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canning electrochemical microscopy

(SECM) is a “near-field” electrochemi-

cal technique which is designed to
probe the local reactivity of surfaces.” 3 In
a classical SECM configuration, a microelec-
trode, a few micrometers or even a few
nanometers in size, is approached toward
a substrate immersed in an electrolyte solu-
tion containing a soluble redox mediator.
The microelectrode (tip or probe) is biased
so as to oxidize or reduce the redox media-
tor. Providing the tip—substrate separation
is made smaller than the microelectrode
size, the tip-generated form of the media-
tor reaches the substrate surface by diffu-
sion. There, the mediator is converted back
to its initial redox form and fed back to the
tip, thus increasing the tip—current in a so-
called SECM positive feedback process. The
dependence of the tip—current on the
tip—substrate separation can then be used
to characterize the kinetics of the electro-
chemical reaction taking place at the sub-
strate surface.'3 By scanning the tip over
the substrate at a fixed distance, while re-
cording the electrochemical current, SECM
can also be used to construct tip—current
images, allowing the distribution of electro-
active sites present over the surface of a
composite substrate to be spatially resolved
and their individual reactivity probed.*”’
The lateral resolution of this functional im-
aging mode of SECM, defined as the size of
the smallest surface sites which can be elec-
trochemically resolved, is governed by the
radius of the microelectrode: the respective
sizes of the tip and of the redox-active sites
have to approximately match for optimal
feedback to be detected.® Consequently,
with few exceptions,” most of the efforts
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ABSTRACT We describe the development of a new type of high-resolution atomic force electrochemical
microscopy (AFM-SECM), labeled Tarm (for tip-attached redox mediator)/AFM-SECM, where the redox mediator, a
ferrocene (Fc), is tethered to the AFM-SECM probe via nanometer long, flexible polyethylene glycol (PEG) chains. It

is demonstrated that the tip-attached ferrocene-labeled PEG chains effectively shuttle electrons between the tip

and substrate, thus acting as molecular sensors probing the local electrochemical reactivity of a planar substrate.

Moreover the Fc-PEGylated AFM-SECM probes can be used for tapping mode imaging, allowing simultaneous

recording of electrochemical feedback current and of topography, with a vertical and a lateral resolution in the

nanometer range. By imaging the naturally nanostructured surface of HOPG, we demonstrate that Tarm/AFM-

SECM microscopy can be used to probe the reactivity of nanometer-sized active sites on surfaces. This new type

of SECM microscopy, being, by design, free of the diffusional constraints of classical SECM, is expected to, in

principle, enable functional imaging of redox nanosystems such as individual redox enzyme molecules.

KEYWORDS: electrochemical microscopy - SECM - electrochemical atomic force
microscopy - AFM/SECM - tapping mode AFM/SECM - tip-attached redox mediator/
electrochemical atomic force microscopy - Tarm/AFM-SECM - redox-functionalized
AFM tips - HOPG electrochemistry

aiming at increasing the resolution of SECM
imaging have focused on decreasing the
electrode size, and fabrication techniques
allowing the production of SECM tips as
small as a few tens of nanometers are now
available.’®'* In that size range, coupling of
SECM with another near-field technique is
often necessary to control the approach of
the tip from the substrate. Atomic force
microscopy (AFM) is often used to this
aim.15*27

However, beyond technical constraints
related to the fabrication of nanosized tips,
probing the reactivity of a surface at the
nanoscale by SECM is hampered by a funda-
mental limitation, identified at the early
stage of the development of electrochemi-
cal microscopy?®*?° and recalled recently:3
feedback SECM can only probe surface reac-
tivity if the turnover of the surface reaction
is fast enough with respect to the diffusion
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rate of the soluble redox mediator.*83° This diffusion
rate is given by the time it takes for the mediator to dif-
fuse from the tip to the surface, that is, to diffuse over
a distance corresponding to a fraction of the tip radius.
If the above limiting condition is not met, the mediator
is carried away by spherical diffusion, no feedback pro-
cess occurs, and the site is seen as unreactive. There-
fore, increasing the lateral resolution of SECM by sim-
ply decreasing the microelectrode size leads to the
following paradox: resolving small reactive sites on a
surface requests small probes, but decreasing the probe
size increases the rate of diffusion up to the point where
“slowly” reacting sites become undetectable by SECM.
This problem is particularly acute for functional probing
of nanometer-sized surface sites; for example, on a
~10 nm length scale, a typical SECM soluble mediator,
characterized by a diffusion coefficient of ~107> cm?/s,
diffuses across the tip—substrate gap in ~0.1 us, so
that only reactive sites having a turnover higher than
10 ps™' can be probed at that scale. This limitation no-
tably precludes the use of feedback SECM to access the
reactivity of individual redox enzyme molecules, a very
actively sought goal®'?? since redox enzymes are typi-
cally ~10 nm in size and display a turnover in the
~microsecond time scale.3

In that context, we are presenting here an innova-
tive electrochemical atomic force microscopy, free of
the above-discussed diffusional constraints of classical
SECM, and which is specifically designed to enable func-
tional probing of nanosystems on surfaces. This new
type of SECM microscopy, we label Tarm (for tip-
attached redox mediator)/AFM-SECM, uses as SECM
mediator a ferrocene moiety (Fc) tethered to an AFM-
SECM probe via nanometer-sized, flexible polyethylene
glycol (PEG) chains. The AFM-SECM configuration is
meant to allow the tip-borne Fc-PEG chains to be
brought in the vicinity of the reactive nanosites to be
probed, where the Fc heads will react, and will be ex-
haustively collected back by the tip, instead of being
dispersed by diffusion. Another benefit of attaching the
mediator to the probe is that the lateral resolution of
Tarm/AFM-SECM is expected to be governed by the size
of the Fc-PEG chains, and not by the tip size like in clas-
sical SECM, and therefore to be in the nanometer range.

In a previous paper,3* we described the fabrication
of AFM-SECM tips bearing redox Fc-(PEG) chains and
validated their use as Tarm/AFM-SECM probes on the
basis of contact mode approach curves. The working
principle of this innovative SECM microscopy was also
established: it was shown that the tip-borne PEG chains
are flexible enough to allow their Fc heads to effi-
ciently “sense” locally the electrochemical reactivity of
an homogeneous substrate. In the present paper, we
demonstrate the capabilities of Tarm/AFM-SECM
microscopy for high-resolution functional imaging of
heterogeneous substrates presenting localized
nanosites of differing electrochemical reactivities. In
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particular, we show that using Tarm/AFM-SECM in tap-
ping mode allows one to simultaneous record topo-
graphical and electrochemical images of a model nano-
structured substrate, HOPG, with a lateral resolution in
the nanometer range.

