot
at least partly drives the formation of the Fc–PEG–pyrene layer.

Another major difference between the CV behavior of the
two Fc–PEG derivatives is that, as illustrated in Fig. 2B, the
apparent standard potential (E10) of the Fc head displays a clear
dependence on G for Fc–PEG–pyrene whereas it is roughly
constant for Fc–PEG–OH. More precisely, at low coverage
(B5 pmol cm�2) the Fc–PEG-derivatives display a similar
standard potential around +210 mV/SCE. However, upon
increasing G up to B12.5 pmol cm�2 the E10 value for Fc–
PEG–pyrene decreases almost linearly down to B+165 mV/SCE,
and then remains constant for higher coverages (see Fig. 2B).

The fact that the E10 value measured both for the Fc–PEG–
OH layers and for the low coverage Fc–PEG–pyrene layers is
significantly higher than the standard potential of freely diffus-
ing Fc–PEG chains (B+150 mV/SCE) indicates that in these
layers the Fc+ form is destabilized. This in turn suggests that
the Fc-heads then experience a hydrophobic environment.
In contrast the fact that the E10 value found for high coverage
Fc–PEG–pyrene layers is relatively close to the standard
potential of free Fc–PEG chains indicates that within ‘‘dense’’
Fc–PEG–pyrene layers the Fc-heads mostly experience an aqu-
eous environment. Hence, the variation of E10 with G observed
for intermediate G values can be interpreted as a change in
the environment of the Fc heads, which from hydrophobic
becomes more solution-like as G is gradually increased.40

This change is complete when G exceeds a critical value of
B12.5 pmol cm�2. It is tempting to ascribe this variation to a
gradual change of the Fc–PEG chain conformation of Fc–PEG–
pyrene with G resulting in a change in the position of the Fc
head within the layer. However cyclic voltammetry cannot
yield information regarding the key issues of the PEG chain
conformation.

Therefore the Fc–PEG–pyrene bearing surface was character-
ized by Mt (Molecule touching)/AFM-SECM, an original com-
bined local probe technique we introduced earlier27,28 which
offers the unique possibility of directly probing the overall
conformation of redox end-labeled nanometer sized chains,
such as Fc–PEG,27 or Fc–DNA,41 terminally attached to electrode
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surfaces, while simultaneously electrochemically sensing their
redox head.

Characterizing the Fc–PEG–pyrene layer on HOPG by contact
mode Mt/AFM-SECM: analyzing force and current approach
curves

In a typical experiment a combined home-fabricated gold AFM-
SECM probe, acting both as a microelectrode and a force
sensor, was approached in situ (aqueous 1 M NaClO4) from
Fc–PEG–pyrene modified HOPG surfaces. For a better force
sensitivity a probe characterized by a rather large tip radius
(Rtip B 100 nm) was selected. The probe and the substrate were
biased at potentials sufficiently remote from E10 for the Fc
heads to be, respectively, oxidized and reduced at diffusion
controlled rates (i.e. infinitely fast):27 Etip = +0.3 V/SCE and
Esub = 0.0 V/SCE. The tip deflection and tip current (itip) were
simultaneously recorded during the approach. The tip deflec-
tion scale was converted into an actual force scale by making
use of the spring constants of individual tips derived by the
thermal noise method.42 The actual tip–substrate distance, d,
was derived from the tip deflection, as classically done in
AFM.42 Finally, force (F) vs. d and itip vs. d approach curves
such as those presented in Fig. 3A and B were obtained. Each
of these two figures present data acquired over HOPG sub-
strates bearing either a relatively low coverage Fc–PEG–pyrene
layer (G B 8.7 pmol cm�2, curve I) or a high coverage layer
(G B 23.9 pmol cm�2, curve II). For comparison data acquired
over a bare HOPG substrate are also reproduced in purple trace.

