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Abstract

Scanning electrochemical microscopy (SECM) is a powerful technique for mapping surface
reactivity and investigating heterogeneous processes on the nanoscale. Despite significant
advances in high-resolution SECM and photo-SECM imaging, they cannot provide atomic scale
structural information about surfaces. By correlating the SECM images with atomic scale
structural and bonding information obtained by transmission electron microscopy (TEM)
techniques with one-to-one correspondence, one can elucidate the nature of the active sites and
understand the origins of heterogeneous surface reactivity. To enable multi-technique imaging
of the same nanoscale portion of the electrode surface, we develop methodology for using a
TEM finder grid as a conductive support in SECM and photo-SECM experiments. In this paper,
we present the results of our first nanoscale SECM and photo-SECM experiments on carbon

TEM grids, including imaging of semiconductor nanorods.



The overall electrode activity depends strongly on the local atomic structures, particularly those
found at defect sites, edges, and corners that determine reaction rates at specific local active
sites.! Mapping heterogeneous surface reactivity with nanoscale spatial resolution is crucially
important for developing electrocatalysts and sensors and improving their performance.*>
Another type of nanoscale measurement — activity mapping at single nanoparticles (NP) — is
required for characterization of nanostructured electrodes and electrocatalysts.5!° Nanoscale
maps of catalytic activity have previously been obtained by in-situ spectroscopic and single-

11-13 and scanning tunneling microscopy (STM).*!* Electrochemical

molecule techniques
scanning probe microscopy techniques, including scanning electrochemical microscopy
(SECM),*!>:1¢ scanning ion conductance microscopy (SICM),!” scanning electrochemical cell
microscopy (SECCM),'®!® and plasmonic-based electrochemical current imaging?® were
employed for reaction rate mapping with a typical spatial resolution ~100 nm.

The development of smaller nanotips and new approaches to tip positioning enabled
higher resolution reactivity mapping by SECM.?! In a recent study of oxygen evolution reaction
(OER) at pseudo-2D NiO nanosheets, the SECM maps visualized the OER activity of a NiO
catalyst with a sub-20 nm resolution, allowing one to locate the active sites at the NiO nanosheet
edges.?? Using electron tomography and aberration-corrected Z-contrast scanning transmission
electron microscopy (STEM) imaging, it was possible to show that the (100) nanofacet is
responsible for ~200 fold enhancement of catalytic activity at the edge. The combination of
SECM with STEM and electron energy loss spectroscopy (EELS) was employed to study the 1T
to 2H phase conversion in mixed-phase MoS, nanoflakes with the sub-20 nm spatial resolution.?’

SECM was also used to map heterogeneous reactions at single 10-20 nm NPs;’” however, this

technique cannot provide atomic scale structural information about surfaces.



Despite rapid advances in the development of in-operando imaging techniques,?* relating
electrocatalytic activities of individual active sites to atomistic scale local structural features
remains challenging. This challenge can be addressed by correlating SECM activity maps with
STEM, EELS and electron tomography. A few examples of correlated
electrochemical/microscopic studies have been carried out to date, e.g., the combination of
SECCM with scanning electron microscopy (SEM) has been used to probe the electrochemical
activity (L1 ion intercalation/deintercalation) of individual sub-micrometer LiMn>O4 particles
and visualize their size, morphology, and other properties.>> SECCM has also been used to
locally electrodeposit Pt NPs on a carbon-coated TEM grid for subsequent ex situ STEM
characterization that revealed the relationship between the applied overpotential and morphology
of the deposited Pt NPs.?® However, correlated electrochemical and TEM imaging of the same
nm-sized spot of the substrate surface has not yet been reported.

Here we develop a methodology for nanoscale SECM experiments at samples attached to
TEM grids to enable multi-technique imaging of the same nanoscale portion of the electrode
surface. Our strategy is to use a carbon-coated TEM finder grid as a conductive support for
SECM experiments rather than a working electrode.?® To be suitable for nanoscale SECM
imaging, the film must be smooth, conductive, mechanically stable, and sufficiently robust. We
also test the electrochemical response of the grid under illumination to investigate the possibility
of correlated photo-SECM/TEM imaging. Although SECM and related techniques have been

27-33 and for screening

employed in studies of photoelectrochemical processes
photoelectrochemical and photocatalytic properties of different materials,***> few nanoscale

experiments have been reported to date. The possibility of nanoscale photoSECM imaging using

through-nanotip illumination of the sample surface has recently been demonstrated.*® In this



setup originally developed for micrometer-sized SECM probes,*! an SECM tip simultaneously
serves as an electrode and a light guide to generate a microscopic light spot on the portion of the
substrate surface facing the tip. Herein, we use TiO2 nanorods®’ as a model system for photo-

SECM imaging on carbon-coated Au TEM grids.