RESULTS AND DISCUSSION

Fabrication and Characterization of AFM-SECM Probes Bearing
Fc-PEG Chains. Home-made AFM-SECM probes (tips) con-
sisting in a bent gold microwire, flattened to act as a
flexible cantilever, and bearing a very smooth spheri-
cal tip of submicrometer dimension were fabricated as
described previously.? The probe is entirely insulated
by deposition of electrophoretic paint, glued onto a
standard AFM silicon chip, and its spherical tip end is se-
lectively exposed in order to act as a current-sensing
microelectrode. Functionalization of the gold spherical
microelectrode was carried out by immersing the ex-
tremity of a combined probe into a drop of an aque-
ous solution containing ~0.5 mM of a custom-
synthesized linear Fc-PEG3400—disulfide molecules,
made of poly(ethylene glycol) chains of 3400 molecu-
lar weight and bearing a redox ferrocene moiety head
at each extremity, for ~2 h. This resulted in the covalent
end-grafting of the Fc-PEG chains to the surface of the
spherical tip end via a stable gold—sulfur bond, as rep-
resented in Scheme 1.
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Scheme 1. Depiction of the extremity of an AFM-SECM
combined probed functionalized by the home-prepared Fc-
PEGs490—disulfide molecule,** yielding a Fc-PEGylated AFM-
SECM probe (the scheme is not on scale).

Fc-PEGs400 chains were specifically chosen in the
prospect of using Tarm/AFM-SECM to probe the kinet-
ics of single redox enzyme molecules. Indeed, we previ-
ously demonstrated that Fc-PEGs,qo chains exhibited
the necessary biocompatibility to convey electrons
within integrated systems consisting of organized
multilayers of a “model” redox enzyme, glucose oxi-
dase, assembled onto an electrode.3>% In these sys-
tems, the PEG-borne Fc heads were able to reach the
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prosthetic group of the enzyme, albeit deeply buried
within the enzyme’s catalytic pocket,*” where they
served as efficient cofactors. We also demonstrated
that, when grafted onto a gold planar surface via a
gold—sulfur linkage, Fc-PEG3490 chains form robust
layers.383° In addition, we verified that, when these lay-
ers are probed by an incoming bare AFM-SECM tip, the
chains display the required hydrophilicity and flexibil-
ity for their Fc heads to efficiently shuttle electrons from
the substrate to the tip across nanometer-sized
tip—substrate gap.?'*2

The thus fabricated Fc-PEGylated probes were char-
acterized as described previously,** using contact mode
AFM-SECM, by approaching the probes toward a bare
substrate in a 1 M NaClO,4 containing aqueous electro-
lyte solution. Analysis of the force approach curves al-
lowed the chain coverage and conformation of the tip-
grafted chains to be derived,?* by making use of the
theoretical force laws describing the compression of a
layer of end-grafted linear polymers.*>~4 We found that
the apex of the Fc-PEGylated probes is covered with a
layer of Fc-PEG chains forming noninterpenetrating
hemispherical blobs (or “mushrooms”) of a size close
to the Flory radius of the coiled chain in solution:

Re ~ 5 nm.

Using Tarm/AFM-SECM microscopy for functional
imaging of a substrate implies being able to scan the
substrate surface with the Fc-PEGylated probe, while
maintaining a constant tip—substrate separation. In the
present case, the tip—substrate separation should be
such that the chains can efficiently shuttle electrons to/
from the tip and from/to the substrate, that is, be such
that a faradaic current is measured. Understandably,
this distance should be in the order of the chain size
(i.e., of ~5 nm).

In our preliminary work,3* we showed that the forces
between the Fc-PEGylated probe and the substrate are
too weak to be used to maintain such a narrow
tip—substrate separation for imaging purposes, as is
classically done in contact mode force feedback AFM.
Therefore, we decided to turn to tapping mode AFM.
However, using tapping mode operation for Tarm/AFM-
SECM microscopy raises a fascinating question, which
is experimentally addressed below: can Fc-PEG chains
grafted to an oscillating AFM-SECM tip efficiently probe
the local electrochemical reactivity of a substrate?

Tapping Mode AFM-SECM Using a Fc-PEGylated Probe:
Amplitude and Current Approach Curves. In tapping mode
AFM, the tip is oscillated by mechanical excitation and
the tip oscillation amplitude is used as the AFM feed-
back signal.* The dependence of the oscillation ampli-
tude on the tip—substrate separation is therefore used
to maintain the tip at a constant average altitude over
the substrate. Moreover, since the tip solely comes in in-
termittent contact with the substrate, lateral frictional
forces are minimized, which makes this technique ide-
ally suited for imaging fragile biological species and
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very attractive as a basis for the microscopy we pro-
pose to develop. It is also worth noting that in situ tap-
ping mode AFM has proved to be highly suitable for the
structural characterization of molecular layers self-
assembled onto surfaces*#¢ and was also used in a re-
cent report for studying the compression of surface-
immobilized PEG chains.*

Upon mechanical excitation by a dithering piezo,
the home-fabricated AFM-SECM probes gave rise to
multiple resonance peaks at frequencies ranging from
1 to 10 kHz. The drive frequency was chosen close to
the resonance peak corresponding to the most stable
imaging conditions, usually found in the ~7—8 kHz re-
gion (see Supporting Information). The resulting typical
free oscillation amplitude of the tip, Ao, recorded far
away from the substrate, was in the 5—10 nm range.

In a typical experiment, a vibrating Fc-PEGylated
AFM-SECM probe was approached toward a bare flat
HOPG substrate in a 1 M NaClO,4 containing aqueous
electrolyte solution. The Fc-PEGylated tip and substrate
were, respectively, biased at potentials largely positive
(Eip = +0.30 V/SCE) and largely negative (Es,, = —0.01
V/SCE) with respect to the standard potential of the fer-
rocene head (E° = +0.15 V/SCE).?' The amplitude of
the tip vibration (A) and the tip—current (i) were re-
corded simultaneously and plotted as a function of the
time-averaged tip—substrate separation d (Figure 1,
drive frequency = 8.66 kHz). In tapping mode opera-
tion, the tip oscillates symmetrically around its resting
position so that d is simply related to the imposed pi-
ezo elongation, Zyie,o by d = Ziezo + Zo, Where Z, is the
piezo elongation corresponding to the hard contact be-
tween the probe and the HOPG substrate, derived from
the approach curves as described in the Methods sec-
tion. The instantaneous tip—substrate distance varies
periodically from a maximum of dy.x = d + A down to
a minimum distance of dn,, = d — A, as sketched in the
inset of Figure 1b.

The recorded combined amplitude—current ap-
proach curves presented in Figure 1 can be delineated
into three zones (I, Il II):

Zone I: (d =>20 nm) the tip—substrate separation is
large enough for the Fc-PEGylated not to interact with
the substrate. As a result, the amplitude is independent
from the tip—substrate separation and corresponds to
the free amplitude A; ~ 7 nm, and no current is
recorded.

