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ABSTRACT

Thin-wall metal ultramicro- and nanoelectrodes (UMEs/NEs), especially gold-based ones, are key probes for high-resolution
electrochemical microscopy, biosensing, and nanoscale interfacial studies. Yet, their broader use remains limited by fragility,
low detection sensitivity, and the lack of scalable fabrication methods. Here, we present a template-assisted, non-self-limited
polyol-based growth strategy that realizes single-crystalline, thin-walled Au UMEs/NEs, as well as multifunctional probes,
with high yield (>80%). The method provides precise control over electrode dimensions, from sub-100 nm to micron-scale
radii while the massively parallel polyol growth step overcomes the key bottleneck in scalable nanoelectrode preparation by
reliably producing long, continuous single-crystal metal cores. Structural and electrochemical characterization confirm twinned
single-crystal Au cores, seamless Au/glass interfaces, and stable performance. Through direct comparison across radii, we
show that smaller electrodes consistently exhibit higher surface reactivities, boosting chemical detection sensitivity. In scanning
photoelectrochemical microscopy, these NEs achieve an illumination-dependent spatial resolution of ~250 nm, <1 pA current
sensitivity, a detection limit of ~11.0 uM, and over 7 h of operational stability. In bulk electrolytes, the single-crystalline electrodes
achieve ultralow detection limits down to 79 nM, markedly enhancing the signal-to-noise ratio in nanoscale electrochemical
measurements. Finally, we demonstrate growth in double-barrel pipettes for multifunctional probes and extend the approach to
Pt NEs. This scalable method overcomes longstanding limitations in NE fabrication, enabling advanced electrochemical imaging
and its combination with tip-enhanced spectroscopic methods. The single-crystalline architecture also opens new frontiers in
catalysis, interfacial electrochemistry, biosensing, and molecular-scale investigations.

1 | Introduction

unique advantages enable investigation of numerous phenomena

Nanoelectrodes (NEs), with radii below ~100 nm, serve as
powerful probes for investigating electrochemical processes at
the nanoscale [1, 2]. This is largely due to their size being
much smaller than the diffusion layer thickness, resulting in
extremely high mass transport rates, low ohmic losses, small
RC time constants, and fast steady-state responses [1, 3]. These

and processes that cannot be studied at macroscale electrodes,
including electrochemistry of individual molecules [4-6] and
nanoparticles [7-10], formation and growth of transient metal
nuclei [11, 2], nanobubbles [13-15], short-lifetime intermediates
[16, 17], rapid heterogeneous electron transfer kinetics [18-
20], and non-invasive electrochemistry inside living cells [21].
Among all metals, gold NEs find more extensive applications in
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FIGURE 1 | Thin-wall metal nanoelectrodes. (a) Schematic illustration of the implementation of the electrodes for electrochemical microscopy
technologies (e.g. SECM, EC-STM, and SECM-AFM), and other potential applications. (b) Schematic illustration demonstrating flexibility of the wet-
chemical approach in obtaining various physically-contacted thin-wall electrochemical probes having different material, geometry, and sizes (see
experimental examples in Figure 4c—f). Using salt of different metals can enable fabrication of different metal NEs. Complete chemical growth of gold
metal inside single-barrel and asymmetric double-barrel nanopipettes enables high-throughput fabrication of disc-shape gold micro-/nanoelectrodes and
multi-functional nanoelectrodes. A partial cross-sectional FIB cutting enables fabrication of recessed L-shape metal nanoelectrodes. (c) SEM images of a
typical thin-wall gold nanoelectrode with a disc-shape geometry. (d) Schematic illustration demonstrating the mass production of metal nanoelectrodes
using a wet-chemical growth approach inside a muffle furnace. Multiple glass vials are processed simultaneously within the furnace, showcasing the
scalability of the fabrication method for large-scale production of nanoelectrodes.

bio-analysis [22-24] and catalysis [25] research due to their inert- with randomly oriented crystallites and grain boundaries [30,
ness, high surface reactivity and higher affinity for biomolecules 31]. Most importantly, the resulting NEs typically feature a
and chemical bonds (Figure 1a). thick glass insulation sheath, with a glass-to-conductive core

radius ratio (known as the RG value) substantially exceed-
Laser pulling of glass-sealed metal microwires is a common ing 10, resulting in overall dimensions within the micrometer
technique for fabricating disc-shape metal NEs [26, 27]. However, scale [27].
despite the huge improvements in the past decades for achiev-
ing platinum ultramicro-/nanoelectrodes (UMEs/NEs) [26, 28], Nanoelectrodes with small RGs, e.g. 1.2-2, have emerged as
challenges still exist to reproducibly and massively produce high- critical tools for probing neurotransmitters, and achieving ultra-
quality, “leak-free”, gold NEs. This is primarily due to the large high spatial resolution in chemical [32, 33] and spectroscopic
difference between the melting point of gold (1064°C) and quartz (near-field) imaging [34-37]. This originates from their small
(1710°C), resulting in low success rate for pulling continuous footprint, minimizing the mechanical damage to a cell in neuro-
gold NEs and a poor seal at the gold/glass interface. This leads biology and allowing extremely small tip-to-substrate distances
to an unstable electrochemical performance [18] and necessi- in scanning electrochemical microscopy (SECM), critical for
tates transmission electron microscopy (TEM) for controlling enhanced detection sensitivity [32]. Despite huge efforts in
the fabrication [29], severely limiting the throughput of the advancing the fabrication of such NEs, for example by using
process. In addition, laser-pulled electrodes, while exhibiting a thin polymer coating on metal micro-/nanowires [38], or by
some degree of grain alignment, are usually polycrystalline reducing the thickness of the glass sheath of laser-pulled NEs by

20f16 Small, 2026



chemical etching [39], mechanical polishing [40], or local heating
[33, 41], these processes remain either very time-consuming and
challenging or frequently result in a defective insulating sheath
having parasitic current leakage.

Glass nanopipettes, instead, are thin-wall nano-pore structures
that are nowadays easily fabricated with sub-50 nm orifice
sizes at uniquely high yield and repeatability [42-44]. Recently,
room-temperature template-assisted chemical and electrochem-
ical deposition of metals in glass nanopipettes has been found
as a promising approach for controlled fabrication of low-
RG-value metal NEs [45-48]. However, crystal growth is a
self-limited process in all these methods, resulting in short-
length deposits and limiting the performance only to a wireless
bipolar electrochemical contacting approach [49, 50]. Moreover,
the yield of these serial fabrication processes remains low, and
poor sealing at metal/glass interface, especially for larger-size
NEs [48], remains an issue, leading to a high background
ionic current in addition to the Faradaic current detection.
Thus, it is necessary to develop a high-throughput processing
method for deposition of very long length Au crystals and
realization of high-quality physically-contacted thin-wall Au
NEs.

In this work, we present a polyol-based method for template-
assisted 1D growth of single-crystalline gold within borosilicate
nanopipettes, overcoming the longstanding bottleneck of scal-
able fabrication of physically contacted, thin-walled gold NEs
(Figure 1). Leveraging heated ethylene glycol as both solvent
and weak reducing agent, our process uniquely enables non-
self-limited crystal growth, yielding continuous single-crystalline
gold deposits extending over hundreds of microns and allowing
reliable physical contacting (Figure 1b). While serial template
preparation and tip finishing steps remain, the massively parallel
polyol growth step eliminates the key barrier to producing contin-
uous single-crystal metal cores at scale (>80% batch success rate;
Figure 1c,d), unlike previous wet-chemical approaches [45-48].
The resulting electrodes uniquely combine low RG values (down
to ~1.6), tunable radii from ~50 nm to >2 pm, seamless gold-
glass interfaces, and robust long-term stability in both aqueous
environments and air. Leveraging the precision of glass capillary
pulling, the method is inherently versatile (Figure 1b), supporting
multifunctional designs (dual, double-barrel, recessed L-shape)
and is extendable to other metals of technological importance
(Pt, Ag, Cu, Pd, Bi). Beyond fabrication, we uncover a size-
dependent reactivity during hydrogen evolution reaction, where
smaller single-crystalline nanoelectrodes display enhanced activ-
ity and sensitivity, achieving bulk detection limits as low as
94 nM (79 nM for microelectrodes). We further demonstrate
their viability for photo-SECM by imaging weak photo-oxidation
over atomically flat gold microflakes with subwavelength spatial
resolution (~250 nm, illumination dependent), ultralow current
step detection (<1 pA), excellent detection limits (~11.0 um), and
long-term operational stability (>7 h). Altogether, this approach
establishes a high-throughput and generalizable route to single-
crystalline metallic nanoelectrodes, overcoming the challenge
of reliably producing long and continuous metal cores. The
combination of single-crystalline gold and thin-walled geometry
also unlocks new opportunities for high-performance nanoelec-
trochemistry, including integration with near-field spectroscopies
[51, 52] (e.g., SERS/TERS), toward probing fundamental interfa-

cial processes such as double-layer structure and biomolecular
interactions [15, 53].

