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Nanoscale Probing of Electrode Surfaces
by Scanning Force Microscopy

David J. Fermin*

Abstract: The development of increasingly sophisticated hierarchical structures in the design of functional electrode
surfaces introduces a high degree of complexity into the analysis of conventional electrochemical responses. This
article briefly summarizes recent developments in techniques based on the concepts of scanning force microscopy
(SFM) for the in situ characterization of electrode surfaces. High-resolution morphological studies during phase for-
mation and ion insertion processes have provided valuable insights into the correlations between electrochemical
signals and surface structural changes. Novel measuring modes such as the combined scanning electrochemical
microscopy—-SFM have opened the possibility of mapping electrochemical reactivity of heterogeneous surfaces
at the sub-micron range. Finally, the use of SFM for accurate analysis of electrostatic forces associated with the
electrochemical double layer is also highlighted.
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1. Introduction

Current trends in the design of sensing de-
vices, systems for energy conversion, and
molecular electronics heavily rely on the
assembly of functional materials at elec-
trode surfaces. Supramolecular structures,
nanostructured materials, redox/conducting
polymers and biomolecular components are
being increasingly used in sophisticated
hierarchical architectures. Electrochemi-
cal techniques have the unique advantages
of finely controlling the redox state of the
systems and monitor the flux of charges
associated with electron transport through
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the whole assembly. However, complex
structures may exhibit a degree of disor-
der which makes the interpretation of cur-
rent—potential relationships rather compli-
cated. Therefore, techniques able to resolve
morphological and chemical properties of
surfaces at the molecular scale are highly
valuable tools for the characterization of
modified electrodes.

Techniques based on scanning force
microscopy (SFM) have had a major im-
pact in the study of electrochemical in-
terfaces, particularly in systems featuring
polymer films, mesoscopic phases, and
self-assembled nanostructures [1]. As the
tip—substrate interactions are not governed
by electron tunnelling processes as in STM,
conventional in sifu topographic analysis of
electrode surfaces can be performed with
commercially available tips used for mea-
surements in liquid environment. Further-
more, the availability nowadays of various
measuring modes such as friction force
microscopy, phase imaging, and energy
dissipation chemical force allow high-reso-
lution mapping of visco-elastic and rheo-
logical properties of materials at electrode
surfaces [2-5]. In this article, the impact of
SFM-based techniques as tools for the char-
acterization of electrode surfaces is briefly
reviewed. The discussion will not only be
focused on the power of SFM for mapping
the morphology of electrode surfaces, but
also on the capabilities for imaging the
electrostatic forces associated with the
double layer and the local electrochemical
reactivity at the sub-micron scale.

2. Topographic Studies of Electrode
Surfaces

Intense debates in the early days of SFM
were centred on the issue of whether truly
atomic resolution can be obtained from this
approach. In the case of STM, the charac-
teristic distance dependence of electron tun-
nelling inherently increases the probability
that this phenomenon is determined by true
atom—atom interactions between the tip and
the substrate. Considering the sharper dis-
tance dependence of the arom—atom forces
(e.g. van der Waals forces), it would have
been expected that SFM resolution will be
even higher than in STM. However, two as-
pects introduce strong limitations to the im-
age resolution: (i) measurable forces con-
centrated in few atoms generate strong de-
formation of the tip and/or substrate and (ii)
long-range forces (e.g. electrostatic forces)
are sensitive to the overall shape of the tip.
The second argument appears to be espe-
cially relevant in electrochemical systems
in which variations of the applied potential
may introduce substantial changes in the
charge of the diffuse layer (this point will
be further discussed in Section 3.3).

Despite these limitations in the SFM
resolution, Gewirth and co-workers re-
ported periodic features related to atomi-
cally resolved images of Au(111) surfaces
during the electrodeposition of Cu [6]. As
illustrated in Fig. 1, high-resolution images
revealed lattice spacing of Cu adatoms of
0.29 = 0.02 nm in electrolytes containing
perchloric acid, while 0.49 + 0.02 nm was
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Fig. 1. In situ contact mode SFM images (6 nm x 6 nm) of a Cu overlayer on a Au (111) surface at (A) 0.11 V in perchloric acid solution and (B) 0.14 V
in sulfate-containing solutions. The reference potential corresponds to the E°;,, 2+. The atom-atom distance in the Cu adlayer in perchloric containing
solution (A) was 0.26 nm, suggesting the presence of an incommensurate structure of closely packed Cu atoms. On the other hand, the image in sulphate
electrolyte (B) showed a more open structure featuring 0.49 nm atom spacing. This arrangement is consisting with a (V3 x ¥3) R30° structure presumably
influenced by the co-adsorption of sulphate ions. The image (C) shows the bulk-deposited Cu at -0.1 V. A lattice spacing of 0.26 nm was observed in the
presence of both electrolytes. Reprinted with permission from ref. [6]. Copyright (1991) AAAS.