Zone II: (d ~ 3—20 nm) upon further approach of the
Fc-PEGylated probe toward the surface, the probe oscil-
lation starts to be damped for d ~ 22 nm. Throughout
zone Il, the amplitude is such that A < d so that there is
no contact between the gold tip itself and the sub-
strate. Damping is actually caused by intermittent con-
tact between the tip-borne Fc-PEG chains and the sub-
strate surface. The onset of damping corresponds to a
closest tip—substrate separation during each oscillation
cycle of dmin = 22 — Ag = 15 nm. As sketched in the in-
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Figure 1. Tapping mode AFM-SECM approach curves using a
Fc-PEGylated probe. (a) Depiction of the behavior of the Fc-
PEGylated AFM-SECM probe approaching a planar substrate:
() Fc-PEGylated probe is oscillated by mechanical excitation;
the probe is in solution, far away from the substrate, and its
free oscillation amplitude is A, ~ 7 nm. (Il) When the Fc-
PEGylated probe is brought sufficiently close to the substrate,
intermittent contact between the Fc-PEG layer and the sub-
strate results in decreasing the tip oscillation amplitude to A
< Ap. Concomitantly, the PEG-borne Fc heads contact the sub-
strate surface, where they are oxidized, and are subsequently
reduced at the tip, thus generating the SECM elastic bounded
diffusion feedback current, i. (b) Amplitude and (c) tip—current
approach curves simultaneously acquired upon approaching
a Fc-PEGylated probe from a bare HOPG substrate (continuous
lines). Also shown in (b) and (c), as green dashed lines, are the
equivalent approach curves recorded using a bare AFM-SECM
probe. The inset in (b) depicts the tip-borne Fc-PEG layer, char-
acterized by a thickness €, and also the average tip—substrate
separation, d. During one oscillation cycle of the probe, the in-
stantaneous tip—substrate distance varies periodically from a
maximum of dp,x down to a minimum distance of d.;;,, as
shown. The star symbol in (b) and (c) indicates the distance be-
low which the Fc-PEG layer is permanently in contact with the
substrate. Tip drive frequency: 8.66 kHz. The substrate poten-
tial E;up was held at —0.01 V/SCE, and the tip potential was Eqp
= +0.30 V/SCE; 1 M NaClO, supporting aqueous electrolyte.
Approach rate: 5 nm/s.

set of Figure 1, this value can be taken as being the ef-
fective thickness of the Fc-PEG layer, e. We note that this

\\&) VOL.3 = NO. 10 = ANNE ET AL.

€ value is comparable to, albeit larger than, R, the Flory
radius of the chains. This is not unexpected because,
for long end-grafted linear chains, the chain monomers
are actually randomly distributed away from the
anchoring surface (i.e., here the tip), following a distri-
bution profile which extends into solution over dis-
tances of a few times Rr.?2“8 In other words, R is only
the statistical dimension of the “blob” size formed by
the anchored chain: monomers can be found away
from the tip surface and obviously do contact the sub-
strate, for dmin > Rr. As seen in Figure 1¢, the same ap-
plies for chain heads since a current is also detected at
the onset of damping, indicating that the tip-borne Fc
heads start to electrochemically contact the substrate
for dmin = € = 15 nm. Considering that both d and A are
determined here within an accuracy of =1 nm, this
value is in good agreement with the current onset value
of ~12 nm, observed in contact mode current ap-
proach curves.3* When d is further decreased, the ampli-
tude decreases progressively, roughly following a
S-shaped variation, which is reminiscent of amplitude
approach curves recorded on elastomer surfaces.*’
Meanwhile, the recorded current increases smoothly,
leveling off to an intensity of iy, = 3.4 pA reached in the
d ~ 3—10 nm region. Considering the scheme pre-
sented in the inset of Figure 1b, two limiting situations
can be envisioned regarding the behavior of the Fc-
PEGylated probe within the d = 10—22 nm region: For
dmax Values such that dia.y > ¢, the Fc-PEG layer is
brought in and out of contact with the substrate, while
for dmax < &, the Fc-PEG layer is permanently in con-
tact with the substrate, even though the tip—substrate
gap varies periodically in width. Transition between
these two limiting situations is reached for d.x = d +
A = & = 15 nm. From a simple geometric argument, it
can be seen in Figure 1b that this latter equation is valid
ford = 11 nm, that is, at a point located close to the in-
flection point of the S-shaped amplitude approach
curve (labeled by a star symbol in Figure 1b). As seen
in Figure 1¢, for this value of d, the current is ~3 pA,
which is close to the current plateau value of 3.4 pA.
Zone lll: (d ~ 0—3 nm). From d = 3 nm and below,
the variation of amplitude with d becomes linear and
is characterized by a slope dA/dd = 1. Such a linear
variation is typical of intermittent contact of a hard tip
with a hard substrate* and is also observed when a
bare tip approaches the substrate (green dashed curve
in Figure 1b). This behavior demonstrates that the gold
surface of the Fc-PEGylated probe is then intermit-
tently touching the surface. As a result, a sharp current
increase is observed in the current approach curve. This
abrupt current variation is also observed in the ap-
proach curve recorded using a bare gold tip (green
dashed curve in Figure 1c) and is attributed to tunnel-
ing and/or physical contact between the tip and the
substrate surfaces. The above analysis of the tapping
mode approach curves not only contributes to demon-
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Figure 2. Cyclic voltammetry at an oscillating Fc-PEGylated
probe. The Fc-PEGylated probe is positioned at an average
tip-to-substrate distance d over the HOPG substrate, set by
adjusting the oscillation amplitude imposed by the AFM
feedback loop. The substrate potential, E,, is then scanned
at 10 mV/s, while the tip—current, igp, is recorded. For d ~
30 nm, the iy vs Equ, voltammogram is “flat”. Ford ~ 11 nm,
the voltammogram is S-shaped, indicating that a faradaic
current is then flowing in the Fc-PEGylated probe. Drive fre-
quency = 8.66 kHz, amplitude set point ~ 4 nm. Tip poten-
tial: Eyp = +0.30 V/SCE; 1 M NaClO, supporting aqueous
electrolyte.