EXPERIMENTAL

Chemicals and Materials. Ferrocenemethanol (Fc, 97%, Alfa Aesar) was sublimed
before the experiments. KCl1 (99%) was purchased from Sigma-Aldrich and used as received.
Phosphate buffer (pH 7) solution was prepared from sodium phosphate monobasic monohydrate
(98%, FisherBiotech) and sodium phosphate dibasic heptahydrate (99%, FisherBiotech). All
aqueous solutions were prepared using deionized water from the Milli-Q (18.2 MQ cm).

Single crystal rutile TiO2 nanorods (TiO2 NRs) were synthesized as described
previously.®® These NRs have the average diameter of ~200 nm and the length up ~10 pm. The
1 mg/ml dispersion of TiO; nanorods was diluted 1000 times. The diluted dispersion was
ultrasonicated for one hour prior to drop casting on a TEM grid (10 pL).

TEM Grids. 400 mesh Au finder grids with an amorphous carbon film (CF400F1-Au),
and 200 mesh Cu finder grids with an amorphous carbon film (CF200F1-Cu) were purchased
from Electron Microscopy Sciences. Both types of finder grids consist of squares identified by
numeric index marks (Fig. S1). The diameter and thickness of each grid was 3.05 mm and 0.018
mm, respectively. The area of the carbon window was 100 x 100 um? and thickness of the bar
was 20 um for Cu grid. For an Au TEM grid, these numbers are 50 x 50 pm? and 7 pum,
respectively. In both types of grids, a 5-6 nm thick film of pure carbon is deposited on one side
of the metal mesh. To control the potential of the grid, it was electrically connected to a Cu wire

using silver epoxy.



Fabrication and Characterization of SECM tips. Pt nanoelectrodes were prepared by
pulling and heat sealing 25 pm diameter Pt wires (Goodfellow) into borosilicate glass capillaries
(Drummond; OD- 1.0 mm; ID- 0.2 mm) under vacuum with a P-2000 laser pipet puller (Sutter
Instrument Co.), polished on a 50 nm alumina pad (Precision Surfaces International) under video
microscopic control as described previously®® and sonicated in ethanol/water mixture for 5-10
sec. The appropriate protection was used to avoid electrostatic damage to the nanotips.*’ The
nanoelectrodes were characterized by steady-state voltammetry, SECM approach curves, and
AFM imaging (Fig. S2), as described previously.*!

Electrochemical and AFM Experiments. Voltammograms were obtained with a CHI-
760E electrochemical workstation (CH Instruments). The three-electrode setup was used with a
0.25 mm diameter Ag wire coated with AgCl serving as a reference electrode and a 1 mm Pt
wire as a counter electrode. All experiments were carried out in a Faraday cage at room
temperature (23 + 2 °C). An XE-120 scanning probe microscope (Park Systems) was used for
imaging nanoelectrodes, TEM grids, and TiO2 nanorods. Topography imaging was carried out in
a noncontact mode using PPP-NCHR AFM probes (Nanosensors).

SECM procedures. SECM experiments were carried out using a home-built instrument
similar to that described previously.?* All solutions contained 1 mM Fc redox mediator and
either 0.1 M phosphate buffer (PB; pH7) or 0.1 M KCl as supporting electrolyte. The tip
potential, Er = 0.4 V vs Ag/AgCl was sufficiently positive for the Fc oxidation rate to be
diffusion-controlled, and the substrate was unbiased. The tip was brought within ~30 um
vertical distance from the substrate using a manual micromanipulator. Then the tip was moved

toward the substrate using the z- piezo stage over ~25 um distance with a relatively large



approach velocity (e.g., 0.5 um/s). To obtain an approach curve, the velocity was changed to a
much slower value, e.g., ~10 nm/s.

SECM experiments were carried out in a drop of solution formed on top of the TEM grid
that was placed on a glass slide. Because the carbon film is hydrophobic and the glass slide
surface is hydrophilic, the electrolyte solution may spill off from the grid to the glass surface. To
stabilize the drop on the slide surface, it was treated with 1 wt% acetonitrile solution of
3-aminopropyltriethoxysilane (Aldrich) prior to electrochemical experiments.