Force approach curves. By examining the force approach
curves I and II shown in Fig. 3A one can see that upon
approaching the tip from a Fc–PEG–pyrene modified surface
the originally flat deflection trace bends upward, indicating
that purely repulsive forces are sensed. Importantly this repul-
sive part of the approach curve is not observed when an AFM-
SECM tip is approached from a bare HOPG surface (see Fig. 3A,
purple trace), a jump-to-contact descending peak, due to
attractive van der Waals forces, is then observed instead. Hence
the repulsive part of the force approach curves in Fig. 3A
corresponds to the tip starting to compress the Fc–PEG chains.
Such smoothly rising force curves are typical of AFM approach
curves recorded upon compressing end-attached polymer
layers,43,44 including PEG layers.45 The first interesting obser-
vation is made by comparing curves I and II: it is seen that,
upon approaching the tip from the surface, the onset of force is
detected ‘‘later’’ (i.e. for smaller d values) for the lower coverage
layer (curve I) than for the high coverage layer (curve II). This is
the first, qualitative evidence that the high coverage layer is
overall ‘‘thicker’’ than the low coverage layer.

More detailed information regarding the structure of the
Fc–PEG–pyrene chain in these layers can be gained by quanti-
tative force curve analysis as follows.

Compression of end anchored chains by a spherical tip of a
large radius Rtip (i.e. Rtip c RF) has been theoretically predicted
to give rise to a force law of the form: F = F0 exp(�d/d0), where F0

is a characteristic force, related to the chain coverage G,
and where d0 is a distance characterizing the layer thickness.46

The exact expressions of F0 and d0 depend on the chain cover-
age regime. At low coverage, in the mushroom regime, F0 =
72pkBTRtip GN, and the value expected for d0 is Rg, the radius of

gyration of the chain given by Rg ¼ RF

� ffiffiffi
6
p

.47 At high coverage,
in the brush regime, F0 = 100kBTRtiph(GN)3/2, where h is the
brush height, and d0 = h/(2p).48 Hence, in the present case
exponential variations of F with d were sought for. They were
clearly observed for both of the Fc–PEG–pyrene layers exam-
ined, as can be seen from the ln(F) vs. d plots shown in Fig. 3A
(inset). From such plots experimental values of F0 = 6.9 � 1.2 nN,
d0 = 2.3 � 0.2 nm and F0 = 8.7 � 1.0 nN, d0 = 3.5 � 0.3 nm were
respectively obtained for the low and high coverage layers.
These parameters allowed the entire experimental force curves
to be nicely reproduced by exponential force laws at least down
to d B 1 nm (dashed traces in Fig. 3A).

For the lowest coverage layer, we note that the value derived
for d0 is close to the value of Rg B 2 nm typical of PEG3400

chains. Moreover in this case the expression of F0 corre-
sponding to the mushroom case yields a value of G of
(12 � 2) pmol cm�2, which is reasonably close to the actual
coverage value of 8.7 pmol cm�2 obtained by CV for this
surface. In contrast, the brush scenario was found to be much

Fig. 3 Contact mode Mt/AFM-SECM approach curves recorded in situ
over a HOPG substrate either bare (left panel purple traces), bearing
Fc–PEG–pyrene layers at two different coverages (left panel, curves I
and II), or bearing a Fc–PEG–OH layer (right panel). The force applied by
the tip to the layer (F) is plotted in A and A0. The simultaneously acquired tip
current signal (itip) is plotted in B and B0. The abscissa (d) is the actual tip–
substrate distance (see insets in B and B0). The chain coverage in Fc–PEG–
pyrene was 8.7 pmol cm�2 and 23.9 pmol cm�2 for curves I and II,
respectively. The chain coverage in Fc–PEG–OH was 12 pmol cm�2.
The dotted curves in A and A0 are fitting curves (see text). The insets in A
and A0 are ln(F) vs. d plots. For the acquisition of the approach curves, the
tip and substrate potentials were set to Etip = +0.30 V/SCE, Esub = 0.0 V/SCE.
Approach rate 10 nm s�1. Aqueous 1 M NaClO4 electrolyte. T = 20 1C.
Curves I and II in A and B were acquired with the same probe.
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less consistent since it yielded a value of h = 15 � 2 nm
(cRF), indicative of some degree of chain extension, incompa-
tible with the low coverage value of this particular Fc–PEG–
pyrene layer.

Hence one can conclude from the analysis of the force
curves that, for the low coverage layer, the Fc–PEG–pyrene
chains are effectively end-attached to the HOPG surfaces and
do form an array of adjacent hemispherical mushrooms.