strate that a molecular layer of Fc-PEG chains is indeed
present at the extremity of the tip but also shows that a
current can be reliably measured at the oscillating tip
for tip—substrate separations close to the size of the
PEG3400 chain. The nature of the recorded current can
be easily established. As explained above, in tapping
mode operation, the amplitude is used as the set point
of the feedback loop in order to maintain a constant
tip—substrate separation. Therefore, setting an ampli-
tude set point of A ~ 4 nm allowed an average
tip—substrate distance of d ~ 11 nm to be perma-
nently maintained by the feedback loop (see Figure
1b). The potential dependence of the recorded
tip—current could then be simply acquired by linearly
scanning the substrate (or tip) potential. In order to
minimize the unwanted current resulting from stray ca-
pacitance of the tip, we rather scanned the substrate
potential Eg, while recording the tip—current iy (Ecip
was maintained at +0.30 V/SCE). As seen in Figure 2
when i, was plotted as a function of E, a typical
S-shaped voltammogram was observed (solid line),
which demonstrates the electrochemical (Faradaic) na-
ture of the recorded current. Moreover, the half-wave
potential of the voltamogram is ~0.15 V/SCE, which
matches the value reported for the standard potential
of the Fc heads,*® thus confirming the specificity of the
measured current. Finally, if the amplitude set point was
altered to a value very close to, but slightly less than,
the free amplitude A (A ~ 0.98 X Ay ~ 6.9 nm), the
feedback loop withdrew the tip to d > 22 nm, and the
then recorded voltammogram was “flat” (see Figure 2).
These latter results demonstrate that the recorded cur-
rent is due to the back and forth motion of the PEG-
borne Fc heads, which are alternatively oxidized at the
tip and reduced at the substrate (see inset in Figure 2).
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The occurrence of such a SECM positive feedback pro-
cess' constitutes the working principle of the Tarm/
AFM-SECM microscopy: the Fc heads of the flexible PEG
chains borne by the tip are shuttling electrons be-
tween the tip and the substrate and are locally sensing
the electrochemical reactivity of the substrate. What is
also shown here is that such a so-called elastic bounded
diffusion SECM positive feedback current?? can be reli-
ably recorded at an oscillating Fc-PEGylated tip. In that
framework, the occurrence of a plateau in the current
approach curve for the d = 3—10 nm region (Figure 1c)
is interpreted as resulting from compression-induced
slowing of the PEG chain motion.?? The possibility of re-
cording an electrochemical current at an oscillating
combined AFM-SECM probe has been previously dem-
onstrated in the case of a soluble mediator.’8>>° How-
ever, in this latter case, the oscillation amplitude, of a
few nanometers in magnitude, was very small com-
pared to the much larger diffusion layer of the soluble
redox mediator. What is interesting here is that impos-
ing an oscillation to the Fc-PEGylated tip of an ampli-
tude close to the chain size R still allows a specific SECM
faradaic current to be recorded for average tip—
substrate separations ranging from ~5 to 20 nm.

High-Resolution Topography and Current Imaging Using Tarm/
AFM-SECM in Tapping Mode. The first step to evaluate the im-
aging capabilities of tapping mode Tarm/AFM-SECM
microscopy is to show that the Fc-PEGylated combined
probe can be scanned over a planar surface, at a con-
stant tip—substrate distance, while an elastic bounded
diffusion SECM positive feedback current is recorded.
To this aim, amplitude set point was again set to the
value corresponding to the inflection of the amplitude
approach curve (i.e., A = 4 nm), which kept d at a con-
stant value of ~11 nm, and the tip was scanned over a
2 wm X 2 wm area of the HOPG substrate. The images
were acquired while keeping the tip potential at a con-
stant value of +0.30 V/SCE and setting the substrate
potential at —0.01 V/SCE unless otherwise mentioned.

The topography, applied substrate potential, and re-
corded tip—current were acquired simultaneously dur-
ing the scan and are plotted as the corresponding im-
ages, respectively, reproduced in parts a, b, and c of
Figure 3. Also presented in the lower part of Figure 3
are the cross sections of the corresponding images
along the vertical green line shown.

Examination of the topography image (Figure 3a)
and corresponding cross section reveals the existence
of extremely smooth zones, bordered by step bound-
aries. The apparent peak-to-peak roughness, as esti-
mated from the cross section shown below the image,
is <1 nm. These characteristics are compatible with the
known surface topography of HOPG, which consists of
atomically flat basal plane areas separated by steps that
are the edges of either single monatomic layers (ter-
races ~0.34 nm in height) or several of these layers
stacked. Overall, the topography image acquired with
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Figure 3. Tapping mode Tarm/AFM-SECM images acquired by scanning a Fc-PEGylated AFM-SECM probe over a planar HOPG sub-
strate. The simultaneously acquired topography (2), amplitude (A), substrate potential (E;.»), and tip—current (i;;;) are presented, respec-
tively, in images a, b, ¢, and d. The cross sections of the images, along the vertical green line shown, are represented in the lower part
of the figure, below each corresponding image. During imaging, four substrate potential scans, from E,, = —0.01 to +0.30 V/SCE, were
triggered successively: one at a scan rate of 10 mV/s, followed by two at 5 mV/s, and one at 10 mV/s. The 10 and 5 mV/s scans appear, re-
spectively, as narrow and wide lines in the E;,;, image reproduced in (c). The inset in (d) is a plot of the i;, data vs the E,, data of the cross-
section plots: It can be seen that the iy, vs E,. data collapse over a unique voltammogram. Drive frequency = 8.66 kHz, amplitude set
point ~ 4 nm. Image scan rate = 1 line/s. Tip potential: E;, = +0.30 V/SCE; 1 M NaClO, supporting aqueous electrolyte. The topo-
graphic and amplitude images were second order flattened, the E;,, and iy, images are raw data.

our Fc-PEGylated tip in tapping mode shows that a ver-  Similarly, examination of the topographic image re-
tical (2) resolution better than 1 nm can be obtained. veals that details as small as ~30 nm of the step edges
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region visible in the center of the image can be re-
solved. Considering that large (~500 nm in radius),

home-made AFM-SECM probes are used, obtaining
such a high-resolution imaging seems surprising. The
subnanometric vertical resolution obtained here can be
explained by the very good stability of the amplitude
feedback mechanism that, as seen in the amplitude im-
age shown in Figure 3b, is able to efficiently maintain
the probe oscillation amplitude at a constant value,
within less than 0.1 nm, throughout the image scan.
As a result, the feedback loop allows the tip—substrate
distance to be kept constant within a few angstroms
while the tip closely follows the substrate topography.

The high lateral resolution we obtained may be a
benefit of the presence of nanometer-sized corruga-
tions on the gold surface of the probe, with the corru-
gation located the closest from the surface then play-
ing the role of a very sharp “effective” AFM probe.
Going back to analyzing the topography image, one
can observe that the boundaries separating the planar
regions of the HOPG surface appear as bright lines (see
Figure 3a) and, hence, as peaks in the corresponding
cross section. Yet, these peaks do not clearly appear in
the cross section of the amplitude image, indicating
that they cannot be simply attributed to an overshoot
of the Z-piezo, as sometimes observed when stepped
surfaces are imaged by AFM. The observed lines may
rather correspond to actual elevated narrow regions, a
few tens of nanometer wide and less than 1 nm in
height, located at the edges of the steps. Similar so-
called distorted step structures have been previously
observed on freshly cleaved HOPG by scanning tunnel-
ing microscopy (STM).”

