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ABSTRACT: Scanning electrochemical microscopy (SECM) enables reactivity and topography imaging of single nanostructures in the elec-
trolyte solution. The in-situ reactivity and topography, however, are convoluted in the real-time image, thus requiring another imaging method
for subsequent deconvolution. Herein, we develop the intelligent mode of nanoscale SECM to simultaneously obtain separate reactivity and
topography images of non-flat substrates with reactive and inert regions. Specifically, an ~0.5 um-diameter Pt tip approaches a substrate with
an ~0.15 pm-height active Au band adjacent to an ~0.4 ym-wide slope of the inactive glass surface followed by a flat inactive glass region. The
amperometric tip current versus tip—substrate distance is measured to observe feedback effects including redox-mediated electron tunneling
from the substrate. The intelligent SECM software automatically terminates the tip approach depending on the local reactivity and topography
of the substrate under the tip. The resultant short tip—substrate distances allow for non-contact and high-resolution imaging in contrast to other
imaging modes based on approach curves. The numerical post-analysis of each approach curve locates the substrate under the tip for quantita-
tive topography imaging and determines the tip current at a constant distance for topography-independent reactivity imaging. The nanoscale
grooves are revealed by intelligent topography SECM imaging as compared to scanning electron microscopy and atomic force microscopy
without reactivity information and as unnoticed by constant-height SECM imaging owing to the convolution of topography with reactivity.
Additionally, intelligent reactivity imaging traces abrupt changes in the constant-distance tip current across the Au/glass boundary, which pre-
vents constant-current SECM imaging.

Nanoscale scanning electrochemical microscopy (SECM) has
emerged as a powerful method that can visualize the reactivity and
topography of single nanometer-sized objects in the electrolyte so-
lution."” For instance, the constant-height mode of SECM based on
feedback effects’ was used to image molecular transport through sin-
gle solid-state nanopores with diameters of down to ~40 nm*’ and
electrocatalysis at single metal nanoparticles with diameters of down
to ~120 nm.*” Constant-height imaging, however, suffers from the
convolution of local reactivity and topography of substrate,® which
was addressed by the separate measurement and analysis of SECM
approach curves.*” By contrast, the local reactivity of substrate can
be resolved from topography by maintaining a constant tip—sub-
strate distance during constant-current imaging,” which is straight-
forward only for the substrates that are relatively flat or uniformly
reactive (or inert) as demonstrated by nanoscale SECM.'""" Alterna-
tively, another imaging method can be combined with SECM" to
obtain the topography image of single nanostructures in advance,
which guides constant-distance reactivity imaging by SECM. The
adoption of combined SECM techniques, however, has been lim-
ited” by the requirement of specialized hardware including a bifunc-
tional probe and a dual probe for combination with atomic force mi-
croscopy'* (AFM) and scanning ion-conductance microscopy," re-
spectively.

Herein, we advance the intelligent mode of nanoscale SECM" to
simultaneously obtain separate reactivity and topography images of

non-flat substrates with both reactive and inert regions. In the intel-
ligent mode, the distance-dependent current response of an SECM
nanotip is assessed after every step of the vertical tip approach to the
substrate to achieve a short tip—substrate distance, d, without con-
tact, thereby maximizing the spatial resolution based on feedback ef-
fects as represented by"”

h*=15d+a (1)
where h” is the radius of local substrate surface seen by a disk-shaped
tip with a radius of a. Previously, we employed non-flat inert sub-
strates to demonstrate that the intelligent mode enables non-contact
topography imaging with a high resolution of h* < 1.45a with d <
0.3a in eq 1'*in contrast to other imaging modes based on approach
curves, i.e., intermittent-contact'® and hopping (h* = 8.5a with d =
5a") modes. In this study, we reinforce the intelligent mode by the
numerical post-analysis of each approach curve to locate the sub-
strate under the tip for quantitative topography imaging and deter-
mine the tip current at a constant distance for topography-independ-
ent reactivity imaging.