Considering now the high coverage layer (Fig. 3A, curve II),
we note that the d0 value obtained (B3.5 nm) is significantly
higher than the one derived for the low coverage layer (Fig. 3A,
curve I), confirming quantitatively that the chains are more
extended toward the solution at high coverage. However both
the mushroom and the brush model fail to correctly describe
such a layer: d0 is markedly larger than Rg while the brush
model yields a large h value of B22 nm and an abnormally low
G value of B7.5 pmol cm�2. These experimental results fall in
line with the theoretical behavior expected for ‘‘ideal’’ end-
grafted chains grafted at ‘‘intermediate’’ coverage where the
inter-chain distance, s = 2.6 nm here, is sufficiently small as
compared to RF for the chains to elongate toward the solution,
but not enough for the brush regime to be met. We thus
demonstrated that the Fc–PEG–pyrene chains are indeed in
the so-called overlapping mushroom regime within the high
coverage layer studied here.

Hence analysis of the force approach curves demonstrated
that both at low and high coverages the Fc–PEG–pyrene chains
form ‘‘ideal’’ end-attached layers on HOPG. Yet there remains a
question, to which force measurements alone cannot bring an
answer: where are the Fc-heads located within the Fc–PEG–
pyrene layers? Because in Mt/AFM-SECM the combined tip also
acts as a microelectrode, which specifically addresses the Fc
heads, the answer to this question can be found by considering
the current approach curves I and II presented in Fig. 3B.

Current approach curves. One can see in Fig. 3B that upon
approaching the tip toward the surface a current starts flowing
through the tip from d B 12 nm for curve I and d B14 nm for
curve II, which nicely corresponds to the onset of force as
observed from Fig. 3A. Upon pushing the tip further toward the
substrate the current increases in intensity until a plateau is
reached in the d B 3 nm region. For d o 0.5 nm an intense
tunneling/short circuit current is recorded. Importantly, we
observed that, provided it was brief enough, this high current
regime did not result in disrupting the PEG layer. This was
demonstrated by the fact that the current retraction curve
recorded upon withdrawing the tip from the surface was similar
to the current approach curve. Such a result also shows that the
chains were not displaced by the incoming tip. As expected, for
a bare HOPG surface the current approach curve solely displays
the tunneling/short circuit region (purple trace in Fig. 3B).
Hence, as previously demonstrated for layers of Fc-labeled
flexible chains such as PEG or DNA end-attached to gold, the
plateau-shaped current approach curve recorded here at the
Fc–PEG–pyrene modified HOPG surfaces is due to the tip
electrochemically interrogating the Fc heads.27,28 Upon con-
tacting the tip the Fc heads are oxidized to their Fc+ form which

diffuses to the substrate where they are re-reduced, as schema-
tized in Fig. 3B (inset). Such a redox cycling, classically referred
to as SECM positive feedback,49,50 or elastic bounded diffusion
positive feedback here,27 generates an easily measured station-
ary tip current whose intensity depends both on the number of
Fc heads addressed by the tip and on the rate at which electrons
are shuttled from the substrate to the tip by the Brownian
motion of the chain. The current initially increases with
decreasing d, since the tip–substrate travel distance is made
smaller, and then plateaus as a result of over-confinement of
the chains under the tip, which slows down chain dynamics.28

The fact that typical elastic bounded diffusion current
approach curves were recorded here demonstrates that at least
some of the Fc heads of the Fc–PEG–pyrene chains are free to
explore a volume expanding up to some B12–14 nm away from
the surface, just as expected for chains end-grafted via their
pyrene foot. Yet, interestingly, we note that the intensity of the
current approach curves I and II is in a ratio of B1 : 5 whereas
the corresponding chain coverages, which should set the
number of chains addressed by the tip, are only in a ratio of
1 : 2.7. A possible interpretation for this result is that the tip
current recorded for the low coverage layer is abnormally low.
This would indicate that in such a layer either the motional
dynamics of the Fc heads is slowed, or more likely that some
B50% of the Fc heads are then inaccessible to the tip.
Permanent adsorption of some of the Fc heads on the HOPG
surface could explain this behavior, as this would of course
make these Fc heads impossible to address by the tip until it
virtually contacts the substrate surface (i.e. d o B1 nm). Such
an interpretation is compatible with the above-detailed analysis
of the voltammetric signal of Fc–PEG–pyrene layers which
indicated that, only in low coverage layers, the Fc heads experi-
enced a hydrophobic environment, which probably is the
HOPG surface itself. Yet at this stage it is not clear how
adsorption of the Fc-heads could be compatible with the ideal
mushroom conformation displayed by the chains in these
layers.