observed in sulphate electrolyte. Towards
the potential for 3D nucleation, the lattice
spacing is reduced to 0.26 £ 0.02 nm in both
electrolytes. Alves and Porter also reported
high-resolution images of fluorinated al-
kanethiolate monolayer at Au (111) surfac-
es featuring a (2 x 2) adlayer with distances
of 0.58 = 0.02 nm and 1.01 + 0.02 nm for
the nearest-neighbour and the next-nearest-
neighbour [7]. This molecular arrangement
correlates rather well with the electrochem-
ical responses originating from the cathodic
desorption of the thiol monolayer.

These two classical examples illustrated
that SFM technique can yield atomic and
molecular resolution of electrode surfaces.
However, it was still unclear how this reso-
lution can be reconciled with the nanometric
size of the tips. Oden, Tao and Lindsay el-
egantly addressed this issue by studying the
reconstructed Au (111) surface under elec-
trochemical control by STM and SFM [8].
Although STM consistently provided higher
resolution imaging than SFM, the latter also
showed periodic atomic-like features at high
resolution. The observed features as well
as the potential range for lifting the recon-
struction were relatively consistent for both
techniques, confirming that the periodic
structures have the same origin. Curiously,
SFM tips exhibiting poor resolution in the
10 A range did show atomic resolution with
the same applied force. This report clearly
demonstrated that the atomic scale features
in SFM originate from the periodic interac-
tions between tip and substrate rather than a
truly atom—atom interaction.

The most common application of SFM
in electrochemistry consists of establishing
correlation between structure and reactivity
of modified electrodes. For instance, Naoi
et al. also reported clear correlation be-
tween the topography of electrogenerated

polypyrrole films in the presence of mi-
celles and its redox properties [9]. Micellar
solutions of sodium dodecyl sulphate and
dodecylbezene sulfonate effectively tem-
plate the formation of columnar structures
of the polymer oriented perpendicularly to
the electrode surface. Recent studies from
our group have provided correlations be-
tween the topography and electrochemical
properties of thin supramolecular polymer
layers [10]. The voltammetric and topo-
graphic features of spontaneously adsorbed
[Os(bpy),(PVP)CI]Cl (bpy =2,2’-bipyridyl
and PVP = poly(4-vinylpyridine)) on highly
oriented pyrolitic graphite (HOPG) are il-
lustrated in Fig. 2. Films exhibiting sharp
voltammetric features (FWHM <90 mV)
are associated with molecular scale corru-
gation, suggesting that the PVP units tend to
maximize their interactions at the adsorbed
layer. Films featuring rougher topography
yield broader voltammetric waves and larg-
er peak-to-peak separation characteristic
of slow charge transport phenomena. On
the other hand, adsorption of the complex
from diluted ethanolic solution leads to the
formation of discrete nanosized aggregates
at the HOPG surface as illustrated in Fig.
3. Our preliminary observations reveal that
the topography of these aggregates is inde-
pendent of the redox state of the polymer as
probed by in situ acoustic SFM. This result
suggests that the flux of ions associated with
the transition from Os(11) to Os(111) does not
involve significant swelling of the supramo-
lecular aggregates at this dimension.
Another illustrative example of the
morphological information that can be ex-
tracted from SFM images is given by the
recent studies on ion intercalation into
the graphene layers of HOPG electrodes
[11-13]. Fig. 4 illustrates the difference in
height of a HOPG step before and after Li*

intercalation at negative potentials. After a
potentiodynamic cycle into the intercala-
tion region, the step height increases and a
thin film exhibiting blister-like features is
generated at the HOPG surface. This film
corresponds to the so-called solid electro-
lyte interphase, which arises from decom-
position of the solvent in the intercalation
potential range. Campana et al. employed
a statistical analysis in order to minimize
the effect of surface roughness on the esti-
mation of the step height [11]. The average
swelling of the HOPG upon intercalation
was estimated to be 17 + 5%.