2 | Results

2.1 | Gold Nanoelectrode Fabrication

A thin-wall (i.e. low-RG-value) NE is defined as an electrode
with an RG value smaller than 10, preferably less than ~2, which
corresponds to a wall thickness equal to the core radius and
an optimum back-diffusion of chemical species (Section S1).
Fabrication of thin-wall Au NEs was achieved by developing a
unique polyol-based wet chemical growth process inside glass
nanopipette templates, inspired by a 2D growth method for
single-crystalline Au micro-flakes on glass substrates that we
recently reported [54]. The process involves three main stages as
illustrated in Figure 2a. Briefly, borosilicate glass nanopipettes
are fabricated by a laser pulling process (Figure 2a.i) and used
as templates for selective growth of long-length gold deposits
at the very end of the nanopipette (Figure 2a.ii,b,c) followed
by its physical contacting to an electrochemically sharpened
tungsten micro-wire under an optical microscope (Figure 2a.iii).
A tip finishing step, like focused ion-beam milling (FIB) or
gentle mechanical polishing [55], is finally performed to cut any
protruded Au deposit and realize perfect disc-shape Au NEs.
We note that our growth method can result in NEs with a
nanosized conical protrusion (Figures S5b and S10d), or even
disc-shapes (Figure S6), excluding the need for the final step
for applications, e.g. biosensing [23] and spectroscopic [37, 56]
imaging, where roughened surfaces are preferred over ideal disc
geometries [23, 57, 58].

Glass nanopipettes with exceptionally short-taper (~300 pm)
and ultra-fine (sub 20 nm) openings are fabricated by an
optimized combination of laser-shrinking and laser pulling
of borosilicate glass capillaries having large inner diameters
(Section S2 and Methods for complete details). Critically, the
excellent (~90%) reproducibility of such ideal-shape borosilicate
nanopipettes (Figures S2b and S3b), ensures the overall reliability
of the nanoelectrode fabrication method.

For fabrication of Au NEs (Section S3 and Methods), the glass
nanopipettes are back filled with a growth solution containing
AuCl,~ ions in ethylene glycol (EG) using a home-built glass
injector, and then immediately inserted vertically in glass vials
containing EG and sodium borohydride (NaBH,). Next, the
vials are promptly transferred to a furnace heated at 110°C
for accelerating the gold deposit growth via a polyol synthesis
process. During the heating process, the aldehyde groups (—CHO)
of the heated EG continuously reduce the AuCl,~ ions into gold
nanocrystals [54] whose directional growth is then accelerated
by the strongly reducing BH,~ ions. The temperature-dependent
aldehyde formation in EG is key in suppressing unwanted
nanoparticle deposition and enabling selective growth of large
gold deposits even after the nanopipette orifice has closed,
thereby overcoming the self-limited internal growth typical of
conventional wet-chemical methods [45-47].

We performed several concentration studies revealing that (i)
gold nucleation is initiated by a confinement effect close to the
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Fabrication process and quality analysis for thin-wall single-crystalline gold nanoelectrodes. (a) Schematic illustration of wet chemical

growth of thin-wall gold nanoelectrodes. (i) Pulling of glass capillaries into sub-20 nm glass nanopipettes. (ii) Filling the nanopipettes with a growth
solution containing AuCl,~ ions in ethylene glycol and insertion of the filled nanopipette into a bulk media containing ethylene glycol and sodium
borohydride. Huge gold crystal grows inside the nanopipette via a polyol-assisted process. (iii) Physical contacting by connecting an electrochemically
sharpened tungsten micro-wire to the large-size gold deposit. Transmission (b) and reflection-mode (c) optical micrographs of an as-grown >200 um
long, gold deposit inside the glass nanopipette. (d) Tilted-view SEM image of a FIB-cut gold nanoelectrode at 54° angle. (e) Top-view BF-TEM image of
a sliced lamella of gold nanoelectrode. (f) High-magnification BF-TEM image of the gold-glass interface marked with a red dashed rectangle in (e). (g)
Orientation map of the Au crystal with respect to the axis of the nanoelectrode shown in (e), with {111} 3 twins overlayed in white. The inset shows
the corresponding color legend. (h—j) SEM images of an axially FIB cut Au NE measured by an in-lens backscattered electron detector. They show the
perfect sealing and single-crystallinity of the gold deposit along the glass capillary. The Au NE was exceptionally coated with a 10 nm carbon layer for
decreasing the charging and drifting problem during the FIB cutting process.

orifice rather than randomly across the nanopipette body (Figure
S8), (ii) diffusion of both NaBH, and AuCl,™ is critical for the
growth process, the latter determining the morphology of the
growing crystal (Figures S8 and S9), and (iii) a time-dependent
concentration (increasing) of AuCl,~ enables selective growth
of long gold deposits while minimizing unwanted nanoparticle
on the outer surface of the glass capillary (Figure S10b,d). To
achieve the latter, the nanopipette tip is thus first dipped in pure
EG while a high AuCl," solution is backfilled. We also observed
that optimized growth conditions are necessary to avoid a severe
chemical attack to the thin glass close to the nanopipette apex at
both high AuCl, ions and NaBH, concentrations, an effect that
is strongly enhanced by increasing the growth temperature and
time (Figures S8,S9, and S11). After a final FIB-milling step, which
allows straightforward inspection and controlled removal of any

damaged glass section, we reach a disc-shaped gold electrode
(Figure 2d; Figure S5c,d). Overall, we found that 0.125 M AuCl,~
in EG growth solution, 0.5 mL of 200 mM NaBH, in ethanol
in 2 ml EG bulk media, 110°C growth temperature and 24 h
growth time are optimized conditions for obtaining small-size Au
NEs. When using ~20 nm radius glass nanopipettes as starting
point, this process results in ~80% success rate for achieving
around 300 um continuous gold deposits completely filling the
conical part of the nanopipette with the least amount of unwanted
growth residues in the pipette stem and on the exterior surfaces
(Figure 2b,c; Figure S4). After FIB cutting, a sub-100 nm-radius
Au NE can be reliably obtained (Figure 2d; Figure S5c).

The ~300 um typical gold deposit length obtained with the
described method is about 130, 10, and 15 times higher than
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the ones previous obtained by bipolar electrochemistry [47],
electrochemical deposition [46] and interfacial reaction [45]
methods, respectively. Together with the optimized nanopipette
short-taper, it ultimately enables standard physical contacting of
the NEs using metal wires. This is indeed critical to overcome
unavoidable limitations of bipolar electrochemical contacting
such as poor long-term stability and current-concentration non-
linearity [49, 50, 59] (Section S5). Reliable electrical connection
was achieved with >90% reproducibility, either by a simple tung-
sten micro-wire contacting strategy (Section S6 and Figure S15) or
directly using commercially available 25 um W wires for excep-
tionally long Au deposits (Figure S17). Overall, although serial
template preparation and tip finishing steps remain unavoidable,
the massively parallel polyol growth step (Figure 1d; Figure S4)
allows to reliably obtain continuous single-crystal metal cores
at scale, eliminating a key barrier to massively producing tens
of nanoelectrodes for advanced electrochemical probing and
imaging applications.