Insights into this question can be gained by considering the
contact mode-Mt/AFM-SECM F vs. d and itip vs. d approach
curves recorded at a HOPG surface bearing a Fc–PEG–OH layer,
and presented in Fig. 3A0 and B0. One can see that the force
curve is reasonably well described by an exponentially F vs.
d variation (dotted line) characterized by F0 B (7.0 � 0.6) nN,
and d0 = (2.1 � 0.5) nm. These values are found to be compa-
tible with the mushroom scenario since they yield Rg = 2.1 nm
and G = 12 pmol cm�2, which agrees well with both the chain
dimension and the CV-derived chain coverage. These results
show that the Fc–PEG–OH chains are end-attached to the
surface, and form an array of polymer mushrooms, just like
the Fc–PEG–pyrene chains. However, comparison of the current
approach curves recorded for these two Fc–PEG-derivates
(Fig. 3B and B0) reveals a striking difference between the layers:
whereas an intense tip current approach curve was recorded for
the Fc–PEG–pyrene layer in the 2 nm o d o 12 nm region
absolutely no current is observed for the Fc–PEG–OH layer in
the same region. The absence of tip current shows that, albeit
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the probe clearly compresses the Fc–PEG–OH layer, as judged
from the force curve in Fig. 3A0, the Fc heads remain totally
inaccessible to the tip at least down to d B 2 nm, where the
onset of tunneling then blurs the picture. These seemingly
conflicting force and current data actually lead to the conclu-
sion that, as shown in Fig. 3B0 (inset), the Fc head actually plays
the role of the anchoring group of the Fc–PEG–OH chain. As a
result the chain is indeed end-attached to the surface, via
Fc–HOPG interactions, but the Fc head being adsorbed onto
the surface is not sensed by the tip. Such a picture is also fully
consistent with the CV results which indicated that the environ-
ment ‘‘seen’’ by the Fc heads of the Fc–PEG–OH chains was
different from the ‘‘aqueous’’ medium experienced by the
Fc-heads in ‘‘high’’-coverage Fc–PEG–pyrene layers. Having
now shown that the Fc head can play the role of an anchor
for PEG chains on HOPG finally allows us to understand the
seemingly paradoxical behavior of PEG chains in the low cover-
age Fc–PEG–pyrene layer as evidenced above by analysis of the
Mt/AFM-SECM data: within this layer half of the chains were
attached via their pyrene foot and half via their Fc heads, all
were thus effectively behaving as end-attached chains but only
those attached via their pyrene foot gave rise to a tip current.

Overall the above Mt/AFM-SECM analysis showed that
whereas Fc head-HOPG interactions are sufficiently strong
to induce ‘‘Fc head-on’’ adsorption of Fc–PEG derivatives,
Fc–PEG–pyrene does display the expected tendency of rather
attaching to the HOPG surface via its pyrene foot. Some degree
of ‘‘Fc-head-on’’ attachment of Fc–PEG–pyrene is nevertheless
present in low coverage layers, but much less (if any) in high
coverage layers. Most interestingly transition between these low
and high coverage regimes occurs in the G = 12.5 pmol cm�2

region (as judged from Fig. 2B) which corresponds to a dimen-
sionless surface coverage s* = pRg

2/s2, as defined in ref. 39,
of B1, indicative of the onset of mushroom overlap, i.e. of

interchain interactions. Moreover the fact that, regardless
of the anchoring extremity, we observed that the Fc–PEG-
derivatives do form ‘‘ideal’’ end-grafted layers shows that,
unlike what could have been feared from theoretical studies,15

adsorption of the PEG chain itself onto the HOPG surface,
which would have resulted in collapsed layers, did not occur
significantly here.