Turning now to the tip—current image (Figure 3c),
we see that it is composed of almost featureless pla-
teaus, corresponding to ~3 pA currents and of horizon-
tal “ditches” at the bottom of which the current inten-
sity is ~0. The plateaus correspond to areas where the
tip and substrate potentials were kept at £, +0.30
V/SCE and Eg, = —0.01 V/SCE. The current within these
areas is observed to be almost constant, with less than
0.3 pA fluctuations, over large scan areas encompassing
“planar” and edge features, as identified from the to-
pography image. In order to ascertain the origin of the
current recorded during the image scan, the substrate
potential was periodically scanned from —0.01 V up to
+0.30 V/SCE and back to —0.01 V. Two potential scans
were triggered at a scan rate of 10 mV/s and two at a
scan rate of 5 mV/s. The actual substrate potential, Eqyp,
was acquired during imaging and is presented in Fig-
ure 3b as an “Eqy, image”. In this latter image, the poten-
tial scans appear as bright lines, with the 10 and 5 mV/s
scans appearing, respectively, as narrow and wide lines.
Examining the iy, image, and its cross section, we see
that in response to the potential scan the current var-
ies smoothly from a maximum value of 3 pA, measured

www.acsnano.org

for Equs = —0.01 V and down to 0 pA for Eqyp, = Egp =
0.30 V. This iy, versus Eg, variation is seen more clearly
if the current recorded along any vertical cross section
of the iy, image is plotted as a function of the corre-
sponding cross section of the E,;, image, as shown in
the inset of Figure 3c. It can be seen that the iy, versus
E.» data then collapse into a single voltammogram,
similar to the one shown in Figure 2. Importantly, this
means that the same voltammogram is obtained from
the data acquired at potential scan rates of 5 and 10
mV/s, which demonstrates that no time-dependent
phenomenon, such as capacitive coupling between
the tip and substrate, contributes to the current signal.
Moreover, the half-wave potential of the reconstructed
voltammogram, of ~0.13 V/SCE, is close to the standard
potential of the Fc head (0.15 V/SCE), indicating that
the recorded current corresponds solely to the electro-
chemistry of the Fc heads. This result confirms the fact
that the current recorded during imaging is indeed due
to the tip—substrate motion of the Fc heads borne by
the tip and associated electron transfers, as depicted in
Figure 2.

We thus demonstrated that the Fc heads borne by
the oscillating tips are able to locally probe the electro-
chemical reactivity of the substrate, which was here
made artificially heterogeneous by modulating the sub-
strate potential. This result is conceptually transpos-
able to the case of a composite surface probed by Tarm/
AFM-SECM, where the local electrochemical reactivity
will be modulated by the presence, and/or the specific
activity, of nanometer-sized redox sites. Importantly, as
can be seen by examining Figure 3a,e, scanning the
substrate potential during imaging did not affect the
measured topography nor amplitude, thus showing
that the tip—substrate interactions responsible for the
damping of the tip oscillation do not depend on the
substrate potential. We verified that the topography im-
age was also tip potential independent. This ability of
scanning (or changing) the tip or substrate potential
without affecting the topography image is expected to
be of utmost importance for Tarm/AFM-SECM imaging
since it will allow one to locate active sites on surfaces
from the topography image while simultaneously ascer-
taining that the contrast mechanism of the current im-
age is of electrochemical origin (i.e., that the current im-
age solely reflects the electrochemical reactivity of the
active sites).

Probing the Electrochemical Reactivity of a Composite
Substrate by Tapping Mode Tarm/AFM-SECM. In order to dem-
onstrate that isolated electroactive sites present on a
substrate surface can be discriminated by Tarm/AFM-
SECM, we imaged a model composite surface (i.e., a sur-
face presenting well-defined electrochemically active
and inactive areas). This model substrate was a micro-
patterned SiO, surface bearing an array of band elec-
trodes, 500 nm in width and 25 nm in height, made of
evaporated gold. Even though this substrate was well-
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Figure 4. Tapping mode Tarm/AFM-SECM imaging of a patterned substrate, consisting of 500 nm wide, ~25 nm high gold band elec-
trodes deposited on SiO,. The simultaneously acquired topography (2), amplitude (A), and tip—current (is) are presented, respectively,
in images a, b, and c. The cross sections of the images, along the short green line shown, are represented in the lower part of the figure,
below each corresponding image. The tip potential was set to E;, = +0.25 V/SCE. The potential of the band electrodes was set to E,y,

= —0.01 V/SCE for the regions of the image located above and below the pair of dotted white lines shown in c. Between these lines, the
substrate potential was raised to +0.30 V/SCE. Drive frequency = 4.28 kHz, amplitude set point 0.24 V (free amplitude 0.27 V), image
scan rate = 0.1 Hz. The topography and amplitude images were first order flattened, and the current image is raw data. See Supporting
Information for the retrace images.

defined geometrically, it had a major disadvantage:
the gold surface of the band electrodes was observed to
be actually quite “rough”, displaying sharp ~10—20 nm
high corrugations especially at the band edges (as seen
from the AFM image provided in Supporting Informa-
tion). These corrugations resulted in the occurrence of nu-
merous tip—substrate short-circuits during Tarm/AFM-
SECM imaging of the patterned surface. In order to
minimize this phenomenon, the image scan rate had to
be set to a very low value (0.1 Hz). For the same reason,
the amplitude set point had to be set to a value very close
to the free oscillation amplitude of the probe (~10%
damping). The band electrodes were interconnected,
and their potential, Eqy,, was initially set to —0.01 V/SCE.
The tip potential was set to Eg, = +0.25 V/SCE. Topog-
raphy, amplitude, and current signals were acquired si-
multaneously, and the corresponding images are pre-
sented in Figure 4.

The band electrodes can be clearly distinguished
from the topography image, and their average height, h
~ 30 nm, is close to their nominal height. Their apparent
width is ~750 nm, which is larger than their actual width.
As detailed in Supporting Information, this is due to the
well-known tip convolution effect: the apparent
width of a band electrode imaged using a spherical
tip of radius Ry, is expected to be overestimated by ~2 X
(2hRyp) 2, that is, by ~300 nm, taking Ry, ~ 500 nm. One
can also observe in the topography image the presence

of ~10—20 nm high ridges near the left edge of the
bands. These ridges contribute the most to the overall
roughness of the band electrodes and are a down side
of the process used to fabricate the patterned surface (see
Methods section).

The band electrodes also appear very clearly in the
upper part of the current image, for which the sub-
strate potential was constant and set to Eyy, = —0.01
V/SCE. This part of the image corresponds to the begin-
ning of the scan since the image was acquired from
top to bottom. The relative low current measured (<1
pA) arises from the fact that, as explained above, imag-
ing had to be carried out under a weak damping re-
gime, which in turn means a large average tip—
substrate distance and hence a low current (see
Figure 1). In the central part of the image, delim-
ited by the two white dotted lines visible in Figure
4c, the substrate potential was set to + 0.3 V/SCE
during the acquisition of the image (see Supporting
Information). At such a positive potential, reduction
of the Fc head at the substrate cannot occur. As a re-
sult, one can see that the contrast of the current im-
age is totally lost. When Eg, was set back to its ini-
tial value of —0.01 V/SCE, the current contrast was
observed to be fully restored, as seen in the bottom
part of the current image. This result indicates that
the current recorded when the tip is scanned over
the band electrodes is due to the electrochemistry of
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the Fc heads. One can also see from Figure 4c that,
no matter the value of E,,, no current variation (and
hence no contrast) is observed over the insulating
regions of the composite substrate. All of the above
is a clear demonstration that Tarm/AFM-SECM does
allow the activity of sub-micrometer-sized electro-
chemical sites, isolated on an insulating surface, to
be probed.