2.2 | Material Characterization

Quality of the fabricated electrodes was assessed by electron
microscopy and via an electrochemical analysis approach, to
resolve details of the physical and chemical properties, respec-
tively. Figure 2d shows an SEM image of a typical Au NE after
physical contacting and FIB cutting processes. The Au disc is
highly circular with a geometrical radius of 85 nm, the glass
sheath is thin (~85 nm) and the gold/glass interface is free
of visible (>nm-scale) gaps. Axial FIB cutting on a different
Au NE showed that the gold/glass interface remains equally
seamless even up to tens of micrometers from the very end
(Figure 2h-j). This suggests a complete chemical growth of Au,
filling its template shape, and promises a large flexibility for the
fabrication of Au NEs having different sizes by this approach
(Figure S5c,d; Figure 4a,b; Figure S28a—-e), from microelectrodes
to nanoelectrodes. Bright-field (BF) TEM imaging of a thin
FIB cross-section of the electrode shown in Figure 2d further
confirmed the seamless quality of gold/glass interface (no gaps,
Figure 2e,f), indicating a complete chemical growth for the Au
deposit.

Remarkably, TEM images revealed the single crystalline nature
of the gold deposit. A precession-assisted TEM experiment
for crystal orientation mapping [60] (Figure 2g) showed the
existence of characteristic twins in gold, precisely X3 twin
boundaries, characterized by a 60° rotation around <111> crystal
axis (Figure S19f) [61]. The twinning planes are parallel to
{111} planes for crystal grains at both sides, revealing coher-
ent twins, precisely {111} =3 grain boundaries (Figure S20a,c).
Crystal domains are oriented [7 7 11] and [-3,—3,—8] along
the NE axis, for the bigger and the two smaller domains,
respectively. The orientation mapping on a bigger sized NE
(Figure S19a—c) prepared by FIB cross-sectioning further from
the tip showed the same {111} ¥3 twinned boundary structure
with increased number of crystal grains as well as [7 5 11]
and [-6,—4,—11] orientations along the NE axis, for the bigger
and for the smaller domains, respectively. These orientations
reveal a preferred close-to-<111> orientation, as highlighted
by the plot of the inverse pole figures along the NE axis
where the intensities are distributed closer to the [111] pole

(Figure S20b,d). The misorientation of the <111> crystal axis
of the larger grain with respect to the NE axis is 18.0° for
the bigger NE, but only 12.7° for the smaller NE. The authors
anticipate that smaller nanoelectrodes (<100 nm radius) would
exhibit crystallographic orientations closer to <111>. Some clues
to understand this phenomenon can be related to a slight change
in the crystal growth trajectory during the growth process inside
the conical nanopipette channel observed at micrometer scale
(Figure S22), or the change in position of the twin boundaries
inside the Au disc observed at nanometer scale with serial
FIB cross-sectioning (Figure S21) both resulting from the mis-
alignment between the <111> crystal axis and the pipette axis.
Further in-depth studies are needed to investigate the underlying
growth mechanism as well as its role in the formation of the
record-large metal deposit achieved through our polyol-based
method.

2.3 | Electrochemical Characterization

To test the electrical contact of the NEs and electrochemi-
cally examine their geometrical size we performed outer-sphere
cyclic voltammetry experiments in redox couple solutions [62]
(see Methods). Figure 3a shows the voltammetric response of
a Au NE analogous to Figure 2d at two different scan rates
in an electrolyte solution containing 1 mM ferrocene methanol
(FcMeOH) in 0.125 M KCl. It can be seen that the electrode
exhibits a well-defined sigmoidal CV with a plateau diffusion
limiting current and almost no hysteresis at low scan rates, i.e.
10 mV.s~!. Importantly, it remains in this steady-state condition
even at scan rates as high as 0.5 V.s™'. This indicates the good
electrical contact and high surface reactivity of the electrodes,
and confirms the absence of any solution-filled gap at the
gold/glass interface [18, 63], as well as an inner-sphere interaction
between gold and ferrocene [64]. We note that measurements
on Au NEs/UMEs in a 2 mM ferrocyanide solution in 0.25
M Na,SO, instead exhibited a dependence on the oxidative
potential window: scanning to higher oxidative potentials led to a
flatter mass-transport-limited regime accompanied by increased
hysteresis (Figure S23). This behavior arises from an inner-sphere
oxidative dissolution process between gold and cyanide [59, 65],
occurring concurrently with the outer-sphere electro-oxidation
of Fe(CN),*~. In fact, when tested in a FcMeOH electrolyte—
governed by a purely outer-sphere mechanism on gold—the
same electrodes displayed textbook voltammograms with a flat
mass-transport-limited regime at low potentials and minimal
hysteresis, which remained negligible even at scan rates as high as
2V-s~1 (Figures S23c,d and S24) [66]. We therefore caution against
using gold nanoelectrodes for ferro-/ferricyanide studies, as the
unwanted interactions compromise stability and reliability of the
electrodes.

Considering a disc-shape NE with thin glass walls, the radius of
the electrode can be calculated from the diffusion-limited steady-
state current:

iT,c0 = gnFDC *r (1)
where n is the number of electrons transferred, F is Faraday’s

constant, r is the core radius, D and C* are the diffusivity and
bulk concentration of Fe(CN)y*~ molecules, respectively. The
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FIGURE 3 | Electrochemical characterization, electrode stability and process reproducibility. (a) Cyclic voltammograms of a nanoelectrode

analogous to Figure 2d in an electrolyte solution containing 1 mMm ferrocene methanol (FcMeOH) redox molecules in 0.125 M KCl,q ) at low and high
scan speeds. A faraday cage was used for these measurements. (b) Two-cycles cyclic voltammograms of the nanoelectrode, from HER to gold redox

potential windows, at 10 mV.s™!

in a 50 mM H,SO, electrolyte. The inset shows perfect overlap of the gold redox peaks over two consecutive cycles of

CVs up to the HER triggering regime, i.e. —0.8 V vs Ag/AgCl. (c) Cyclic voltammograms of the nanoelectrode in the same electrolyte as (b) at 10 and 500
mV.s~! scan speeds within the double-layer potential window. (d) Plot of total capacitance as a function of scan rate for the perfect Au NE in Figure 2d
and imperfect NEs in Figure S27a,d. (e) Stability of a ~80 nm-radius Au NE over 50 cycles (~70 min) at 50 mV.s~! in a 50 mM H,SO, electrolyte. (f)
Statistical analysis results for disc-shape nanoelectrodes fabricated in the same batch (total of 26 empty nanopipettes) by the wet chemical approach.

The inset shows analysis result for disc-shape Au NEs obtained by controlled FIB cutting for a specific electrode radius, e.g. ~170 nm.

geometrical factor g is dependent on the glass wall thickness, as
follows,

g =4.00+4B(RG - C)° )
Using the literature-established values of B = 0.1380, C = 0.6723,
D = —0.8686, [67, 68] and an RG value of 2 for the electrode,
the measured 26 pA limiting current corresponds to an estimated

electrode radius of 90 nm that closely matches the geometrical
radius estimated by SEM (~85 nm).