3. High-resolution Imaging of
Electrode Reactivity

The previous examples demonstrate the
tremendous capabilities of SFM for mapping
the morphological aspects of modified elec-
trodes. However, this approach offers very
little information in relation to local surface
reactivity. A well-established technique for
mapping electrochemical reactivity is scan-
ning electrochemical microscopy (SECM),
in which an ultramicroelectrode (UME) of
dimensions in the range 0.1-10 pum is used
as a probe [14-16]. As schematically illus-
trated in Fig. 5A, the UME monitors the lo-
cal concentration of a redox active species
in the vicinity of the electrode surface. The
amperometric or potentiometric signal can
be measured as function of the distance (d)
from the electrode, the so-called approach
curves, or as scanned across the surface
at a constant height. In a loose analogy to
STM, the distance between the UME and
the surface is controlled by an electroche-
mical feedback system. The potential of the
substrate and the UME are independently
controlled by a bi-potentiostat. The imaging



NANOANALYSIS

791

0.2 0.4
E/V (vs Ag/AgCl)

0.6

0.0 0.2 0.4

E/V (vs Ag/AgCl)

0.6

height / nm

0

00 02 04 0.6 038

1.0
x/nm

Height [nm]

Height [nm]

0.2
Distance [um]

0.4

0.2
Distance [um]

0.4

CHIMIA 2006, 60, No. 11

Fig. 2. Voltammetric and topographic features of
spontaneously adsorbed [Os(bpy),(PVP);CIICI
complex on HOPG electrodes upon exposure
to diluted aqueous solution for (a,b) 1800 s
and (c,d) 4500 s. The voltammograms in (a)
were recorded at 10, 20, 30, 40, 50, 70 and
100 mV s, showing well-defined narrow
bands characteristic of a homogeneous phase
formation involving attractive forces between
adsorbates. The 1 um x 1 um x 2.5 nm image
in (b) exhibits a molecularly flat polymer phase
which homogeneously covers the electrode
surface. The prominent globular features are of
the same dimensions of the Os complex itself.
Longer adsorption times induce a broadening of
the voltammetric features (c) and an increase in
the peak-to-peak separation. The changes in the
voltammograms are linked to the generation of
a more heterogeneous and disordered layer as
confirmed by the 1 um x 1 um x 60 nm AFM
image in (d). Reprinted from ref. [10]. Copyright
(2006) with permission from Elsevier.

Fig. 3. Nanometre-sized aggregates of the
[Os(bpy),(PVP);CIICI complex generated
by spontaneous adsorption from ethanolic
solutions. The 1 um x 1 um AFM image (a)
shows the presence of a discrete polymer
aggregates scattered across the HOPG surface.
The height profile obtained for aggregates in the
reduced and oxidized states (b) suggests that no
significant morphological changes are observed
upon modifying the redox state of the nanosized
polymer phase.

Fig. 4. In situ contact mode SFM images of
HOPG in ethylene carbonate/dimethyl carbonate
solution containing LiCIO, at 3V vs E°|;, i+ before
(a) and after (b) Li* intercalation. The image sizes
are 6.25 um? with a z-range of 120 nm for (a)
and 140 nm (b). After a potentiodynamic cycle
into the intercalation range, the step height and
surface corrugation increased. The blister-like
features are associated with the so-called solid
electrolyte interphase. Reprinted from ref. [11].
Copyright (2005) with permission from Elsevier.
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resolution is conventionally determined by
the electrode dimensions, i.e. several orders
of magnitude lower than typical SEM topo-
graphic resolution.

Macpherson and Unwin developed a re-
liable approach for combining SECM and
SFM to obtain sub-micron resolution of the
reactivity of electrodes [17]. This remark-
able achievement was based on the fabri-
cation of sharp metallic tips carefully insu-
lated except at the very end as exemplified
in Fig. 5B. The tip is subsequently attached
to a cantilever and mounted in the SFM
scanner. More recently, other methods have
been developed based on micro-fabrica-
tion techniques [18-21] and single-walled
carbon nanotube (SWNT) templated metal
probes [22]. Micrographs of some of these
tips are illustrated in Figs 5C-D.