Experimentally, we demonstrate the unprecedented power of the
intelligent mode by resolving simultaneous changes in reactivity and
topography at the grooved boundary between flush glass and Au sur-
faces of an interdigitated electrode (Figure 1). While the respective
surfaces exert only negative or positive feedback effects on a tip (Fig-
ures 1A and 1B), the tip experiences both effects over the boundary
to yield the mixed feedback current response (Figure 1C). Abrupt



changes in the mixed feedback current across the boundary can not
be monitored by the constant-current mode’ but are resolved by the
intelligent mode to yield a topography-independent reactivity im-
age. Moreover, intelligent topography imaging reveals the nanoscale
grooves, which are comparable to topography imaging by scanning
electron microscopy (SEM) and AFM without reactivity infor-
mation and are unnoticed by constant-height imaging owing to the
convolution of topography with reactivity. Moreover, we propose
the new feedback mechanism based on long-range electron tunnel-
ing mediated by redox molecules,’ which suddenly enhances the tip
current to enable non-contact tip positioning over the non-flat

Au/glass boundary.
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Figure 1. Scheme of tip approach for (A) negative, (B) positive, and
(c) mixed feedback effects for intelligent SECM imaging of a Au band
on a grooved glass substrate under a disk-shaped Pt nanotip with a thin
glass sheath. Dashed lines with arrows indicate the tip movement. O
and R are the oxidized and reduced forms of a redox mediator, respec-
tively.

EXPERIMENTAL SECTION

SECM. A home-built SECM instrument was equipped with a po-
tentiostat (CHI 802D, CH Instruments, Austin, TX) and controlled
by using the Labview program based on a custom fuzzy logic algo-
rithm as reported previously.* In addition, an SECM stage was ac-
commodated in an isothermal chamber equipped with heat sinks
and vacuum insulation plates to minimize thermal drift.” Pt tips
were fabricated by laser-assisted pulling, heat annealing, and fo-
cused-ion-beam (FIB) milling and characterized by scanning elec-
tron microscopy (SEM) before and after use for SECM experiments
to check the damage of the tips.'® The tips were protected from elec-
trostatic discharge as described in Supporting Information. Interdig-
itated Au electrodes on glass substrates (012260) were obtained as
substrates from CH Instruments. Pt wires served as counter and
quasi-reference electrodes. The tip potential was set to obtain the
steady-state current based on the diffusion-limited reduction of 10
mM Ru(NH;)sCl (Strem Chemicals, Newburyport, MA) in 1 M
KCl (299%, Sigma Aldrich, Milwaukee, WI) as prepared from Milli-
Qwater with the resistivity of 18.2 MQ-cm and the total organic car-
bon of 2-3 ppb.

RESULTS AND DISCUSSION

Topography of Interdigitated Au Electrodes. We employed
SEM (Figures 2A-C) and AFM (Figure 2D) to characterize the to-
pography of interdigitated Au electrodes. A part of the Au band and
the surrounding was removed by FIB milling (Figure 2B) to showan
~0.4 um-wide groove of the glass surface at each side of the Au band
(Figure 2C). The glass surface beyond the groove is flush with the

gold surface as confirmed by AFM (Figure 2D). The AFM image
also shows the asymmetric curvature of the Au surface, which widens
a groove (right) more than the groove at the opposite side of the Au
band (left). The asymmetry is not a hysteresis or any artifact, and is
independent of the scan direction and observable by non-contact
steady-state SECM imaging (see below). The grooves in the SEM
image (~0.15 pm in Figure 2C) are deeper than those in the AFM
image (~0.1 pm in Figure 2D), which is limited by the tip-substrate
convolution.”
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Figure 2. SEM images of (A) Au bands embedded in a glass substrate,
(B) a Auband milled by FIB, and (C) the cross-section surrounded by
the dotted line in part (B). (D) AFM image of non-milled Au band.

Theoretical Approach Curves. We performed the finite element
simulation (see Supporting Information) to understand distance-
dependent feedback effects on the amperometric current response
of an SECM tip over a reactive band on a grooved inert substrate,
which mimics the interdigitated electrodes (Figure 2). In the simu-
lated approach curves (Figure 3), the tip-substrate distance, d, and
the tip current, ir, were normalized against the tip radius, 4, and the
tip current in the bulk solution, it respectively. The latter is given
by

it = 4xnFDcoa (2)
where x is a function of RG (= re/a =~1.5; r, is the outer tip diame-
ter), nis the number of the transferred electrons, and D and co are the
diffusion coefficient and concentration of the redox mediator in the
solution. Experimentally, simulation is required only after imaging
experiments to analyze approach curves for the quantitative resolu-
tion of reactivity and topography images.
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Figure 3. Theoretical approach curves (solid lines) simulated at vari-
ous lateral tip positions over a Au band as depicted in the inset (top
view) by using the same colors. Dotted and dashed lines represent dif-
fusion-limited negative and positive curves, respectively.