Imaging the Fc–PEG–pyrene layer on HOPG by tapping
mode AFM

Now knowing the structure of the layer formed by the Fc–PEG–
pyrene on the HOPG surface the question arises concerning the
uniformity of this layer over the surface of the HOPG material.
To experimentally address this question we first resorted to
AFM imaging carried out in tapping mode. This microscopy
technique is commonly employed to study thin films on solid
surfaces and provides sufficient lateral resolution to resolve
nanometer-sized features. Hence Fc–PEG–pyrene layers of var-
ious surface coverages were formed onto HOPG surfaces, sub-
sequently characterized by cyclic voltammetry in 1 M NaClO4

electrolyte in order to determine the exact chain coverage, and
imaged in the same medium using regular tapping mode AFM.

However, as seen in Fig. 4A, the AFM topographic image of a
Fc–PEG–pyrene layer in water only revealed the typical topo-
graphy of the underlying HOPG surface: a series of atomically
flat plateaus separated by steps of a few nanometers in height.
Such an apparently surprising result illustrates the fact that
flexible end-attached chains cannot be readily imaged by AFM
in a good solvent, since the chains tend to escape compression
by ‘‘small’’ tips, i.e. tips having a radius comparable to the
chain size (BRF).43,51 Both of these conditions are met here
since water is a good solvent for PEG chains and the standard
commercial AFM tip used to acquire the image presented in
Fig. 4A has a tip radius smaller than B10 nm. Even though this

Fig. 4 Topographic tapping mode AFM images of a HOPG substrate: bearing a Fc–PEG–pyrene layer (A–C), or bearing a Fc–PEG–OH layer (D). Image
(A) was acquired in situ (1 M NaClO4 aqueous electrolyte). Images (B–D) were acquired in air. The plots below the images are cross-sections along the
white dotted line shown. Commercial Mutli75G FM-probe excited at its fundamental frequency (B75 kHz in air and B30 kHz in aqueous).
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result shows that regular tapping mode AFM cannot be used to
probe in situ the distribution of the chains onto the surface, the
topographic image presented in Fig. 4A shows that, as a benefit
of the noncovalent binding strategy adopted here, the native
structure of the anchoring HOPG surface is fully preserved. We
therefore chose to also image the surface in air since in this
case PEG chains are known to adopt stiff, hence imageable,
conformations.52 The resulting tapping mode topographic AFM
images of Fc–PEG–pyrene layers displaying a low (4 pmol cm�2)
and a high (19 pmol cm�2) chain coverage are, respectively,
presented in Fig. 4B and C. We see in Fig. 4B, that, for a low
chain coverage, the Fc–PEG chains appear as forming relatively
large flat-top islands, up to B1 mm in width, and characterized
by a very uniform height of B3 nm. Those islands are separated
from one another by flat areas which seem to be devoid of PEG
chains. At high surface coverage, and as seen from Fig. 4C, the
Fc–PEG layer appears more as a very smooth film presenting
large flat-bottom holes. Only very few objects, B1 nm in height,
can be seen at the bottom of these holes. Objects of a similar
height can also be seen on the film surface. Cross-sections of
the topography image, across holes containing areas of the
film, allow a film thickness of B4 nm to be measured.

Finally still for the sake of comparison, we also imaged in
tapping mode AFM in air a layer of Fc–PEG–OH adsorbed onto
HOPG; the corresponding topographic image is presented in
Fig. 4D. Even though this surface displayed a chain coverage of
14 pmol cm�2, comparable to the coverage in Fc–PEG–pyrene of
the surface shown in Fig. 4C, the topography of these two
surfaces is entirely different (compare Fig. 4C and D). Rather
than forming a continuous film, the Fc–PEG–OH chains appear
as an ensemble of strings 0.5–1 nm in height extending over
the HOPG terraces (see inset in Fig. 4D). The correspondence
between this height and the size of a PEG monomer (a =
0.35 nm) suggests that what is actually seen are bundles of flat
lying PEG chains. Hence upon drying the Fc–PEG–OH films the
chains simply collapse onto the HOPG surface. Such a result
obviously indicates that the lack of a pyrene anchor prevents
the Fc–PEG–OH chains from forming the well-defined hydrated
films or islands observed for Fc–PEG–pyrene chains. Moreover,
we observed that similarly nano-structured layers also formed
upon adsorbing methoxy-capped PEG–pyrene chains onto
HOPG (data not shown). All these results point not only to
the crucial role of the pyrene foot in the formation of well-
defined hydrated PEG films and nanostructures in air but also
show that the ferrocene moiety played no role in this respect.