The outstanding spatial resolution
achieved with SFM-SECM is exempli-
fied in Fig. 6 where a 2-um Pt electrode
is imaged employing a SWNT templated
nanowire as probe [22]. High topographic
resolution was obtained with these probes
in tapping as well as in contact mode SFM
(Fig. 6a). The current image was measured
by setting the potential of the substrate elec-
trode to reduce Ru(NH,)** to Ru(NH;) 2+
at a diffusion controlled rate, while the tip
was set to a potential for the oxidation of
Ru(NH,)?*. As seen in Fig. 6b, the cur-
rent reaches a maximum on top of the Pt
electrode, decreasing to zero as the probe is
scanned over the insulating substrate. The
similarity between the topographic and
current images clearly indicates that the
electrochemical response is determined by
the dimensions of the Pt substrate electrode
rather than the probe size. The representa-
tion in Fig. 6c illustrates the emergence of
radial diffusional bands from the Pt micro-
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0000000000.0000000
Insulating/conducting surface

Fig. 5. Schematic representation of the electrochemical feedback configuration characteristic of
SECM (A). Perturbation of the diffusion layer as the SECM tip approaches the surface will affect the
current detected by the UME. For insulating substrates, the diffusion is hindered by the surface as
the UME approaches generating a drop of the faradaic current (negative feedback). Fast regeneration
of the redox species in conducting surfaces manifests itself by an increase of the faradaic current
as the UME approaches (positive feedback). Metal coated SFM tips, thoroughly insulated except
at the very end, allow operating conventional SFM instruments in SECM mode (B). Microfabricated
tips generated by plasma enhanced chemical vapour deposition (C) as well as single-walled carbon
nanotube templated nanowires (D) have been successfully implemented as high resolution SECM
tips. The image in (D) was obtained by focused ion beam (3.7 um image width). Figs (B), (C) and (D)
were reprinted with permission from ref. [17], [18] and [22], respectively. Copyright (2000 and 2005)
American Chemical Society.

electrodes as expected theoretically, even if
the shape of the electrode is not circular.

oretical research. Classical electrochemical
techniques and powerful molecular dyna-
mic simulations have also provided detailed
description of the double layer structure at

4. Double Layer Forces at the well-defined interfaces [23][24]. Spectros-

Electrode/Electrolyte Interface

As one of the key aspects of electroche-
mical process, the double layer has been
subject of extensive experimental and the-

copic and diffraction methods including
electrolyte electroreflectance, non-linear
optics and in situ X-ray diffraction have
also provided detailed aspects of the elec-
trode/electrolyte interface, in particular the
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Fig. 6. Topographic SFM (a) and electrochemical (b,c) images of a 2-um Pt electrode recorded by SWNT templated nanowire in SECM-SFM configuration.
Image (c) shows the radial diffusion profile of the redox species propagating from the electrode surface. The probe was scanned at 0.5 Hz and the image
area was 20 um?. Reprinted with permission from ref. [22]. Copyright (2005) American Chemical Society.
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electronic structure of the electrode surface
and specifically adsorbed species [25][26].
The introduction of SFM-based techniques
to measure the forces associated with the
double layer has provided valuable new per-
spectives to tackle this old concept, which
is central not only to electrochemistry, but
also to colloidal science and biological
membrane processes.

The typical kind of tips used in these
measurements consists of triangular shaped
cantilevers modified with a spherical silica
bead. The diameter of the silica bead, which
is carefully glued to the apex of the canti-
lever, is commonly between 10 and 60 um.
Although the relatively large features of the
tip hinder the spatial resolution of the force
measurements, the well-defined geometry
allows accurate determination of the mag-
nitude of the double layer forces at planar
surfaces. The illustrative review by Butt
highlights some of the key issues in con-
nection to tip preparation [27].

The interaction between two charged
surfaces can be described by the theory
of  Derjaguin-Landau-Verwey-Overbeek
(DLVO). In this theory, the effective force
is essentially determined by attractive van
der Waals (VA) and repulsive/attractive
electrostatic interactions (VE). For the case
of spheres of radius RT, the force can be
simply expressed as in Eqn. (1) [28].