The finite element simulation demonstrated that approach curves
over the grooved boundary between Au and glass regions are highly
sensitive to the lateral position of the tip owing to mixed feedback
effects from both regions (Figure 1C). When the entire surface of
the Pt tip is located over a Au band (purple tip in the inset of Figure
3), the resultant current (purple line) was most positive to follow the
diffusion-limited positive approach curve (black dashed line). Inter-
estingly, the approach curve changed from monotonically positive
(orange line), positive, negative, and then positive (blue line), and
monotonically negative (red line) as the lateral tip position was
changed only by 10% of the tip radius over the boundary. The ap-
proach curve with both positive and negative feedback regions (blue
line) yielded a characteristic maximum around d/a = 1.5, which
uniquely fitted with an experimental approach curve to identify the
corresponding lateral position of the substrate (see below).

The finite element simulation also illustrated how the inert groove
at the boundary can be detected by intelligent topography imaging
but not by widely used constant-height imaging. When the tip ap-
proaches the insulating groove, the tip current is greater than ex-
pected from a pure negative feedback effect from a flat surface, which
is attributed to the diffusion of redox molecules from the recessed
groove. Subsequently, the tip approaches closer to the groove to sup-
press the tip current until the tip current reaches a threshold preset
for negative approach curves (e.g., <0.40irq; see below). By con-
trast, the insulating groove is missed in the constant-height mode,
where the tip is scanned at a constant height from the flush Au and
glass surfaces to observe a monotonic change of the tip current over
the grooved boundary from positive feedback current to negative
feedback current or vice versa (e.g., d/a = 0.3 in Figure 3).

Imaging Algorithm. We developed a new algorithm for non-con-
tact and high-resolution intelligent imaging of mixed reactive and in-
ert substrates by considering characteristic approach curves, which
were simulated theoretically (Figure 3) and confirmed experimen-
tally (see below). With this algorithm, the tip approach at a flat reac-
tive or inert region is terminated at a short tip-substrate distance of
d/a = 0.3, which yields tip currents of ~3.0ir.. (black dashed line in
Figure 3) and ~0.40ir,, (black dotted line), respectively, to represent
substrate reactivities at the constant distance. These preset values,
however, can not be reached for the tip current when the tip ap-
proaches the boundary (red, blue, and orange lines), thereby requir-
ing different conditions for the non-contact tip approach. Specifi-
cally, the tip approach is terminated without the tip—substrate con-
tact when a mildly negative approach (red line) significantly deviates
from the diffusion-limited negative curve (black dotted line). This
algorithm was successfully used for the intelligent imaging of insu-
lating steps in our previous work'® (see eq S-16).

In this work, we implemented two new conditions to terminate
the tip approach to the boundary without contact when the tip cur-
rent is enhanced mildly and monotonically (orange line in Figure 3)
or inverted (blue line). In the latter, the tip approach is terminated
when the tip current goes below the maximum value, itma, by a pre-
sent value, Airmay to yield

Aimax < T max — IT ( 3)
as demonstrated experimentally (Figure S-5). By contrast, the termi-
nation of the tip approach is challenging when the tip current is en-
hanced only mildly by a positive feedback effect from the reactive
side of the boundary (orange line). This challenge, however, can be
overcome by detecting a sudden increase in the tip current as found

experimentally and attributed to long-range electron tunneling me-
diated by redox molecules (see below). Subsequently, the tip ap-
proach is terminated when the slope of the positive approach curve
exceeds a preset value, #ma, as given by

Pimax < Ain/Azn (4)

where Ai, and Az, represent changes in tip current and vertical tip
position, respectively, after the nth step of the tip approach.
Lateral tip movement to (x, y) =——
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Figure 4. Flow chart of real-time assessment of approach curve. * See
text for the algorithm when the tip approaches the inert region.