Examining further the current image, one can
see that the current is not constant over the whole
surface of the band electrodes. This probably is an
artifact due to the fact that the gold surface of the
band electrodes was actually quite “rough”, as dis-
cussed above. This rough topography may not be
closely followed by the quite large tip, resulting in
a varying tip—substrate distance as sensed by the
chains generating the current and, hence, to a cur-
rent signal partly convoluted to topography. A way
around this problem would have been to use
smaller-sized tips. In any case, one can estimate
that, for Tarm/AFM-SECM to be used reliably, the
roughness of the sample has to be kept below the
chain size (i.e., not exceeding ~10 nm). Substrate
roughness limitations are common to local probe
techniques.

We then used Tarm/AFM-SECM to probe the elec-
trochemical activity of HOPG, which is an ideal sub-
strate for our study, not only because it is flat but
also because this material reputedly displays an elec-
trochemical activity which is heterogeneous at the
nanoscale (i.e., step edges are more reactive than
planar sites).>

Probing the Nanostructured Electrochemical Reactivity of
HOPG by Tapping Mode Tarm/AFM-SECM. Upon examining
the Tarm/AFM-SECM images of a HOPG surface pre-
sented in Figure 3, one can notice that the edges of
the basal planes, which can be seen in the topogra-
phy image, cannot be distinguished in the feedback
current image. Since it is well-known that the
heterogeneous electron transfer rate on HOPG is
markedly faster at step edges than at basal planes,*
one might have expected a larger electrochemical
current at step edge sites. However, one should re-
call that these images were acquired with Eg, set to
a high enough value for the current to be solely con-
trolled by chain dynamics, that is, to be indepen-
dent of the charge transfer rate at the substrate (see
above). In an attempt to discriminate the electron
transfer rate at the edge and basal planes of HOPG,
the surface was imaged in tapping mode Tarm/AFM-
SECM microscopy at a more anodic Eg, value of
+0.20 V/SCE, corresponding to the foot of the volta-
mmogram presented in Figure 2. At this potential,
the rate of heterogeneous electron transfer at the
HOPG substrate may participate in the kinetic con-
trol of the faradaic current. Figure 5, panel A, pre-
sents the corresponding simultaneously acquired to-
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pography, amplitude, and feedback current images.
One can see that the characteristic features of the
HOPG surface are very clearly resolved in the topo-
graphic image presented in Figure 5a, panel A. In
particular, long lines, corresponding to the edges of
graphite planes, are clearly visible. Although the cur-
rent image is quite noisy, due to the low intensity
of the current recorded at E,,, = +0.2 V/SCE (~0.5
pA), one can see two faint, yet very discernible lines
across the current image, which can be associated
with the two lines of edge sites visible in the center
of the topographic image. More quantitatively, ex-
amination of the cross sections of the images, cut
along the short green line shown, reveals that when
the Fc-PEGylated probe passed above a step separat-
ing two graphite planes the current increased by
~0.3 pA (see lower part of Figure 5, panel A).
Importantly, when the same area of the sample
is subsequently scanned with the substrate poten-
tial set to Eyp = +0.3 V/SCE, that is, to a potential
such that reduction of the oxidized Fc heads cannot
occur, the lines disappear from the current image
while the topography and amplitude images are un-
changed (see Figure 5, panel B). This latter result al-
lows one to exclude that the bright lines observed in
the current image shown in Figure 5¢, panel A, are
artifacts induced by the Z motion of the tip, or result-
ing from a cross-talk between the topography and
the current recording channels, as often feared when
combined AFM techniques are used. At the oppo-
site, the observed E,,, dependence of the current im-
age indicates that this latter image does reflect the
local electrochemical reactivity of the substrate. We
thus ascribe the lines visible in the current image
shown in Figure 5, panel A, to an enhanced elec-
tron transfer rate at step edges with respect to the
basal plane of HOPG. However, we note that not all
of the step edges visible in the topography image
give rise to a detectable increase in tip—current. For
example, the steps observed in the upper right part
of the topographic image in Figure 5a, panel A, are
barely detected in the corresponding current image.
The physical reason behind the dissimilar behavior
of the two series of steps observed is not clear at this
stage. Yet, incidentally, this result provides evidence
that the current and topography measurements re-
ported here are fully decoupled since features simi-
lar in size (here step height) but differing solely by
their electrochemical behavior can be discriminated.
Probing locally the heterogeneity of the electro-
chemical reactivity of HOPG by SECM, as is achieved
here, is quite of a challenge that, to the best of our
knowledge, has only been met once, in a recent pa-
per by Frederix et al.>® These authors, using inte-
grated microfabricated AFM-SECM nanoprobes and
a soluble mediator, also recorded current “peaks”
corresponding to the location of step edges of
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Figure 5. Tapping mode Tarm/AFM-SECM imaging of a HOPG substrate: discriminating the electron transfer rate of the Fc heads at edge
sites and at the basal planes of the HOPG surface. The simultaneously acquired topography (2), amplitude (A), and tip—current (i) are
presented, respectively, in images a, b, and c. The cross sections of the images, along the short green line shown, are represented in the
lower part of the figure, below each corresponding image. The tip potential was set to E;j, = +0.30 V/SCE. Panel A: Substrate potential was
set to Egy, = +0.20 V/SCE. At this potential, reduction of the oxidized Fc heads is expected to be slow. The edge sites are clearly re-
solved in the topography image and for some of them also in the current image (see text). Panel B: Same area of the HOPG substrate
was subsequently imaged with Ej;, set to + 0.30 V/SCE. At this potential, reduction of the oxidized Fc heads does not occur. As a result,
the current contrast vanishes. Drive frequency = 8.66 kHz, amplitude set point ~ 4 nm; 1 M NaClO, supporting aqueous electrolyte. Im-
age scan rate 1 line/s. The topography and amplitude images were second order flattened, and the current image was first order flattened.
See Supporting Information for raw data.