Photo-SECM Experiments. Photo-SECM experiments were carried out using a home-
built setup for through-tip illumination of the sample similar to that described previously.>?
Briefly, the SECM instrument was coupled with the light source (Newport Corporation) that
consists of an OPS-A500 500 W power supply, a 200 W HgXe lamp with a fiber bundle focusing
assembly (model 77776) attached to its housing (model 67005), and a broad wavelength range
optical fiber (model 78277, UV-VIS Single Fiber Cable) with a core diameter | mm. A
PM100D power and energy meter (Thorlabs) with a silicon photodiode power sensor (S130VC)
was used to detect the final output power through the bundle and optical fiber. An IR cut-off
FSQ-KG3 glass filter (Newport) was used to minimize sample heating during the experiment.
For though-tip illumination, the optical fiber was coupled to the back end of the Pt nanoelectrode
with a homemade connector, so that the glass sheath of the nanoelectrode acted as a light-guide
to create a microscopic light spot on the substrate area facing the tip.

Photo-SECM substrate generation/tip collection (SG/TC) experiments were carried out in
0.1 M borate buffer solution (pH 8.5) that contained 0.5 M Na>SO4 and no added redox species
except dissolved O2. The tip and substrate potential were Er=-1.3 V and Es = 0.6 V vs.

Hg/Hg>SO4 reference, respectively, and a Pt wire was used as a counter electrode.



RESULTS AND DISCUSSION

Characterization of TEM grids. Optical micrographs, AFM and SECM images of
TEM finder grids were obtained to evaluate their suitability as the SECM substrate support.
From optical images (Fig. S1; especially that of the Cu grid in Fig. S1B), the carbon film surface
appears to be rough and wrinkled. However, AFM images show that except the areas adjacent to
metal lines the carbon film of the TEM grid is quite smooth and flat. For instance, the roughness
of carbon film is ~1 nm over a 10x10 pm? portion of carbon surface (Fig. 1A) and <1 nm over a

2x2 nm? surface area (Fig. 1B).
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Figure 1. Non-contact mode topographic AFM images of 1010 um? (A) and 2»2 pm? (B) portions

of the carbon film of an Au TEM grid. The red lines correspond to the shown cross-sections.
Electrochemical behavior of Au and Cu TEM grids was tested by voltammetry. With no
redox species added to solution, cyclic voltammograms obtained at the Au grids were featureless
with a low background current (red curve in Fig. 2). A voltammogram of 1 mM Fcin 0.1 M PB
solution at the Au TEM grid (Fig. 2) exhibits well-defined anodic and cathodic peaks with the
separation of peak potentials, AEp, =75 mV. This value points to relatively slow kinetics of Fe
oxidation/reduction, most likely caused by airborne organic contaminants adsorbed on the carbon
surface.*” Unlike conventional carbon electrodes whose surface can be peeled, polished, or

treated with piranha solution, cleaning a 5-6 nm thick carbon film of the TEM grid is not



straightforward. Thus, a carbon TEM grid may be more useful as a conductive support for
SECM samples than a working electrode. The electrochemical response of a Cu grid is
imperfect due to slow dissolution of copper. A wave associated with Cu deposited on the tip
surface appeared on voltammograms of an SECM tip positioned near the carbon film surface
after a series of electrochemical measurements in a drop of neutral aqueous solution placed on
the copper grid (Fig. S3). This observation suggests that Cu TEM grids may not be suitable for

electrochemical experiments because it is hard to prevent the exposure of Cu to the solution.
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Figure 2. Cyclic voltammograms of an Au TEM grid in 0.1 M PB solution containing 1 mM Fc
(black curve) or no added redox species (red). Potential scan rate, v = 0.05 V/s. Arrows indicate

the potential sweep direction.

As expected from a relatively large voltammetric peak separation in Fig. 2, no high
positive feedback can be obtained when a nanotip approaches the carbon surface of a TEM grid.
Using a glass-sealed, polished Pt nanotip with RG = 10 (RG = ry/a, i.e. the ratio of glass radius to
that of the conductive disk), the tip current (i) typically increases only by ~20% of the bulk
value (it,») before the glass sheath begins to push the carbon film (Fig. 3A). Such a low positive
feedback raises the question whether the conductivity and surface reactivity of the carbon film
are sufficiently high to make it useful as a conductive substrate. However, a much higher

positive feedback (up to it~ 3it«) was measured using nanopipette-based carbon tips with a