Overall, five conditions for the termination of tip approach were
implemented in a new algorithm for non-contact intelligent imaging
of mixed reactive and inert substrates (Figure 4). In this algorithm,
the tip current is measured and assessed after each step of the tip ap-
proach to decide whether the tip—substrate distance is short enough
to enhance or suppress the tip current, e.g., it > 1.02it,, or it < 0.98
it respectively. Otherwise, the tip approaches one step closer to
the substrate. If the tip current is suppressed sufficiently, the tip ap-
proach is terminated when the tip current reaches a threshold value,
e.g., ~0.40ir,, or deviates from the pure negative feedback current
(eq S-16).' Alternatively, the tip approach is terminated when the
tip current reaches a preset value, e.g., ~3.0ir,, by the positive feed-
back effect, goes below the maximum by a preset amount (eq 3), or
increases abruptly by redox-mediated electron tunneling (eq 4).

It should be noted that the proposed algorithm is applicable only
to diffusion-limited negative and positive feedback effects (eqs S-1
and S-2, respectively®) in this work but will be extendable when a
substrate reaction is controlled by electron-transfer kinetics. Specif-
ically, a theoretical approach curve based on the kinetically con-
trolled substrate reaction is given by an analytical equation™ (eq S-
5) and will be compared with an experimental approach curve after
each step of tip approach to determine the tip-substrate distance
and the electron-transfer rate constant for topography and reactivity
imaging, respectively. The tip approach will be terminated without
the tip—substrate contact when the tip—substrate distance reaches a

threshold value, e.g,, d/a=0.3.

Deconvolution of Nanoscale Reactivity and Topography. We
applied the intelligent mode by scanning a tip over interdigitated Au
electrodes to separately obtain nanoscale reactivity and topography
information. In this line scan experiment, we aimed at observing five
characteristic approach curves at short tip—substrate distances as
predicted theoretically (Figure 3). Accordingly, the tip approach to
the boundary was not terminated by the deviation of the negative
approach curve from the theoretical curve (eq S-16) or the maxi-
mum of approach curve (eq 3), where the tip was still relatively far



from the substrate. In the respective cases, the tip approach was ter-
minated when the tip—substrate contact was detected by assessing a
change in the slope of the negative portion of the approach curve as
reported previously' (see eq S-17) or when the tip current was en-

hanced suddenly by redox-mediated electron tunneling (eq 4).

The amperometric tip current based on the diffusion-limited re-
duction of Ru(NH;)s** was stable during the 13 minutes-long line
scan with a lateral step size of 0.1 ym to obtain 61 approach curves
including five characteristic approach curves (Figure 5). Specifically,
the tip current reached the preset thresholds of ~0.4ir and ~3.0ir.
(e.g., curves 1 and 2, respectively) whenever the entire surface of Pt
tip approached glass or Au surfaces, respectively. Interestingly, an
approach curve with a maximum was also observed (curve 3) as ex-
pected theoretically when the tip approached the boundary. When
the tip approached closer to the Au side of the boundary, the tip cur-
rent increased monotonically to exceed the preset threshold of
~3.0ir,,, owing to redox-mediated electron tunneling as exemplified
by curve 4 and discussed below. By contrast, the tip experienced a
mild negative feedback effect from the groove (e.g., curve S) to con-
tact the substrate without reaching the preset threshold of ~0.4ir.
when the tip approached closer to the glass side of the boundary.
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Figure S. The tip current during line scan based on tip approach to Au
and glass regions in 10 mM Ru(NH;)s* and 1 M KCL. The outer and
inner tip radii of 0.39 ym and 0.24 pm, respectively, were determined
by SEM. Arrows indicate characteristic approach curves analyzed in
Figure 8.