HOPG. In agreement with our results, they did not tioned above clearly identified that basal planes are
observe these peaks for all of the step edges visible  similar to the CV shown in Figure 2. Their analysis in-

in their topographic images. dicates a quasi-reversible behavior of the Fc heads
The data collected here can be used for semi- at the HOPG surface (see Supporting Information).
guantitative assessment of the rate of heteroge- This observation simply means that the rate of mass
neous electron transfer of the Fc heads at basal transfer of the Fc heads and the rate of electron
planes and at step sites of HOPG. The iy, versus Eqp transfer at the surface are comparable in magni-
voltammograms (CVs) recorded with the tip posi- tude. In our previous paper, we estimated that the
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mass transfer rate of the heads of Fc-PEGs4g9 chains
attached to a steady (i.e., non-oscillating) tip was on
the order of ~0.05 cm/s.3* The heterogeneous elec-
tron transfer rate constant of the Fc heads at basal
planes of HOPG is thus expected to be comparable
to this latter value, assuming that the contribution of
tip oscillation to chain dynamics can be neglected.
Such an assumption appears legitimate because, for
a typical oscillation frequency of ~ 10 kHz, the probe
motion is in the 10™* s time range, while Fc-PEG
chain dynamics is at least 10 times faster.3

Quialitatively speaking, we therefore observed
that basal planes of HOPG display a relatively high
electrochemical reactivity with respect to the Fc
heads. This result is in agreement with a recent study
which, by making use of a scanning micropipet con-
tact method, showed that basal plane HOPG was
highly active toward the redox reaction of a
ferrocene derivative, trimethylamminomethyl
ferrocene.>*

As far as the rate of electron transfer at step edges
of HOPG is concerned, the ~0.3 pA increase in current
we typically recorded when the tip was scanned over a
step is compatible with the electron transfer rate at
the steps becoming much faster than mass transfer of
the Fc heads. In the present case, the electron transfer
rate at step sites needs to be at least ~4 times faster
than at basal plane HOPG for this condition to be ful-
filled (see Supporting Information).

Beyond mere characterization of the heteroge-
neous reactivity of the HOPG surface, the results we
report here demonstrate the ability of tapping mode
Tarm/AFM-SECM microscopy to map the reactivity
of nanometer-sized active sites on a substrate sur-
face (here HOPG step sites). Moreover, in the con-
text of the present paper, imaging HOPG also allows
the lateral resolution of Tarm/AFM-SECM micros-
copy to be experimentally determined. If one ne-
glects the observed finite width of the edge region
of the HOPG steps, and thus considers that these
steps are perfectly sharp, the width of the peak-
shaped current variation recorded when the probe
passes over a step then reflects the size of the inter-
action area between the Fc-PEG chains and the sub-
strate. From the current cross-section data pre-
sented in Figure 5, panel A, one can measure that
the width at midheight of the current peaks is ~100
nm, indicating that the Fc-PEG chains actually probe
a disk-shaped area which is ~50 nm in radius. This
latter value can thus be taken as a lower estimate of
the resolution of the Tarm/AFM-SECM microscopy
attained here. For a tip radius of ~500 nm and a typi-
cal chain coverage of ~107"" mol/cm?3* it can thus
be estimated, from a simple calculation, that ~450
Fc-PEG chains, located at the tip extremity, are actu-
ally contacting (sensing) the substrate surface. The
ability to detect such a relatively low number of
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chains is due to the fact that redox cycling of the
Fc heads between the tip and substrate constitutes
in itself an amplification mechanism that, for other
systems, has been reported to even allow the detec-
tion of single molecules.>>~>” These results also illus-
trate that, thanks to the nanometer size of the PEG
chains, the tip—substrate interaction area is reduced
to a fraction of the size of the supporting spherical
probe. It is thus expected that the electrochemical
resolution of Tarm/AFM-SECM microscopy can be
improved down to the limit given by the effective
chain size (~10 nm) by using AFM-SECM probes
~100 nm in radius such as the ones we reported pre-
viously.?® An attractive feature of Tarm/AFM-SECM
is that the overall redox/chemical environment of
the sample is not perturbed since no artificial soluble
mediator needs to be added to the solution, which
may be a benefit for studying fragile systems. This
advantage may be partly counter-balanced by the
workload required to synthesize linear polymer
chains to attach the mediator to the probe. Yet the
versatility of the PEG chain functionalization method
we described previously,> and used here, should al-
low the preparation of heterofunctionalized PEG
chains that can bear a large variety of redox media-
tors and anchoring groups for tip attachment.

CONCLUSION

In conclusion, we have developed a new type of
high-resolution AFM-SECM microscopy, we label
Tarm (for tip-attached redox mediator)/AFM-SECM,
where the redox mediator is tethered to the AFM-
SECM probe via nanometer long, flexible PEG chains.
We have demonstrated that the tip-attached
ferrocene-labeled PEG chains effectively shuttle elec-
trons between the tip and substrate, thus acting as
molecular sensors probing the local electrochemical
reactivity of a planar substrate. Moreover, we have
shown that Fc-PEGylated AFM-SECM probes can be
used for tapping mode imaging, allowing simulta-
neous recording of electrochemical feedback current
and of topography with a vertical and a lateral reso-
lution in the nanometer range. By imaging a model
HOPG substrate, we demonstrated that Tarm/AFM-
SECM microscopy can be used to probe the reactiv-
ity of nanometer-sized active sites on surfaces. Tarm/
AFM-SECM could ultimately enable functional
imaging of individual redox enzyme molecules, pro-
viding that the ~fA response from a single enzyme
molecule can be measured.?? In its tapping mode,
Tarm/AFM-SECM microscopy can be viewed as the
electrochemical equivalent of TREC (topography and
recognition) microscopy,®>° where biomolecules ca-
pable of molecular recognition (IgGs, avidin, aptam-
ers, etc.) are attached to the extremity of an AFM tip
via a flexible polymer tether. Using these functional-
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ized tips, specific host—guest interactions can be de-
tected while high-resolution topography of the sur-
face is acquired. Similarly, it is expected that tapping
mode Tarm/AFM-SECM microscopy will allow iso-
lated surface-bound redox enzyme molecules to be
located from topographic images while their indi-

METHODS

Experimental Procedures. Preparation of the [Fc-PEG349y-S],— Disulfide and
Materials. The linear [Fc-PEGs400-S], —disulfide molecules (~79
monomer units per chain) were synthesized as described
previously.>*3¥Sodium perchlorate (NaClO4) monohydrate was
purchased from Merck. Other commercial chemicals were re-
agent grade or better quality and used as received. All aqueous
solutions were made with Milli-Q purified water (Millipore). All
solvents used for PEG grafting of AFM-SECM probes as well as
AFM-SECM experiments were filtered before use on a 0.22 um
nylon Cameo filter.

Preparation of the HOPG Substrate Surface. The HOPG surface was
from Goodfellow and cleaved using scotch tape before each ex-
periment. HOPG was chosen for the tapping mode operation us-
ing Fc-PEGylated probes and ensuing imaging experiments, due
to its naturally nanostructured topography, consisting of easily
identifiable terraces, edges, and defects.