Since outer-sphere voltammetry is nonetheless largely insensitive
to surface composition and nanoscale imperfections [69], both
perfect and imperfect Au NE/UMEs can exhibit excellent CV
responses (Figure S23). Thus, blank voltammetry in H,SO, has
been established as a more reliable approach for evaluating
surface chemistry, electrochemical surface area (ECSA), and
electrode roughness (RF value) [62]. Figure 3b shows two con-
secutive CV cycles of the same NE in a 50 mM H,SO, solution
at 10 mV.s™' scan rate in a potential window covering both the
hydrogen evolution reaction (HER) and gold redox processes.
The presence of clear gold oxidation and reduction peaks at
1.4 and 0.84 V vs Ag/AgCl is indicative of a clean gold surface
[18, 62]. From the consumed charge under the gold reduction
peak (390 pC.cm~2), we estimated a RF value of ~7, in line
with those of typical NEs (between 1.2 and 12), due to likely

deviations from a 1:1 stoichiometric monolayer formation of gold
oxide/hydroxyl and its reduction at nanoscale [70-72]. Our CV
measurements at varying oxidative potentials clearly show that
the integrated reduction charge increases with the maximum
potential applied [73], resulting in different apparent ECSAs
and consequently in over- or underestimation of electrode size
if the measurements are not confined to a potential window
corresponding to 1:1 stoichiometric monolayer formation. On the
other hand, the sealing quality (gold/glass interface quality) of the
NEs, can be reliably confirmed by two features of the CV scans:
(i) the highly retraceable CV curves in the HER and gold redox
potential regimes (Figure 3b), as any interfacial defect would lead
to unreproducible measurements, and (ii) the flat profile of the
CV baseline within the double layer regime up to scan rates as
high as 0.5 V.s™ (Figure 3c), as defect would otherwise result in
tilted scans due to resistive contributions [69, 74]. Additionally,
the negligible (<2 times) dependency of the calculated double-
layer capacitance (Cy) on the scan rate (Figure 3d), especially
at scan rates smaller than 100 mV.s™!, further supports the gap-
free nature of the gold/glass electrochemical interface, as defects
could resultin orders of magnitude increase in the Cy, value due to
the variation of the iR drop [74]. Indeed, experiments on selected
defective NEs having different gap sizes confirm for the first time
the unique sensitivity of these assessment techniques to sealing
quality (Figure 3d; Figures S26 and S27), —beyond the reach of
conventional outer-sphere voltammetry (Figure S26).
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2.4 | Gold Nanoelectrode Stability

Stability of the electrodes was also evaluated by performing
50 cycles of CVs within the HER and gold redox regimes,
corresponding to ~75 min of electrochemical experiment in 50
mM H,SO, solution. As can be seen from Figure 3e, showing
all 50 cycles, there is no obvious change in the CV response
of the nanoelectrode, supporting the sealing quality inferred
from the electrochemical analyses. Consistently, repeated outer-
sphere CV cycling in FcMeOH electrolytes demonstrated excel-
lent stability for our gold electrodes (Figure S26a,b), whereas
inner-sphere cycling again revealed clear differences between
perfect and imperfect electrodes (Figure S26¢,d). Nonetheless,
SEM imagining before and after the cycling treatments shows
a slight recession for the NE due to electrochemical etching
of gold during its redox process (Figure S31d,e). While this
is an inevitable damaging mechanism for small NEs [41], in
our tips it interestingly happens in a smooth, layer-by-layer
manner due to the single-crystalline nature of the grains, and
the low-energy coherent nature of the {111} £3 twin boundaries
in our Au NEs [61]. Thus, the twin boundaries are still evident
on the tested electrodes and, most importantly, the gold/glass
interface does not deteriorate. This allows prolonged operation
and uniquely enables the possibility of easy re-using the elec-
trodes after a recovery FIB cutting process (Figure S31f) or a
gentle mechanical polishing. Notably, the electrodes exhibited
nearly identical electrochemical performance even after long-
term storage (e.g., over three months) in air, demonstrating excep-
tional stability in electrical connection and surface reactivity
(Figure S31c).

Overall, our comprehensive physical and electrochemical char-
acterizations indicate the high quality of the single-crystalline
Au NEs fabricated via the polyol-based growth method, ensuring
a stable electrochemical performance for advanced scientific
research. This represents a significant breakthrough in the fabri-
cation of high-quality thin-wall Au NEs, overcoming longstand-
ing challenges. Unlike secondary electrochemical deposition
methods using recessed NEs, which often result in porous Au
structures with inconsistent and unpredictable electrochemical
behavior [23, 75], our approach reliably delivers solid and gap-free
thin-wall disc-shape electrodes with excellent electrochemical
performance and durability.

2.5 | Reproducibility and Size Distribution

To quantify the reproducibility, reliability, and scalability of our
overall fabrication protocol, we measured the size distribution
of one batch of fabricated Au NEs from their SEM images
(Figure 3f). In this instance, we pulled 13 glass capillaries into
26 identical nanopipettes having a ~20 nm-radius orifice size
(>90% yield). Importantly, our polyol-based growth step enables
massively parallel preparation of long and continuous Au cores
inside these templates, which has not been achieved by prior
wet-chemical growth methods. Conventional laser pulling of
glass-sealed metal wires is a serial process and often results
in discontinuous cores and poor reproducibility, whereas our
approach allows the simultaneous production of tens of gold-
filled nanopipettes with high reliability. After the parallel chemi-
cal growth, we performed serial physical contacting and FIB cut-

ting processes, obtaining 22 Au NEs with large-size Au deposits
and perfect disc-shape geometry (>80% reproducibility). The
discarded NEs either had a relatively shorter Au deposit or a slight
gap at the gold/glass interface. Remarkably, the size distribution
is very narrow, spanning from ~55 to ~170 nm. Importantly, the
as-grown size distribution can be further narrowed by controlling
the cutting size during the FIB step toward a specific electrode
size, e.g. 175 + 10 nm (see inset in Figure 3f; Figure S7b-d). Overall,
by benefiting from the highly reliable glass capillary pulling pro-
cess and, most critically, from the massive parallelization of the
growth step, the reported approach offers high-throughput and
controllable fabrication of metallic nanoelectrodes with a specific
size — a capability that has not been demonstrated before in the
metallic nanoelectrode literature and that is essential for many
applications.

2.6 | Size Effects on Electrochemical Response

An interesting possibility opened by our approach, is the direct
comparison of the electrochemical performance of Au NE with
different radii. In fact, the size of the Au NE depends on
the nanopipette template and the single crystalline nature of
the Au offers excellent control onto the tip material. We thus
repeated our detailed quality assessment on disc-shape Au NEs
having sizes ranging from ~45 to ~550 nm radii. Figure S28a-e
shows SEM images of the studied electrodes. From the outer-
sphere (Fe(CN),*~ oxidation) voltammograms (Figure S30a),
we confirmed that the electrochemically calculated radius is
similar to the geometrical values measured from SEM images.
As noted before by purely outer-sphere FcMeOH testing (Figures
S23 and S24), any observed hysteresis, cross-over, or deviations
from a flat mass-transport-limited regime arise from inner-sphere
interactions between gold with Fe(CN)s*/3~ [59, 64, 65], rather
than from electrode imperfections. Normalization of the CVs to
the limiting current values of the oxidation waves revealed no
obvious size-dependency for the half-wave potential, E,/,, and
thus surface reactivity for Fe(CN)*~ oxidation on different size
electrodes (Figure S30b). This is in agreement with the surface
insensitivity of this fast reaction based on outer-sphere charge
transport mechanisms [69, 64].

Figure 4g shows the CV response of the studied electrodes in
50 mM H,SO, solution. The electrodes show well-defined gold
redox peaks with a lower current value for smaller electrodes.
Interestingly, a significant positive potential shift of the gold
reduction peak is observed by decreasing the electrode radius
from ~550 to 75 nm, followed by a negative shift for the 45
nm-radius NE. While the observed negative shift for the ~45
nm-radius NE is in agreement with the previous reports on Au
NEs [76] and Ag NPs [77] and is attributed to a change in the
standard potential of Au and Au oxide, we could not clarify the
observed positive shifts for larger electrodes and it will be the
subject of future research. Testing the electrodes in the HER
regime (Figure 4h) interestingly showed that the HER onset
potential also decreases with the electrode size, resulting in an
enhancement of the current and thus a non-trivial increase of the
current density, i.e. surface reactivity, with size (Figure 4h).