much smaller RG of ~1.5 #* (Fig. 3B). The softness and mechanical instability of a very thin
carbon film seem to be responsible for apparently low feedback responses obtained with thick-
glass nanotips. Conceptually similar behavior was observed when an SECM tip approached
other soft samples, such as a living cell membrane.** Although nanoSECM experiments at the
bare carbon film surface may not be quantitative, an Au TEM grid can serve as a conductive
support for SECM samples. However, the thin carbon film is fragile and can be punctured by the
tip (Fig. S4A). The tip/film collision typically results in an extensive (micrometer scale) damage

to a grid window (Fig. S4B,C).
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Figure 3. SECM current-distance curves obtained with (A) a glass-sealed, polished Pt tip and
(B) pipette-based carbon tip approaching a carbon window of the Au TEM grid in 0.1 M PB
solution containing 1 mM Fc. a, nm = 100 (A) and 150 (B).

A large-scale feedback mode SECM image of a portion of the Au TEM grid (Fig. 4A)
obtained with a 1-um-radius tip shows an essentially featureless 50 * 50 pum? carbon window
surrounded by ~1 pm high carbon-coated Au lines. The carbon surface also looks flat and

uniform in the higher resolution image obtained with ~50 nm tip (Fig. 4B).
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Figure 4. Feedback mode topographic SECM images of Au TEM grid. (A) 8080 pm? image of

the entire square window of the finder grid and (B) 2x2 pm? portion of the carbon film. = 1 pm

(A) and ~50 nm (B).
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Multi-technique imaging of TiO: nanorods on TEM finder grids. Most of the drop
casted T10; nanorods attach strongly to the carbon film. Fig. S5 shows optical micrographs of
the same area of Au TEM grid after drop casting (A) and two successive washings with distilled
water (B and C). A number of nanorods can be seen at the same locations in all three panels.
This observation suggests that the nanorod attachment to the carbon film is sufficiently strong to
allow its successive imaging by different techniques.

A non-contact mode topographic AFM image of a T10; nanorod on the Au TEM grid is
shown in Fig. SA. An optical microscope coupled with the AFM was used to identify the square
of the TEM finder grid containing the rod. Then, a long-distance video microscope was used to
position the SECM nanotip above the same square of the TEM grid (Fig. S6), and the tip was
scanned over the grid window to find the same Ti1O> nanorod previously imaged by the AFM.
The feedback mode topography image of the same nanorod obtained in solution containing Fc in
the dark shows a negative feedback (Fig. 5B) that can also be seen in a current-distance curve

obtained with a ~100 nm Pt tip approaching a similar nanorod (Fig. 5C).
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Figure 5. Non-contact mode topographic AFM image (A) and feedback mode SECM image (B)
of the same L-shaped TiO2 nanorod immobilized on the Au TEM grid, and a current-distance

curve obtained with an SECM tip approaching a similar nanorod. (B, C) 0.1 M PB solution
contained 1 mM Fc. @, nm = 120 (B) and 100 nm (C).
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A similar approach was used to obtain correlated SECM/TEM images of the same TiO»
nanorod shown in Fig. 6. First, a TiO> nanorod was selected by optical microscopy (Fig. S7), and
the square containing it was identified using the finder grid index. After obtaining a TEM image
of the rod (Fig. 6A), the SECM tip was positioned above the same square, and scanned in the x-y

plane to obtain a feedback mode SECM image (Fig 6B).

Figure 6. TEM (A) and feedback mode SECM (B) images of the same T10, nanorod on the Au
TEM grid. (B) 0.1 M PB solution contained 1 mM Fc. a =100 nm

Photo-SECM on TEM grids. A photocatalytically inert carbon film can be used as a
conductive support to carry out correlated photo-SECM/TEM i1maging. An important technical
1ssue here is the possibility of temperature increase due to the substrate illumination. With the
through-tip illumination employed in our experiments, one can expect the most significant
temperature changes within the microscopic area of the substrate facing the tip, though some
heating of solution and the substrate outside the central bright spot are also possible. A local
increase in temperature should result in the tip current enhancement due to faster diffusion of
redox species in the tip/substrate gap. This effect was observed in plasmonic/SECM
experiments, where a laser served as a light source.** Using a lower intensity source (a HgXe
lamp), no significant temporal variations in it have been observed in our previous photo-SECM
experiments employing macroscopic Nb:TiO (110) rutile single crystal substrates.>® The heat

effects on nm-thick carbon film support can be more profound: the it increased markedly when
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the tip was scanned over an Au TEM grid under illumination (Fig. S8). However, this effect was
diminished by using an IR cut-off glass filter, so that no significant heat-induced temporal
variations in it were observed on the time scale of SECM imaging (cf. Fig. S8B and Fig. S8C).
Through-tip illumination also facilitated finding a specific nanorod on the TEM grid and
positioning the SECM tip above it, as shown in Fig. S9.