Fabrication of the Patterned Substrate. The patterned surface, bear-
ing an array of band electrodes, was fabricated using electron-
beam lithography technique and a single layer negative tone lift-
off resist process, which was adapted from previous work.*®®
First, a silicon substrate was covered by a nonconductive layer
made of 1 um thick silicon dioxide (SiO,). This film was obtained
by plasma-enhanced chemical vapor deposition (PECVD). The
metallic gratings are defined by EBL (VISTEC EBPG5000plus
Gaussian electron beam lithography system operating at 100
kV) on a 250 nm layer of a commercially available negative-tone
resist (ma-N 2403, Micro-Resist) spin-coated on the SiO; layer. Af-
ter resist development in a MIF 726 developer, a titanium/gold
(5 nm/20 nm) layer was deposited by electron-beam-assisted
evaporation and lifted-off in acetone. The thin titanium layer was
used to improve the gold adhesion onto the SiO, layer.

Measurement of the Spring Constants of the Tips. Estimation of the Spherical
Microelectrode Probe Size. The spring constant of the combined probe,
Korobes Was estimated from the measured dimensions of the flat-
tened part of the wire-based probe that acted as a rectangular
cantilever, using the formula kyrope = EWt*/4P, where w, t, and /
are, respectively, for the cantilever width, thickness, and length
and E is the elastic modulus of gold (~80 GPa). The spring con-
stant of each probe was also measured using a reference canti-
lever pushing against the flexible arm of the combined AFM-
SECM probe; both methods yielded similar spring constant
values in the ~1 — 2 N/m range (see ref 34 for details). The size
of the spherical gold AFM-SECM probes was either simply esti-
mated from optical microscopy or measured using scanning
electron microscopy after they were used in AFM-SECM experi-
ments. In some cases, the spherical extremity of the probe was
“imaged” using AFM, as detailed in Supporting Information. This
latter approach also allowed the nanometer-sized roughness of
the probe surface to be estimated (see Supporting Information).

AFM-SECM Experiments. The AFM/SECM experiments were per-
formed with a Molecular Imaging PICOSPM AFM microscope
(Scientec, France), which was modified and operated as previ-
ously described.?’ A home-made bipotentiostat enabled us to in-
dependently apply the electrochemical tip and substrate poten-
tials with respect to a reference electrode (a platinum wire/
polypyrrole quasi-reference electrode; see below). The tip and
substrate currents were measured by the high (100 pA/V) and
low (20 wA/V) gain current measuring circuits of the bipoten-
tiostat. The bandwidth of the bipotentiostat was estimated to be
in the ~10—20 kHz range. The tip—current signal was filtered us-
ing an adjustable low-pass analogue filter. The lowest cutoff fre-
quency used was 10 Hz. We made sure that the frequency cho-
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vidual catalytic activity will be simultaneously
probed. More generally, Tarm/AFM-SECM micros-
copy can be viewed as a new scanning probe tool
for nanochemistry since it allows a redox reactant to
be delivered in a controlled way at specific
nanometer-sized locations on surfaces.

sen for the filter was always high enough not to distort the
recorded current images or current approach curves. The sub-
strate potential was generated by a PAR 175 programmer, and
the substrate current data were acquired on a digital oscillo-
scope. The Molecular Imaging PICOSCAN controller was used to
generate the tip potential and to acquire the tip—current data.
Experiments were carried out in situ in a fluid cell containing an
aqueous 1 M NaClO, electrolyte solution. A positive potential
was preferentially applied to the tip in order to prevent any
cathodic stripping of the Fc-PEG chains from the tip, during the
time course of the hour-long experiments. However, we verified
that swapping the tip and substrate potential solely resulted in
changing the sign of the recorded current and not the shape nor
the intensity of the approach curves. This indicates that the Fc
heads are stable in both their oxidized (Fc*) and their reduced
states (Fc), in the T M NaClO, medium used. The tip and substrate
potentials were measured in situ with respect to a platinum wire/
polypyrrole quasi-reference electrode (Pt/PPy) that was fabri-
cated according to a procedure adapted from the literature.®’
Briefly, a polypyrrole film was electrochemically deposited on a
platinum wire by cyclic voltammetry (50 cycles between —0.6
and 1.4V vs SCE) in an acetonitrile solution containing 0.01 M
pyrrole and 0.1 M BusNPF. The final cycle was stopped at 0.65
V/SCE for 30 s in order to partially oxidize the film. The platinum/
polypyrrole quasi-reference electrode was rinsed with acetone
and soaked in pure acetonitrile for 1 h. After 30 min immersion
in 1 M NaClQ,, to exchange the PFs~ counterion for ClO,~, the
open-circuit potential (OCP) was measured. The Pt/PPy reference
showed a stable OCP of + 0.165 V/SCE in 1 M NaClO,. The quasi-
reference electrode was stored in 0.1 M NaClO,4 and could be
used for over 1 week. The tip—current approach curves and im-
ages were corrected from a small leakage current of =<1 pA,
which resulted from the imperfect insulation of the tip and of
the connecting wires. This current is nonspecific and indepen-
dent of the tip—substrate distance and of the tip and substrate
potential. Dozens of approach curves could be recorded with
each of the ~10 Fc-PEGylated probes we successfully fabricated,
demonstrating the stability of the Fc-PEG layer. In a typical ex-
periment, the tip and substrate potentials were Eq, = +0.30
V/SCE and Eqy, = —0.01 V/SCE.

Tapping Mode Operation: Conversion of the Raw Amplitude versus Piezo
Elongation Data into Amplitude versus Tip— Substrate Distance Curves. Multiply-
ing the raw amplitude data (in volts), as acquired by the AFM
controller, by the gains indicated by the manufacturer, and tak-
ing into account the measured sensitivity factor of the PSD, al-
lowed the tip oscillation amplitude A (in nanometers) to be ob-
tained. The thus found volt-to-nanometer conversion factor was
also used to set the scale of the amplitude images. Z,, the piezo
elongation corresponding to hard contact between the probe
and the HOPG substrate, was taken as the point on the current
approach curve where the tip—current raised abruptly. Knowing
Z, allowed the time-averaged tip—substrate separation d to be
derived from the piezo elongation, as described in the text. The
consistency of the A and d determination from raw data was as-
certained by the observation of a slope dA/dd such that dA/dd =
1 for d — 0 because this behavior is expected for a hard tip con-
tacting intermittently a hard substrate.**

Supporting Information Available: Acoustic excitation spec-
trum of the Fc-PEGylated probe used for Tarm/AFM-SECM imag-
ing. Characterization of the patterned gold bands/SiO, surface
by tapping mode AFM. Trace and retrace Tarm/AFM-SECM im-
ages of the patterned surface. Raw current images correspond-
ing to Figure 5. Scanning electron microscopy and AFM images
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of home-made AFM-SECM used in this work. Geometrical evalu-
ation of the tip convolution effect when imaging a sharp step
with a spherical tip. Estimation of the heterogeneous electron
transfer rate constant for the Fc heads at basal planes and at step
sites of HOPG from cyclic voltametry and current image data.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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