A two-slope HER regime was observed for sub-100 nm NEs,
i.e. the 75 and 45 nm samples, corresponding to an enhanced
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FIGURE 4 | Electrode versatility, size effect, and photoelectrochemical imaging. (a,b) Tilted-view SEM images of a disc-shape Au NE and an Au
UME having different core sizes (Figure S28a—e for all electrode sizes). (c-f) Tilted-view SEM images of (c) a platinum nanoelectrode, (d) a recessed
L-shape gold nanoelectrode, (e) a double-barrel gold nanoelectrode (left barrel: Au, right barrel: empty), and (f) a dual gold nanoelectrode. (g) Cyclic
voltammograms of the gold nanoelectrodes in 50 mm H,SO, within the gold redox and (h) HER regimes. (i) Constant-height photo-SECM image of
photo-oxidation of Fe(CN)s*~ molecules on a single-crystalline gold micro-flake surface on a TiO, substrate, analogous to Figure S32b. The image was
obtained with a 200 nm-radius Au NE biased at a 0.4 V vs Ag/AgCl in a 4 mM Fe(CN)¢*~ in 0.25 M Na,SO, solution, a 516 nm focused laser excitation (10
uW), and at 200 nm scan-line spacings in a point-to-point measurement. (j) Time traces of tip current obtained from the Au NE upon local illumination
of the TiO, substrate and Au micro-flake with an excitation wavelength of 516 + 10 nm at different light intensities (2.8-82 uW). The tip was biased at 0 V
vs Ag/AgCl reference electrode to operate in substrate generation-tip collection mode. (k) Higher resolution (100 nm scan-line spacing) point-to-point
photo-SECM image and the corresponding line scans of the flake edge marked with a black dashed rectangle. (1) Continuous-scan photo-SECM image
and the full-frame-averaged line scans of the flake edge symbolically indicated by a red dashed rectangle in Figure 4i; the corresponding SEM and optical
images are shown in Figure S34a,d. No post-processing is applied to the spatial data.

H adsorption before triggering of HER [78] (Figure S28k-0). 2.7 | Photoelectrochemical Imaging

All studied electrodes showed a stable voltammetry response

during cycling up to the HER potential regime (Figure S28k- To further validate the functionality of our single-crystalline
0), a flat CV response at high scan rates (Figure S28f-j), Au NEs in real SECM experiments, we performed imaging of
and a negligible (<2 times) dependency for C; to the scan a photo-oxidation reaction on ~20 nm-thick single-crystalline
rate (Figure S29b), indicating a high quality for the gold/glass ~ Au micro-flakes (Au MFs) on a TiO, substrate [54] using a 215
interface [74]. Notably, a higher Cy value was calculated for nm-radius Au NE tip (Figure S32). Specifically, we immerse the
smaller size electrodes (Figure S29b), [74] in line with our flakes in a solution of 4 mM Fe(CN),*~ in 0.25 M Na,SO,. We
observed stronger H adsorption/desorption processes that con-  electrochemically position the tip approximately 315 nm above
tribute in the double layer structure formation, and theoret- the TiO, substrate, where strong feedback happens between the
ically calculated electrode curvature/edge effects [79]. While tip and substrate (Figure S32c). We photoexcite the unbiased
further investigation, including theoretical modelling, will be sample using a focused 516 nm laser (10 pW, backside illumina-
required to clarify these observations, we propose that, in addi-  tion), collinear with the Au NE tip position. Under illumination,
tion to size-related effects, all the observed trends in redox  the photo-generated hot electrons in Au MF inject into the
potential, HER activity, and Cy values may share a common TiO, conduction band while photo-generated holes participate
origin: the varying crystallographic orientations of the electrodes in the photo-generation of Fe(CN),*~ oxidant molecules [82].
[80, 81]. Smaller electrodes, with orientations closer to [111] By applying an oxidative potential of 0.4 V vs Ag/AgCl to the
(Figures S19 and S20b,d), are expected to exhibit a higher =~ Au NE, we can exploit a competition mode of operation during
density of atomic interactions, which could account for the irradiation, with the same oxidation reaction happening at the
observed behavior [80]. The stability analysis on larger-sized tip electrode and substrate surface (Figure S32a). This results
electrodes revealed improved stability with less recession depth in a decrease in Faradaic tip current (I;) on areas with higher
(Figure S31g-i). photoactivity. As we scan the sample in a point-to-point manner,
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we can thus build an image of the sample activity with a pixel
size of 200 x 200 nm? (Figure 4i). We observed a fairly uniform
photoactivity across the flake surface, as previously reported in
dark conditions [83]. To the best of the authors’ knowledge,
this is the first report demonstrating that chemically-grown
metal nanoelectrodes can be used for electrochemical imaging
applications [47, 48], enabled by the reliable electrical contact of
the electrodes, which results in stable, low-noise signal detection.

Au MFs can inherently feature truncated corners and sharp V-
shaped edges, with their size depending on the growth conditions
(Figure S34a,d) [54] Our high-resolution point-to-point photo-
SECM imaging, performed with a 100 x 100 nm? pixel size
(Figure 41), resolves fine structural details. including the sub-200
nm truncated geometry at the corner of the studied flake. The
observed lateral resolution of ~250 nm, estimated using the 10-
90% edge-width criterion (dashed lines in Figure S35a), reflects
diffusion-induced broadening inherent to SECM. Nevertheless, it
surpasses that achieved in many previously reported photo-SECM
studies [84] and is comparable to the highest spatial resolutions
reported for photo-SECM to date [85].

High-resolution  continuous-scan  photo-SECM  imaging
(Figure 41; Figure S34e), carried out in substrate-generation/tip-
collection (SG/TC) mode at an effective pixel size of ~5 X 5 nm?
on the edge of a larger Au MF, further resolves truncated corners
and fine ~480 nm features (corresponding to the primary lateral
resolution; Ax, in Figure S35b) associated with sub-200 nm sharp
edges of the flake (Figure S34a). These features are detected using
a 200 nm-radius Au NE (smaller than the measured resolution),
achieving a sub-1 pA current-step sensitivity, as evidenced by the
corresponding line scan shown in Figure 41.

In photo-SECM experiments employing localized illumination,
the effective spatial resolution can be influenced not only by the
tip radius and tip-substrate distance, but also by illumination
geometry [3], carrier diffusion within the photocatalyst [3, 86,
87], photoactivity of the substrate, and photo-induced thermal
effects [88], all of which can broaden the apparent reaction zone.
These effects are clearly reflected in our photo-SECM images and
the corresponding line scans, acquired using two different beam
sizes (~1.3 and 6.5 um FHWM) and illumination powers (1 and
10 pW) while maintaining the same tip size and tip-substrate
distance (Figure S34). Increasing the beam size and laser power
leads to a noticeable reduction in the secondary spatial resolution
(defined by the broader current variation and second minimum
in the line scan; Ax; in Figure S35b) as well as reduced image
contrast. This behavior is consistent with the much shorter
diffusion length of hot carriers in metals (e.g. 10 nm for 2eV hot
holes) [87] relative to the optical beam size, together with an
enhanced contribution from photothermal effects, highlighting
the dominant role of the laser beam parameters in determining
photo-SECM spatial resolution. Additionally, in a constant-height
imaging mode we experienced no crash of the tip (i.e. the least
damage to the particle) and an extremely stable performance for
over 7 h of electrochemical imaging at both oxidative (Figure 4i,k)
and reductive (Figures S33b and S34) potentials. The same Au NE
could be reused for multiple FIB cutting/imaging cycles; in our
tests, at least five reuse cycles were demonstrated (Figure S32d-
f) without any observable performance degradation or change in
the RG value, despite a slight increase in tip size. These excellent

capabilities all originate from the thin glass wall of the electrode,
which limits broadening effects on the illumination spot, [89]
as well as the single-crystalline nature of the electrode, which
limits reactivity inhomogeneities across the tip, and the perfect
seal at the glass/gold interface. It is to note that higher spatial
resolutions under back-illumination conditions can be readily
achieved by reducing the effective beam size, employing smaller
Au NEs, using semiconducting photocatalysts with longer carrier
diffusion length [86] or substrates with lower photoactivity at the
excitation wavelength, and adopting smaller scan step sizes.