F=2nR(V, + Vp) (1)

The van der Waals term can be described

in terms of the Hamaker constant Ay

V, =-Ay/12nd? 2)

where d is the separating distance between
the spheres. The constant Aj; can be deter-
mined experimentally by distance—force
measurements in systems mostly deter-
mined by van der Waals attractions, e.g. in
air and highly purified water. On the other
hand, the electrostatic terms can be evalu-
ated from integration of the electrostatic
force. In the case of 1:1 electrolytes, the
electrostatic interaction is given by [28],

Vg =—jd 21°kT | cosh| 22 | -1
© kT

()

where n° and ¢ correspond to the concen-
tration of the electrolyte and the dielectric
constant of the medium. The electrostatic
potential 1 is given by the solution of the
Poisson-Boltzmann Eqn

dzt//_ 1 . zey
- Teizen[ A

3

L dz?
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Fig. 7. Force—distance curves between a silica sphere and a gold electrode
in an aqueous solution of 103 mol dm™=3 KCI at 298 K and pH 5.5 as a
function of the applied potential at the Au electrode. The curves evolves
from a repulsive behaviour between both surfaces at negative potentials
(positive forces), to a attractive regime at positive potentials. The potential
scale is referred to the standard calomel electrode (SCE). The inset shows
the same family of curves but for an electrolyte concentration of 102 mol
dm-3. Reprinted with permission from ref. [28]. Copyright (1996) American

Chemical Society.

Hillier et al. numerically solved the com-
plete non-linear form of Eqn. (4) in order to
accurately describe force—distance curves
as a function of the electrode potential
[28]. Fig. 7 illustrates the effect of the ap-
plied potential on the forces between a gold
electrode and a silica sphere in a KCl-con-
taining electrolyte at pH 5.5. As the silica
sphere is negatively charged at this pH, the
force—distance curve is dominated by repul-
sive forces at negative potentials. At posi-
tive potentials, the responses are dominated
by the attractive electrostatic interactions.
The onset of the distance dependence force
in KCI of concentration 10-3 mol dm™ is
located around 40 nm, decreasing to less
than 10 nm for concentrations of 10~2 mol
dm™3. The transition from attractive to re-
pulsive regime, the potential of zero force
(pzf), was found dependent on the nature of
the anion in solution. The behaviour of the
pzf was consistent with the potential of zero
charge (pzc) obtained from double layer ca-
pacitance measurements.

Studies of the double layer forces re-
vealed fundamental information that cannot
be obtained from classical electrochemical
data. For instance, Wang and Bard demon-
strated that the classical Goy-Chapman-
Stern model (GCS), widely used for describ-
ing the charge of the diffuse electrical layer,
is inadequate even at the metal/electrolyte
interface in the absence of specific adsorp-
tion [29]. The experimental determination
of the diffuse layer force allowed estimation
of the effective diffuse layer charge which
was only 10% of the real charge obtained
from the capacitance data. The surprisingly

small effective charge is a result of ion cor-
relation/ion condensation effects which are
not included in the GCS. Other interesting
observations by this method involve the
structure of the double layer at electrode
surfaces modified by conducting polymers
[30]. The independence of the force—dis-
tance curve on the applied potentials for
polypyrrole and polythiophene modified
electrodes demonstrated the absence of a
diffuse layer in these systems. These results
provide very valuable information in the in-
terpretation of electrochemical responses at
complex interfacial systems.

5. Concluding Remarks

The growing field of electrochemistry
at modified electrodes tremendously relies
on techniques capable of providing detailed
pictures of the structure and properties of
the surface at the nanoscale. While atomic
scale resolution remains almost exclusively
accessible by STM, techniques based on
SFM exhibit a superior versatility and adapt-
ability to different types of sample. In this
overview, it is shown that SFM can provide
not only nanoscale mapping of topography,
but also of electrochemical reactivity and
double layer forces at electrochemical in-
terfaces. The information provided by these
new approaches has certainly enhanced our
current understanding of structure-reactiv-
ity relationships at highly complex inter-
faces.

Most of these approaches have already
been implemented in commercially avail-
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able instruments. Furthermore, the possi-
bility of micro-fabricating tips for SECM-
SFM and double layer force measurements
will make these approaches more widely
accessible. Chemical modification of tips
in order to enhance the contrast with differ-
ent functionalities at the electrode surface is
certainly an upcoming development in this
field. A high profile example of this ap-
proach is given by the direct quantification
of the chemical forces involving host—guest
interactions [31][32]. Another interesting
on-going development is the determination
of molecular nanowire conductance as a
function of the applied force. For instance,
the work by Porat and co-workers has led
to a series of fascinating discoveries in the
highly controversial field of DNA conduc-
tivity [33].
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