In the intelligent mode, the topography of the interdigitated Au
electrode was obtained to reveal nanoscale grooves at both sides of a
Au band. The grooves were observed by plotting the vertical tip
position against the lateral tip position where the tip approach was
terminated (blue circles in Figure 6A). Moreover, the actual
positions of the substrate surface under the tip were determined (red
circles in Figure 6B) by fitting experimental approach curves with
eqs S-1 and S-2 over flat glass and Au surfaces, respectively, and also
with simulated curves over the boundaries (see below). Both
intelligent topography plots resemble the corresponding AFM
topography (black dashed lines) including not only the width of the
Auband (~2.8 pm as indicated by vertical dotted lines) but also the
deeper recession of the Au surface at the lateral tip positions between
3 pm and 4 pm, which represents the remarkably high sensitivity of
the positive feedback current to a change in the tip—substrate
distance.* The fitted topography plot yielded the flat glass surface as
expected from AFM topography whereas the glass surface seemed
rougher in the original plot of the final tip position owing to the
overshoot of the tip approach beyond the threshold of ~0.40ir, with

a step size of ~20 nm. The negligible overshoot at the Au surface is
attributed to a smaller step size of ~1 nm, which was required to
detect the sudden enhancement of the tip current response by redox-
mediated electron tunneling. Noticeably, the grooves of the
intelligent topography plots are deeper than those in the AFM plots
and are consistent with those estimated by cross-sectional SEM
images (Figure 2C). Moreover, the final tip positions over the
grooves (up to ~24.15 um in Figure 6A) go below the positions of
Au and glass surfaces (~24.05 pym in Figure 6B) owing to the
penetration of the tip into the grooves, thereby representing the non-

flat topography of the substrate.
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Figure 6. (A) The final z positions of tip approach from Figure S (blue
circles) and (B) the z positions of substrate determined by fitting ap-
proach curves with theoretical or simulated curves (red circles).
Dashed lines represent AFM topography from Figure 2D. Dotted lines
represent the edge of Au band.

The intelligent mode yielded the topography-independent
reactivity plot of the substrate as represented by the tip currents at
the last points of approach curves (blue circles in Figure 7A). In
addition, approach curves were fitted with theoretical curves (see
below) to determine the tip current at the constant distance of d/a
= 0.30, thereby yielding an ideal constant-distance reactivity plot
(red circles in Figure 7A). The constant-distance plot of substrate
reactivity is independent of the topography to show no groove,
which is obvious from the complementary topography plot.
Moreover, the constant-distance tip current is constant over the Au
surface despite its asymmetric curvature. By contrast, the tip current
during the constant-height line scan of the Au surface is not only
enhanced but also varied (Figure 7B) to represent the convolution
between the reactivity and topography of the curved Au surface. In
addition, nanoscale grooves are unnoticed in the constant-height
plot, where the tip current changes monotonically over the grooves
owing to the convolution of topography with reactivity.
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Figure 7. (A) The tip current at the last points of approach curves
from Figure S (blue circles) or at a constant distance of d/a = 0.30 (red
circles) as determined by fitting the approach curves with theoretical
curves. Dotted lines represent the edge of Au band. (B) The tip current
at the constant height. Dotted lines were positioned arbitrarily to repre-
sent the width of the Au band.

Characteristic Approach Curves. Five characteristic approach
curves at the interdigitated Au electrodes were compared with theo-
retical curves to separately determine the actual position of the sub-
strate surface under the tip for substrate topography (red circels in
Figure 6B) and the tip currents at the constant distance from the lo-
cal substrate surface for substrate reactivity (red circels in Figure
7A). Negative and positive approach curves at flat glass and Au sur-
faces fitted well with eqs S-1 and S-2 (Figure 8A) to represent the
lowest and highest substrate reactivity, respectively. By contrast,
both positive and negative feedback effects were observed when the
tip approached the boundary between the edge of the Au band and
the inert groove (Figure 8B). Specifically, the tip current gradually
increased when the tip was still far from the boundary to experience
a positive feedback effect from the Au band more than a negative
feedback effect from the recessed groove. As the tip approached the
boundary closer, the negative feedback effect became comparable to
the positive feedback effect to reach a maximum tip current around
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the tip position of 23.84 pm. The negative feedback effect became
dominant at shorter distances until the positive feedback effect from
the side of the Au band became significant to eventually increase the
tip current beyond the tip position of ~24.0 ym. The tip approach
was terminated around ~24.2 pm, where the tip current increased
abruptly owing to redox-mediated electron tunneling to satisfy eq 4.
The final tip position was lower than the Au and glass surfaces
(~24.05 ym in Figure 6B) to yield the penetration depth of ~150 nm,
which is comparable to the groove depth of ~150 nm as estimated
by SEM (Figure 2C). The penetration depth, however, is too large
for the tip with an outer diameter of 0.78 pm. This result implises the
tip—substarte contact, e.g,, around 24.15 ym or even earlier, as indi-
cated by the tip damage (Figure S-6).