Local photo-SECM measurements at varying laser powers on the
TiO, and Au MF regions, using a 0 V vs Ag/AgCl tip potential
(Figure 4j), shows the ideal operation for the Au NEs in SG/TC
mode, characterized by increasingly negative photo-induced cur-
rents with increasing laser power. Approach curve experiments
in both competition and SG/TC modes further confirmed the
photo-oxidation reaction on Au MFs (Figure S33c,d). These
measurements also highlight the detection sensitivity of the tip
electrode. At the minimum laser power of 2.8 yW (Figure 4j), a
distinguishable current difference (AI + o,.;.) 0f 1.08 + 0.24 pA
(RMS) was observed compared to the current trace under dark
conditions, which corresponds to a signal-to-noise ratio (SNR)
of ~4.5 at a reciprocal response time (At™) of 1 s7! (0.5 Hz cut-
off frequency) even in the absence of a Faraday cage [47]. This
current resolution enables detection of photo-induced chemical
reactions at solely 16.5 uM concentration of Fe(CN),*~ oxidant
molecules, with a noise-limited detection threshold around 3.67
uM, corresponding to a high sensitivity of 65.4 nA/M, and a limit
of detection (LOD) of 11.0 uMm for photo-SECM measurements.
This already surpasses the performance of bulk electrochemical
techniques that rely on highly-sensitive optical probes (sub-mMm)
[90] and micro-scale SECM-AFM Pt electrochemical probes (tens
of um) [91], overall pushing the limits toward the best values
reported for electrochemical methods in confined gap space (fm
to pMm) [5, 92-94]. Furthermore, a comparison with ~1 um-radius
Pt microelectrodes having almost the same LOD values (10 um),
[6] indicates a superior sensitivity for our Au NEs in confined
regions, making them well-suited for nanoscale electrochemical
imaging.

To further explore the detection limit of single-crystalline Au elec-
trodes, we also performed CV measurements in bulk electrolytes
with FcMeOH concentrations ranging from 1 umM to 1 mM. We
observed sigmoidal responses even at sub-10 uM levels (Figure
S36a-c,g-i), yielding record-low LOD values of 79.4 nM for an
~1.3 pym-radius Au UME and 94.0 nM for an ~340 nm-radius
Au NE tip (corresponding to 404.8 and 101.8 nA/M sensitivi-
ties, respectively). At such low concentrations, Faradaic current
detection is governed by the stochastic collision probability of
redox molecules with the electrode surface, which accounts for
the lower LOD observed with the larger electrodes. Interestingly,
bulk-state LOD analysis on a polycrystalline ~1.5 pm Au UME
(See Figure S36d-f), which contains a higher density of twin and
grain boundaries, revealed an LOD of 187.1 nM—approximately
2.4 times higher than its single-crystalline counterpart (Figure
S36a-c). This performance degradation likely stems from elevated
background capacitive charging currents [95] (2.34 pA vs. 1.57
pA for the single-crystalline electrode) and the closer to <111>
crystallographic orientation, despite the polycrystalline electrode
being slightly larger in size. Importantly, when normalized to
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the surface area to correct for the different stochastic collision
frequency of different size electrodes, our Au single-crystalline
UMES exhibit an LOD, ey normalized (14-9 NM/um?) over 235 times
lower than their polycrystalline Pt counterparts (ca. 3.5 uM/um?),
[6] indicating an exceptional sensitivity for our single-crystalline
electrodes in chemical probing. To our knowledge, such low
LODs for bulk measurements have not been previously reported,
and is even further close to the confined electrochemistry and
spectroscopy methods. HER activity measurements further con-
firmed the superior surface reactivity (i.e. higher current density)
of the single-crystalline electrodes [80] (Figure S37). Overall,
these first results highlight the critical role of the polyol-grown Au
NEs’ single-crystalline surface quality in enabling highly sensitive
chemical detection—independent of instrumental limitations—
and point to clear opportunities for further investigation in this
direction.

2.8 | Multi-Material and Multi-Functional Probes
Finally, and most remarkably, we demonstrate the extraordinary
versatility of the polyol-based chemical growth approach for
fabricating not only Au NEs, but also Au UMEs, platinum NEs
and multifunctional NEs tailored for advanced electrochemical
microscopy techniques (Figure 4c-f). For example, by simply
substituting the gold precursor with chloroplatinic acid, we
successfully fabricated Pt NEs under identical growth conditions
(Figure 4c), showcasing the adaptability of this method. Beyond
gold and platinum, this polyol-based growth strategy holds
immense potential for other metals and alloys, including Ag [96],
Cu [97], Pd [98], and even Bi [99]—materials critical for electro-
chemical research yet unattainable via traditional laser-pulling
methods [100].

Furthermore, we demonstrate that performing a partial cross-
sectional FIB cut on disc-shape Au NEs can expose a recessed
disc-shape nanoelectrode and result in an L-shape tip geometry
with a protruding insulating glass tip capable of simultaneously
detecting atomic forces and Faradaic processes (Figure 4d).
This represents a straightforward method for fabricating dual-
functional tips for combined SECM-atomic force microscopy
(SECM-AFM), [101, 102] paving the way for advanced research
that require high-resolution constant-distance electrochemical
and tomographic imaging.

We additionally demonstrate complete chemical growth within
theta glass nanopipettes having non-symmetric geometries,
which is remarkable for fabrication of high performance thin-
wall double barrel (Figure 4e) and dual (Figure 4f) metal NEs.
These versatile electrodes can enable simultaneous detection of
Faradaic currents alongside ionic currents, supporting concur-
rent analysis of surface reactivity [103], product selectivity [104],
surface topography [105], pH [106], temperature [107], surface
charge [108, 109], and chemical delivery [110, 111] in combined
SECM, scanning ion conductance microscopy (SICM), and scan-
ning electrochemical cell microscopy (SECCM) techniques. Until
now, such combined methods have largely been limited to carbon
NEs [105, 110, 112] with limited electrochemical performance for
inner-sphere reactions or relied on surface-modified carbon NEs
[113, 114] due the difficulties with fabrication of multifunctional
metal NEs with the laser pulling approach [115].

Overall, the remarkable material and geometric versatility of
our approach not only expands the scope of NE fabrication
but also paves the way for the development of next-generation
electrochemical microscopy and innovative applications across
diverse fields by bridging between electrochemistry, biology, and
spectroscopy.

3 | Conclusion

The reported template-assisted, non-self-limited polyol-based
growth of single-crystalline gold represents a significant step-
forward in the scalable fabrication of high-quality, thin-wall
Au NEs, addressing longstanding challenges in reproducibility,
performance reliability, and versatility. By combining the polyol-
based chemical growth with optimized laser pulling of borosili-
cate nanopipettes, we obtained excellent reproducibility (~80%)
in the fabrication of thin-wall, single-crystalline Au NEs with
controllable sub-100 nm radii core sizes and low RG values (~1.6
to ~5). The growth method also shows an extraordinary versatility
for high-throughput fabrication of other metal/alloyed NEs (e.g.
Pt, Ag, Cu, and even Bi), thin-wall UMEs, and multifunctional
NEs including dual, double-barrel, and recessed L-shape NEs
for various electrochemical probe microscopy techniques, from
SECM to EC-STM, AFM, SICM, and SECCM hybrid methods.
Comprehensive structural and electrochemical analyses on disc-
shape Au NEs confirmed a gap-free gold-glass interface together
with a unique single-crystalline nature of the Au core, resulting
in a high electrochemical quality and stability in electrolyte
environments.

An interesting size dependency was observed for the electrodes:
a more positive standard potential, higher Cg value, and higher
HER activity were reported for smaller size electrodes, the latter
being of high significance for improving the signal-to-noise ratio
in small-size NEs. We also demonstrated the practical potential of
these NEs in photo-SECM imaging of weak photo-oxidation reac-
tions on single-crystalline Au micro-flake surfaces at outstanding
detection sensitivities (65.4 nA/M) and limit of detections (11.0
uM), with ~250 nm spatial resolution, and extremely stable
performance for over 7 h of photochemical imaging. The spatial
resolution was found to be illumination-dependent under back-
illumination conditions. Our bulk electrolyte testing further
showed record-low LOD values of 79 nM, enabled by the thin-
wall architecture and single-crystalline nature of the electrodes.
Remarkably, this performance approaches the range attainable
with confined electrochemistry [5, 92] or advanced spectroscopic
techniques [116] (fM-pM range).