Unlike feedback mode SECM experiments on TEM grids discussed above, photo-SECM
imaging was carried out in the substrate generation/tip collection (SG/TC) mode, where oxygen
was produced by water oxidation at the surface of the illuminated TiO2 nanorod and reduced at

the Pt tip (Fig. S10). A photo-SECM image of two nanorods are shown in Fig. 7A. Unlike
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Figure 7. Photo-SECM imaging of oxygen evolution at TiO2 nanorods attached to an Au TEM
grid. (A) A photo-SECM map of oxygen flux generated under through-tip UV illumination (200
W HgXe lamp). (B) A line scan obtained with the same tip over two closely spaced TiO> nanorods.
The 0.1 M borate buffer solution (pH 8.5) in 0.5 M Na»SO4 contained no added redox species
except dissolved Oz. a = 100 nm; The tip was scanned in the x-y plane ~200 nm (A) and <<100
nm (B) above the top of the nanorod. Er=-1.3V, Es=0.6 V vs. Hg/Hg>SOa.
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SECM experiments in the dark (see above), no redox mediator was added to the solution to avoid
its photooxidation/reduction at the nanorods and the bulk value of the tip current, it~ 13 pA is
due to the oxygen reduction reaction (ORR). The tip positioning over a nanorod was monitored
by a video microscope, and it was brought close to its rod surface by monitoring negative
feedback current of ORR without illumination. When UV light was turned on, the oxygen flux
due to the water oxidation was mapped with the tip scanned laterally over the surface of a long
(~8 um) nanorod and a shorter rod adjacent to it (Fig. 7A). No measurable oxygen evolution
occurred at the photoelectrochemically inert carbon surface. The reduction of protons produced
during water oxidation at the nanorod may have also contributed to the measured tip current.
However, in a concentrated (0.1 M) pH 8.5 borate buffer solution the flux of protons to the tip
should be relatively small.

A line scan obtained with the same tip scanned over another pair of closely spaced
nanorods (Fig. 7B) is very different: while the current over the carbon surface (~12 pA) is only
slightly lower than that in Fig. 7A, the maximum ORR current over the rod surface is ~50 times
higher. All experimental conditions in Figs. 7A and 7B are similar except the distance between
the tip and the top of the nanorod (~200 nm in A and <<100 nm in B; the exact distance could
not be determined because the solution contained no redox mediator, and the ORR current at the
tip was not limited by diffusion). Although the theory required for quantitative analysis of this
data is not presently available, the very large increase in it at small separation distance is due to
the combined effect of rapid mass transfer in the narrow tip/nanorod gap and significantly higher
light intensity on the rod surface facing the tip. The carbon film conductivity is sufficiently high
to support such a large local current density, which is essential for mapping electrocatalytic

nanostructures on TEM grids.
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In conclusion, we have developed methodologies for nanoscale SECM and photo-SECM
experiments in which an amorphous carbon film of the TEM finder grid served as a conductive
substrate support. This setup enabled multi-technique (i.e. SECM/TEM and SECM/AFM)
imaging of the same nanorod. These results suggest the possibility of correlating SECM activity
maps with STEM images of the same nanoscale portion of the electrode surface to obtain
spatially resolved mechanistic information about electrocatalytic active sites. In photo-SECM
experiments with the through-tip illumination, a nanoelectrode simultaneously served as a light
guide and electrochemical probe to image TiO2 nanorods on TEM grids in a SG/TC mode. To
our knowledge, this is the first reported SECM imaging of a photoelectrochemical reaction at a
single semiconductive nanostructure. Correlative photo-SECM/TEM imaging can open new
avenues for probing active sites and surface defects that are essential for the photocatalytic and

photovoltaic applications of nanostructured semiconductor electrodes.?”-38:43:46

Supporting Information

Optical micrographs of TEM grids and TiOz nanorods, characterization of polished Pt tips,
additional voltammograms, SECM approach curves and images, and schematic representation of
the experimental setup. This material is available free of charge via the Internet at

http://pubs.acs.org.
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