The tip current was enhanced abruptly by redox-mediated elec-
tron tunneling also when the tip approached closer to the Au side of
the boundary (Figure 8C). In this case, the positive feedback effect
always exceeded the negative feedback effect to monotonically in-
crease the tip current at the shorter distances until redox-mediated
electron tunneling suddenly increased the tip current at extremely
short distances to terminate the tip approach without contact. It
should be noted that redox-mediated electron tunneling was ob-
served also over the flat Au region when the tip approach was termi-
nated not by employing the threshold of the positive feedback cur-
rent (e.g., ir>3.0ir..) but at a shorter tip—substrate distance by eval-
uating the slope of the positive approach curve (eq 4).

Importantly, the nanoscale grooves were manifested in the intelli-
gent topography plot (Figure 6A) because a mild negative feedback
effect was observed when the tip approached the inert groove adja-
cent to the Au band (Figure 8D). The experimental approach curve
fitted well with an approach curve simulated for a tip approaching
the inert groove to yield a more positive current than the diffusion-
limited negative feedback current (eq S-2). Accordingly, the tip ap-
proached closer to the groove as represented in the intelligent topog-
raphy plot (Figure 6A) until the tip approach was terminated by the
tip—substrate contact (eq S-17) without reaching the threshold tip
current of 0.4ir,.. The contact can be prevented by the real-time fit-
ting of the approach curve (eq S-16) while maintaining the close tip
approach to the substrate.
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Figure 8. Experimental approach curves (circles) at (A) glass (blue) and Au (red) surfaces, (B) at the Au/glass boundary, and at (C) Auand (D)
glass sides of the boundary in 10 mM Ru(NH3)6** and 1 M KCl as adapted from Figure S. Solid lines are simulated approach curves. Dotted and
dashed lines represent diffusion-limited negative and positive approach curves, respectively.

Feedback Mechanism Based on Redox-Mediated Electron
Tunneling. A sudden increase in the tip current (e.g,, the last three
data points of curve 4 in Figure 8C) was analyzed and attributed to
long-range electron tunneling mediated by redox molecules. In this
analysis, both experimental and simulated tip currents based only on
the positive feedback effect (open circles and solid line, respectively,
in Figure 9) changed linearly within the short distance range of only
~20 nm, which was measured by using a capacitive sensor of the pi-
ezo stage. Non-uniform step sizes between adjacent experimental
points (0.9 + 0.4 nm) are noticeable and due to the dynamic control
of the piezo stage.”
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Figure 9. Experimental approach curve (circles) adapted from Figure
8C for the assessment of the tip current enhanced beyond the simu-
lated positive feedback current fitted for the narrow distance range (red
line). The inset shows the dependence of the additional tip current on
a change in the tip—substrate distance.

Specifically, the tip current at the last three data points of curve 4
(closed circles in Figure 9) exceeded the expected positive feedback
current (solid line) significantly to yield differences, Air(Ad), which

were plotted against the corresponding changes in the tip—substrate

distance, Ad, with respect to the last data point (closed circles in the
inset). The plot shows an exponential distance-dependence of

Air(Ad) as expected for solvent-mediated electron tunneling be-
tween the tip and the substrate,” which is equivalent to

Air(Ad) = Air(Ad = 0)exp(-SAd) ©)

where a decay constant, /3 of 0.18 A~ was obtained from the best fit
(solid line). This /3 value, however, is much smaller than experi-
mental values of ~1 A as determined by scanning tunneling micros-
copy (STM) in the aqueous electrolyte solution.”* Moreover, when
the atomic scale STM tip was positioned within ~1 nm from the con-
ductive substrate, the resultant tunneling current increased expo-
nentially by several orders of magnitude to reach the mA level, which
far exceeds the low-nA level of the SECM tip current (Figure 9). The
negligible contribution of solvent-mediated electron tunneling to
the SECM tip current ensures that the short tip—substrate distance
is still long enough to avoid the tip—substrate contact.