By addressing long-standing issues in the versatile fabrication
of high-quality thin-wall metal NEs/UMEs, this work paves the
way for the development of next-generation spectroelectrochem-
ical and near-field microscopies toward high-resolution single-
molecule and single-nanoparticle analysis. This also opens com-
pletely new possibilities in nanoelectrochemisty, material science
and biochemistry by providing an excellent single-crystalline
platform for operando fundamental research into interfacial
phenomena, such as double-layer structure, [53] nanoscale
charge transport mechanisms, [64] as well as single-enzyme
kinetics, [117, 118] neurotransmissions, [41] and biomolecular
interactions [22].
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4 | Methods

4.1 | Fabrication of Nanopipettes

Single-barrel nanopipettes were fabricated from borosilicate glass
capillaries (1.2 mm outer diameter, 0.69 mm inner diameter;
Science Products GmbH) having no filament inside. The cap-
illaries were cleaned by sonication in acetone and ethanol for
10 min, followed by several times rinsing with ultrapure water
and drying in an oven at 100°C before pulling. No hazardous
Pirhana or silanization treatments were used. The nanopipettes
were fabricated by using a combined laser shrinking and laser
pulling method on a laser-based P-2000 pipette puller (Sutter
Instruments). First, the glass capillaries were locally shrank at the
center using high energy of the CO, laser for increasing the wall
thickness and thus the strength of the capillary before the pulling
process. In this step, a pair of home-made stoppers were used to
fix the pulling arms and then to controllably soften and shrink
the glass capillary with a program listed in Table S1. Next, after
removing the stoppers, an optimized two-line program (Table S1)
was used to hard pull the pre-shrank capillaries into ultrafine
nanopipettes. At constant Heat parameters, the duration of the
shrinking Time and the Delay parameter in the hard pulling
step were separately used to control the achievable orifice size
and the shank/taper length of the nanopipettes, respectively.
Sub-20 nm-radius short-taper nanopipettes were obtained at a
> 90% repeatability by a 90 s shrinking time and a 190 Delay
parameter in the hard pull step (Figure S3b). Theta nanopipettes
were fabricated from borosilicate theta capillaries using the
program reported in Table S2. The orifice size of the fabricated
nanopipettes was characterized under SEM without using any
conductive coating. Image integration at low electron beam
energy,i.e. 2kV, was used for SEM imaging with the least charging
effect without using any conductive coating material.

4.2 | Fabrication of Gold Nanoelectrodes

Gold nanoelectrodes were fabricated by a polyol-based chemical
growth process [54] inside ideal-shape glass nanopipette tem-
plates (20 nm-radius and 250 um-length taper). First, the tip of
the glass nanopipette was dipped in pure EG, and then the glass
nanopipette was backfilled with a growth solution containing
0.125 M HAuCl, in EG. This resulted in an advantageous sepa-
ration, i.e. an air bubble, between the backfilled growth solution
and the tiny front-filled EG. The filled nanopipettes were then
vertically hold in 6 mL glass vials containing a bulk solution of
2 mL EG and 0.5 mL 200 mM NaBH, in ethanol. Next, the vials
were immediately transferred to a muffle furnace (Nabertherm
GmbH) heated at 110°C for starting chemical growth for 24 h
in all nanopipettes in a batch. This condition enabled selective
growth of continuous ~300 pm-length Au deposits at an >80%
repeatability with the least amount of unwanted particles and
chemical etching on both exterior and interior surfaces. The
NEs were then naturally cooled down in the furnace and rinsed
by ultrapure water and ethanol for removing the bulk solution
residues from their surface. A cleaning treatment with ultrapure
water and ethanol was then performed on the as-grown NEs in
order to remove the remained growth solution and any randomly
formed unwanted particles, if any, at the nanopipette neck,
behind the solution/air interface of the air bubble. Next, a long-

taper W micro-contact was physically connected to the Au deposit
under an optical microscope to establish a soft electrical contact.
The Au NEs were finally perfected by complete FIB cutting of
the protruded Au or etched glass imperfect parts into disc-shape
electrodes. A 30 kV and 2 pA Ga ion beam was used for sharp
cutting of the NEs.

4.3 | Fabrication of Long-Taper W Micro-Contacts
Long-taper W micro-contacts were prepared by using a very
facile two-step electrochemical approach consisting of thinning
and cutting steps (Figure S15). A W microwire (25 um diameter,
Goodfellow, 99.9%) was first vertically immersed by 3.5 mm
into a 10 mL of 2 M KOH etchant solution using a manual
microstage. In the first step, a 0.5 V DC potential was applied
between the W wire and a Cu wire loop cathode 1 cm below the
solution surface. This results in oxidative dissolution of WO,~
anions in water, especially slightly below the meniscus at the
air-electrolyte interface, leading to a necking shape and a long
uniformly thinned section that can finally drop off at the neck
in a complete etching process [119]. The etching process was
controlled by monitoring the current level until a ~50% current
drop was observed, and stopped by stopping the bias. At this step,
the W micro-wire is incompletely etched and thinned down to
an ~5 pm diameter. Then, the etched W wire was lifted up by
~1 mm and biased at a lower potential, e.g. 0.2 V. An ~700 um-
length W wire was cut and tapered at this step after the drop
off of the bottom part controlled by a sudden current drop. The
fabricated W micro-contact was finally rinsed with DI water to
terminate the etching reaction. In this method, the current drop
criteria at the first step and the amount of the upward lift at the
second step separately allow a good control over the width and
the taper length of the W micro-contact, respectively. An > 90%
reproducibility was achieved for fabrication of ideal-profile (5 um
diameter 700 um taper length) W micro-contacts for Au NEs.

4.4 | Electrochemical Testing of Gold
Nanoelectrodes

All voltametric experiments were performed in a one-
compartment three-electrode cell connected to a CHI 760E
potentiostat (CH Instruments) without any Faraday cage, unless
otherwise noted in the figure captions. A leak-free Ag/AgCl
reference electrode and an Au counter electrode were used to
avoid cross-contamination of the Au NEs with Ag*/Cl™ ions
and/or Pt during electrochemical testing. To remove oxygen, the
electrolyte solutions were purged with N, gas for 30 min before
the experiments. First, outer-sphere voltammetry was performed
in a2 mM Fe(CN),*~/0.25 M Na,SO, and/or 1 mM FcMeOH/0.125
M KClI solutions for evaluation of the electrical connection and
geometrical surface area. The effective radius of the electrodes
was evaluated from the measured diffusion-limiting currents
through the modified Saito’s equation [67, 68] (see Equation 1)
for different RG values estimated from SEM imaging. Next, the
electrodes were activated by multiple cycling in 50 mm H,SO,
solution within a 0 to 1.4 V vs Ag/AgCl potential window at
100 mV.s~! scan rate for about 30 cycles until a pristine surface
was produced. Cycling was stopped once a stable CV response
was observed. Steady-state voltammetry of the electrodes was
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measured at a 10 mV.s™! scan rate within 0.2 to 1.4 V and

—0.8 to 0.8 V vs Ag/AgCl potential windows for evaluation
of the Au redox processes and HER activity, respectively. The
electrochemical surface area and roughness factor (RF) of the
electrodes were calculated from the characteristic values of the
consumed charge for the reduction of an AuO monolayer in a
one-to-one ratio (390 uC.cm=2) and the ratio of the calculated
microscopic surface area to the geometrical area (A,/A,),
respectively [62]. The double-layer charging current, i, was
background subtracted for the surface area calculations due to
the low current level of the Au redox process on NEs. The sealing
quality of the electrodes was electrochemically characterized
by performing CVs in the double layer and HER regimes and
evaluation of the CV profiles [74]. Double layer capacitance
(Cq) values in F cm™ were obtained by calculating the i, at
0.3 V vs Ag/AgCl from double layer CVs and by using Cy =
IAiI/2A,,.v, where A, is the microscopic area of the electrode in
cm?, and v is the scan rate in V s7!. Unless otherwise specified,
all the experiments were repeated three times, and only the
second cycles were reported for ensuring a steady-state response
condition. A fast Fourier transform (FFT) filter was used for
smoothing the high-scan rate measurement data.

Singal-to-noise ratio (SNR) for nanoelectrodes was calculated
by dividing the light-induced change in tip current, i.e. current
step amplitude (AI), to the corresponding standard deviation of
the measured background current noise, i.e. noise level (,,4;.),
based on the measurements reported in Figure 4j. To reduce high
frequency environmental noise, a 0.5 Hz low pass filtering was
applied to the measurement (At = 1/2f = 1s). Detection sensitivity
(S) and limit of detection (LOD) were obtained by using the
modified Saito’s Equation (Equation 1) for C* calculation, and the
following Equations (3) and (4), [91]

s=5o ©)

LOD = 3anoise

4
where S is determined from the slope of the AI vs. C* curve,
derived from data measured at different laser powers and
concentrations.