The remaining question, that regular AFM failed to answer,
is: what is the actual in situ (i.e. in aqueous) distribution of the
Fc–PEG chains on the HOPG surface?

Mapping the in situ 2D-distribution of Fc–PEG–pyrene chains
on HOPG by tapping mode Mt/AFM-SECM imaging

We previously demonstrated that Mt/AFM-SECM, used in imaging
mode, is a tool of choice for mapping in situ the 2D-distribution of
redox labeled macromolecules, such as Fc–PEG chains, attached
to an electrode surface. To this aim Mt/AFM-SECM simply needs
to be operated in tapping mode: the AFM-SECM probe is driven

into oscillation and surface-induced damping of this oscillation is
used to keep the tip at a constant distance above the substrate.
This distance is chosen experimentally so as to be sufficiently
small for the tip to remain in electrochemical contact with the
redox head of the macromolecules.

In the present case a particularly sharp (Rtip B 20 nm) home-
made AFM-SECM probe, acoustically driven so as to oscillate at
its fundamental flexural frequency, was approached from an
Fc–PEG–pyrene modified HOPG surface, while the probe oscil-
lation amplitude and current were recorded. The typical ampli-
tude and current approach curves thus obtained (reproduced in
ESI,† Fig. S7) allowed a suitable imaging set-point (i.e. the
imaging distance) to be chosen. The tip was then scanned
above the surface while topography and tip current images,
such as those presented, respectively, in Fig. 5A and B, were
simultaneously acquired.

One can see that, just as above when regular in situ AFM was
used, the Fc–PEG–pyrene chains were not sensed in topo-
graphy, the image only shows features typical of the HOPG
surface: large atomically flat plateaus separated by steps from
B0.4 nm and up to a few nanometers in height. However one
can see from the tip current image in Fig. 5B that the Fc–PEG
chains were effectively detected in current. Moreover, the
almost uniformly blue color of the current image (ignoring
the bottom of the image where the substrate potential was
scanned) shows that the Fc–PEG–pyrene chains are homo-
genously distributed all over the HOPG surface. More quantita-
tively we can conclude that the surface distribution of the
Fc–PEG–pyrene chains is homogeneous down to a lateral scale
of at least B20 nm, corresponding to the radius of the tips used
here (see ESI†). The dark ‘‘trench’’ seen at the bottom of the
current image corresponds to a zone where the substrate
potential was linearly swept in order to ascertain that the
current recorded during imaging is solely ascribable to detec-
tion of the Fc–PEG chains by the probe. Such is obviously the
case since the itip vs. Esub voltammogram which can be recon-
stituted from the cross section of the current image displays
both the expected S-shape and a mid-height potential value
close from the standard potential of the Fc heads, see Fig. 5B
(inset). This result also indicates that the electron transfer of
the Fc heads at the HOPG substrate is Nernstian, i.e. is fast as
compared to PEG chain motion. Since the itip data used to
construct the voltammogram shown in Fig. 5B (inset) was
mostly sampled at locations clearly corresponding to basal
plane regions (as can be ascertained by examining the corre-
sponding topography image), such a finding confirms qualita-
tively the good electrochemical activity of the basal planes. This
falls in line with our previous report describing the AFM-SECM
imaging of a HOPG surface using a gold tip functionalized by
Fc–PEG chains, and also with a recent report by Unwin et al.
who used scanning electrochemical cell microscopy (SECCM) to
probe the local activity of HOPG.25 In that respect it is also
worth mentioning that we often noticed a very slight variation
of the tip current when the tip passed over edge sites of the
HOPG surface. Yet, as can be seen from the current cross-
section shown in Fig. 5B, this variation was largely lost in the
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current noise. Moreover it sometimes corresponded to a current
increase and some other times to a current decrease. Hence we
believe these variations to be artefacts containing no reliable
information regarding the specific electrochemical activity of
edge sites. Another interesting observation we made is that,
when the Fc–PEG layer was purposefully damaged in situ by
prolonged application of a very anodic potential (B0.5 V/SCE)