The distance-dependence of the enhanced SECM tip current over
a short distance range of ~1 nm (closed circles in Figure 9 and its
inset) is much weaker than expected for solvent-mediated electron
tunneling (see above) and is attributed to long-range electron tun-
neling mediated by diffusing redox molecules. In this feedback
mechanism, the weak distance dependence of the tip current origi-
nates from a distance-dependent standard electron-transfer rate

constant, k’(9), as given by
k'(6) = k(6= 0)exp(-f30) (6)

where Jis the distance between a redox molecule and the tip (or the
substrate) and 0= 0 corresponds to the closest location of the redox
molecule where electron transfer is possible, i.e., the outer Helm-
holtz plane for an outer-sphere redox couple.” Eq 6 implies that a
fast redox molecule with a sufficiently large k(5 = 0) value can be
completely depleted or regenerated even at 9> 0 to thin a diffusion
layer between the tip and the substrate. The resultant tip current re-
sponse is larger than expected from the corresponding positive feed-
back current, where electron transfer is assumed to occur only at =
0." So far, redox-mediated electron tunneling in a nanogap cell with
two electrodes has been proposed only theoretically.”® Specifically, a
pair of concentric spherical electrodes with various gap widths of <3
nm fully depleted or regenerated redox molecules with k(5= 0) = 6
x 10%s™ at 5= ~0.3 nm in the solution with $=1 A™". The simulated
diffusion-limited current based on redox-mediated electron tunnel-
ing depended on the gap width much more weakly than expected for
direct electron tunneling mediated by solvent molecules between
the tip and the substrate.

It should be noted that a small step size of ~1 nm was needed (red
circles in Figures 8A-8C) to detect a sudden increase in the tip re-
sponse by redox-mediated electron tunneling, thereby lengthening



the measurement of positive approach curves. The time of approach
curve measurement was minimized by employing a custom fuzzy
logic algorithm,* which dramatically reduced the initial step size of
0.27 pm as the tip approached closer to the reactive region. This al-
gorithm also enabled the faster measurement of negative approach
curves with much larger step sizes of down to 20 nm (blue circles in
Figures 8A and 8D).

Intelligent Reactivity and Topography Imaging. We employed
the new algorithm (Figure 4) to demonstrate intelligent reactivity
and topography imaging without the tip—substrate contact, which
can damage the tip'® (Figure S-6A) or the substrate'® to potentially
cause artifacts. The lack of tip—substrate contact was ensured after
imaging by good fits between experimental and theoretical approach
curves (e.g., Figure S-5) as well as by the lack of tip damage (Figure
S-6B). After all approach curves were measured, intelligent reactivity
and topography images of an interdigitated Au electrode (Figures
10A and 10B, respectively) were obtained by the fitting of each ap-
proach curve with a theoretical curve to separately determine the tip

(A\) Intelligent Reactivity Image

(B) Intelligent Topography Image

current at a constant distance of d/a = 0.3 and the location of the
substrate under the tip as illustrated above (Figures 6B and 7A, re-
spectively). The reactivity image demonstrates the highest tip cur-
rents for two Au bands and lowest tip currents for two glass regions
as well as intermediate tip currents for boundaries (Figure 10A). The
intelligent reactivity image ensures the uniformly high reactivity of
the Au bands and the uniform inertness of the glass surface. The to-
pography image (Figure 10B) demonstrates grooved boundaries be-
tween Au and glass surfaces as well as the diagonal tilt of the sub-
strate from the lower corner at the left top to the higher corner at the
right bottom. The tilt of the substrate distorts the constant-height
image of the interdigitated Au electrodes (Figure 10C) to show
higher tip current at the right band than at the left band as well as
along each band from the top to the bottom, thereby yielding the
highest tip current at the bottom of the right band. The highest tip
current in the constant-height image appears as a “hot spot,” which
is disproved by the intelligent reactivity image and is attributed to
the tilt of the substrate by the intelligent topography image.

(C) Constant-Height Image
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Figure 10. Intelligent (A) reactivity and (B) topography images and (C) constant-height image of 2.8 pm-wide Au bands embedded in a grooved

glass substrate in 10 mM Ru(NHs)e* and 1 M KCl. Each pixel is equivalent to 1 pm X 1 pm. The tip was scanned laterally from the left bottom corner
and stepped upward after each line scan. The outer and inner tip radii of 0.44 pm and 0.28 pm, respectively, were determined by SEM.

Importantly, intelligent images of the interdigitated electrodes are
based on the feedback mechanisms without redox-mediated elec-
tron tunneling to quantitatively represent the reactivity and topog-
raphy of the substrates. The tip current enhanced by redox-mediated
electron tunneling was used only for the termination of the tip ap-
proach and was excluded during the post-imaging fit of approach
curves (e.g., Figure 8C). By contrast, the tip current enhanced by sol-
vent-mediated electron tunneling was used in a recent study to sep-
arately image the substrate topography from the substrate reactivity,
which was imaged in the feedback mode at a longer distance.” The
combination of SECM with STM requires a conductive substrate in
contrast to the intelligent mode based only on the SECM feedback
mechanisms. Moreover, distinguishment between feedback and
tunneling currents is challenging in the constant-height mode. Re-
cently, the constant-height image of single nanoparticles was ana-
lyzed quantitatively to find that the edges of the cubic nanoparticles
were too sharp in the experimental constant-height images to fit the
hemispherical images of the nanoparticles simulated with the posi-
tive feedback mode, where the edges were blurred by the diffusion
of a redox mediator.* This discrepancy was attributed to the contri-
bution of solvent-mediated tunneling current to the tip response,
which questions whether similar images of single spherical nanopar-
ticles based on the same experimental approach in the prior work™
resulted from the SECM feedback effect to represent the reactivity

of the nanoparticles or from tunneling current to represent their con-
ductivity. This ambiguity is an intrinsic limitation of nanoscale con-
stant-height imaging.

The time required for intelligent imaging (30 minutes for the
measurement of 121 approach curves in Figures 10A and 10B) is in-
trinsically longer owing to the repeated measurement and assess-
ment of many approach curves. The imaging time, however, can be
shortened by employing a faster tip-positioning system,” a smaller
tip, and a faster and more sophisticated computing hardware for the
analysis of approach curves as discussed in Supporting Information.

CONCLUSIONS

In this work, we developed the intelligent mode of nanoscale
SECM imaging to simultaneously obtain separate reactivity and to-
pography images of non-flat substrates with both reactive and inert
regions. This powerful imaging mode will advance SECM imaging
of single nanostructures such as molecular transport through single
nanopores,** electrocatalysis at single nanoparticles,*” and beyond.
In the intelligent mode, the post-analysis of each approach curve
constituted a quantitative topography image and a topography-inde-
pendent reactivity image. Remarkably, intelligent topography imag-
ing revealed nanoscale grooves adjacent to a Au band as quantita-
tively as SEM and AFM, which contain no reactivity information.
The nanoscale grooves were not noticeable in the constant-height



SECM image owing to the convolution of substrate reactivity with
substrate topography, which includes the tilt of the substrate. The
intelligent reactivity image traced a continuous change in the con-
stant-distance tip current at the boundary between reactive and inter
regions, which prevents the constant-current imaging.’ The intelli-
gent mode was applied to substartes with diffusion-limited reactivi-
ties under purely positive and negative feedback conditions in this
study but will be applicable to substartes with any reactivity by em-
ploying the corresponding general theory™ (eq S-5) to guide non-
contact tip approach.

The numerical post-analysis of approach curves in the intelligent
mode enabled us to assess imaging mechanisms and experimentally
propose the feedback mechanism based on long-range electron tun-
neling mediated by redox molecules. Our observations support the
theoretical prediction that redox-mediated electron tunneling is
manifested at intermediate tip—substrate distances that are longer
than required for solvent-mediated electron tunneling but are
shorter than the distances where traditional feedback effects are
dominant.”® This new feedback mechanism was useful for intelligent
imaging to enable non-contact tip positioning at a short distance
from the vertical Au edge. By contrast, redox-mediated electron tun-
neling was not reported in a recent SECM study, where the tip cur-
rent was controlled by traditional feedback effects and then by sol-
vent-mediated electron tunneling to yield an expected decay con-
stant of ~1 A~ when a tip approached an unbiased metal nanoparti-
cle on the inert substrate.” More work is needed by using biased sub-
strates to voltammetrically assess the feedback mechanism based on
redox-mediated electron tunneling, where the distance-dependence
is highly and uniquely sensitive to the substrate potential® in com-
parison with solvent-mediated electron tunneling.26
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