defects appeared in the layer, in the form of seemingly
spherically shaped and electro-inactive nano-objects, as
shown in Fig. 5A 0 and B 0 respectively. The nature of these
objects is unknown but the mere observation of such
nanometer-sized defects, which appear clearly both in the
topography and current images, confirms that the initial
distribution of Fc–PEG in the intact layer was effectively
homogeneous down to the nanometer scale.

The observed homogeneous Fc–PEG–pyrene coverage of
these planes shows that the domains (islands, holes) observed
in topographic AFM images acquired in air (Fig. 4B and C) only
formed upon drying of the layer, and did not pre-exist when the
surface was still in solution. Moreover, segregation of the
chains into these domains upon drying is a reversible process
since we obtained the same images when the surface was first
imaged in air and then in situ or the other way round. These
observations indicate a high degree of mobility of the pyrene
foot which allows surface rearrangement of the surface-
attached Fc–PEG chains, which is in agreement with recent
studies describing the lateral diffusivity of pyrene and other
related polycyclic aromatic hydrocarbons adsorbed onto gra-
phene or HOPG surfaces.23,53

Conclusions

We have shown, using a multiscale electrochemical approach, that
poly(ethylene glycol) (PEG) chains bearing a terminal redox ferro-
cene (Fc) label head and an anchoring pyrene foot readily self-
assemble onto HOPG to form extremely homogeneous layers.
However the strongly hydrophobic adsorbing nature of graphite
planes results in a complex coverage-dependent structure of the
PEG layer due to the interaction of the ferrocene label and the
HOPG surface. We showed that below a threshold chain coverage,
corresponding to a dimensionless coverage s* = pRg

2/s2 o 1, chains
end-attached to the surface via adsorption of the Fc head or the
pyrene foot co-exist in the layer. For higher coverage, attachment
via the pyrene moiety is favoured and the Fc–PEG chains do adopt
an ideal ‘‘foot-on’’ end-attached conformation. In this regime we
determined that, for the PEG3400 chains considered here, the Fc
heads are free to explore a volume extending some B12–14 nm
away from the HOPG surface. The results obtained here are likely to
be transposable to the case of PEG chains attached to any HOPG-
like surface (carbon nanotubes, graphene) via a pyrene ring and
end-functionalized by a redox, a fluorescent or a binding probe (e.g.
biotin), all typically displaying some degree of hydrophobicity. Our
results suggest that for such probes to efficiently shuttle electrons,
fluoresce or undergo molecular recognition – all of these requiring
that they are kept away from the graphite surface – the chain
coverage should be kept high enough i.e. s* Z 1.
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Fig. 5 Tapping mode Mt/AFM-SECM imaging of a HOPG substrate bear-
ing a layer of Fc–PEG–pyrene (G = 25 pmol cm�2) before (top) and after
deliberate oxidative damaging (bottom). Simultaneously acquired topo-
graphy (A and A0) and tip current images (B and B0). Cross-sections of the
topography and current images taken along the vertical white line shown,
passing by some of the nano-objects visible in (A0), are respectively plotted
in red and blue below the corresponding images. The images were
acquired from top to bottom. In the lower part of the image scan Esub

was linearly swept from 0.0 V/SCE to +0.4 V/SCE and back, at 5 mV s�1.
This potential sweep is represented by the green trace superimposed onto
the current cross-section plot. The inset in (B) is a plot of the tip current,
measured along the vertical white line shown in the current images, as a
function of the applied substrate potential. The layer was damaged by
holding the substrate potential at 0.5 V/SCE for 10 min. The images were
acquired using a sharp (B20 nm radius) home-made AFM-SECM probe
oscillated at its fundamental flexural frequency = 2.83 kHz. Tip and
substrate potentials: Etip = +0.30 V/SCE, Esub = 0.0 V/SCE. Damping
B30%. Imaging rate 0.2 Hz. Aqueous 1 M NaClO4 electrolyte.
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