4.5 | Synthesis of Gold Micro-flakes

High-quality single-crystalline gold micro-flakes were directly
grown on borosilicate glass substrates by a halide and gap-assisted
polyol process [54]. A PMMA wet-transferring method [120] was
used for transferring the Au MFs onto a TiO,/ITO-coated glass
substrate. The sample was then exposed to an oxygen plasma (2
min, 500 W; Tepla 300) to remove any PMMA residue left from
the transferring step.

4.6 | Transmission Electron Microscopy

TEM analysis was performed using a FEI Tecnai Osiris micro-
scope operated at 200 kV. BF-TEM images were recorded on

a Gatan Orius camera. Crystal orientation mappings were per-
formed using an Astar system [60]. Specifically, an electron probe
of 14 pA was precessed on the sample at an angle of 1° at 100
Hz and raster-scanned with a 2.5 nm step size and 50 ms dwell
time. Local precession-assisted diffraction patterns were collected
with a Stingray camera recording the phosphor screen at a camera
length of 165 mm. The Astar v2.2 software suite was used to index
the pseudo-kinematic diffraction patterns of the Au face-centered
cubic material. Finally, the data representation and analysis used
MTEX v5.10.2 toolbox for MATLAB [121].

4.7 | Scanning Photo-Electrochemical Microscopy
Photo-SECM imaging was performed using a home-made SECM
instrument on an inverted optical microscope for back illumina-
tion of the sample (Figure S32a). Measurements were done in
a three-electrode cell containing a leak-free Ag/AgCl reference
electrode and a Pt counter electrode in a 4 mM Fe(CN)y* in
0.25 M Na,SO, electrolyte solution. Tip Z scanning and sample
XY scanning were realized by using Nano-OP and Nano-LP XY
piezo-stages (Mad City Labs). Electrochemical measurements
were done by a VSP300 potentiostat (Biologic). The Au NE tip
was biased at a diffusion-limiting 0.4 V vs Ag/AgCl potential,
and positioned at a distance corresponding to a 25% setpoint
value in a negative feedback approach curve. An approach
curve fitting was used by employing analytical approximations
reported in [122]. Constant-height point-to-point SECM imaging
was performed by illumination of the sample with a 516 nm
focused laser (10 pW) and applying an oxidative tip potential,
ie. 0.4 V vs Ag/AgCl, which satisfies a competition mode of
operation for a photo-oxidation reaction on the substrate. The
beam size was about 1.3 uym, and the sample was scanned
at 200 nm step sizes using an acquisition time of 500 ms
per pixel. All the data were recorded using in-house programs
written in LabView (National Instruments), and were plotted
with Origin Pro software with no extra smoothing method.
Continuous-scan photo-SECM images were obtained by an FPGA
controller with a 1 ps sampling rate and using a 200 nm-
radius Au NE at a 16 and 1 pm.s™* scan speeds and image sizes
of 256 and 2048 pixels for the full-scan and zoomed images,
respectively.

Acknowledgements

M.S. and G.T acknowledge the support of the STI Imaging Fund,
supported by the EPFL Center for Imaging. M.S, F.X. and G.T acknowl-
edge the support of the Swiss National Science Foundation (Eccellenza
Grant #194181). The authors also acknowledge the Laboratory for Bio-
and Nano- Instrumentation (LBNI) and Laboratory of Biomaterials for
Immunoengineering (LBI) for providing access to a Laser puller and
centrifuge machines, respectively. Finally, the authors would like to thank
Dr. Marcos Penedo Garcia for his advice on FIB, Mr. Grégoire Baroz for
his advice on SEM, Dr. Alan Bowman for his advice on optical microscopy
of the electrodes, Dr. Kiseok Oh for his advice on the performance of
the electrodes, Dr. Priscila Vensaus for her comments on the manuscript,
and Prof. Georg Fantner, and Mr. Barney Frederick Drake, and Mr. Paul
Feurstein for their help with SECM setup development.

Open access publishing facilitated by Ecole polytechnique federale de
Lausanne, as part of the Wiley - Ecole polytechnique federale de Lausanne
agreement via the Consortium Of Swiss Academic Libraries.

12 of 16

Small, 2026



Conflicts of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the
supplementary material of this article.

References

1. M. V. Mirkin and S. Amemiya, eds., Nanoelectrochemistry. (CRC Press,
2015), https://doi.org/10.1201/b18066.

2. S. M. Oja, M. Wood, and B. Zhang, “Nanoscale Electrochemistry,” Ana-
Iytical Chemistry 85 (2013): 473-486, https://doi.org/10.1021/ac3031702.

3. A.J. Bard and M. V. Mirkin, eds., Scanning Electrochemical Microscopy.
(CRC Press, 2022), https://doi.org/10.1201/9781003004592.

4. S. G. Lemay, S. Kang, K. Mathwig, and P. S. Singh, “Single-Molecule
Electrochemistry: Present Status and Outlook,” Accounts of Chemical
Research 46 (2013): 369-377, https://doi.org/10.1021/ar300169d.

5. P. Sun and M. V. Mirkin, “Electrochemistry of Individual Molecules in
Zeptoliter Volumes,” Journal of the American Chemical Society 130 (2008):
8241-8250, https://doi.org/10.1021/ja711088;.

6. G. Caniglia, S. Horn, and C. Kranz, “Scanning Electrochemical Probe
Microscopy: Towards the Characterization of Micro- and Nanostructured
Photocatalytic Materials,” Faraday Discuss 257 (2024): 224-239, https://
doi.org/10.1039/D4FD00136B.

7. T.Sun, Y. Yu, B.J. Zacher, and M. V. Mirkin, “Scanning Electrochemical
Microscopy of Individual Catalytic Nanoparticles,” Angewandte Chemie
International Edition 53 (2014): 14120-14123, https://doi.org/10.1002/anie.
201408408.

8. T. Quast, S. Varhade, S. Saddeler, et al., “Single Particle Nanoelectro-
chemistry Reveals the Catalytic Oxygen Evolution Reaction Activity of
Co304 Nanocubes,” Angewandte Chemie International Edition 60 (2021):
23444-23450, https://doi.org/10.1002/anie.202109201.

9. C.M.Hill,J. Kim, and A. J. Bard, “Electrochemistry at a Metal Nanopar-
ticle on a Tunneling Film: A Steady-State Model of Current Densities
at a Tunneling Ultramicroelectrode,” Journal of the American Chemical
Society 137 (2015): 11321-11326, https://doi.org/10.1021/jacs.5b04519.

10. Z. Sun, J. Wang, L. Su, et al., “Dynamic Evolution and Reversibility of a
Single Au,s Nanocluster for the Oxygen Reduction Reaction,” Journal of
the American Chemical Society 146 (2024): 20059-20068, https://doi.org/
10.1021/jacs.4c03939.

11. J. Velmurugan, J. No€l, W. Nogala, and M. V. Mirkin, “Nucleation and
Growth of Metal on Nanoelectrodes,” Chemical Sciety 3 (2012): 3307-3314,
https://doi.org/10.1039/C2SC21005C.

12. J. Kim, B. Kim, S. K. Cho, and A. J. Bard, “Tunneling Ultramicro-
electrode: Nanoelectrodes and Nanoparticle Collisions,” Journal of the
American Chemical Society 136 (2014): 8173-8176, https://doi.org/10.1021/
ja503314u.

13. Q. Chen, L. Luo, H. Faraji, S. W. Feldberg, and H. S. White, “Elec-
trochemical Measurements of Single H, Nanobubble Nucleation and
Stability at Pt Nanoelectrodes,” The Journal of Physical Chemistry Letters
5(2014): 3539-3544, https://doi.org/10.1021/jz501898r.

14. A. M. Soto, S. R. German, H. Ren, et al., “The Nucleation Rate of Single
0O, Nanobubbles at Pt Nanoelectrodes,” Langmuir 34 (2018): 7309-7318,
https://doi.org/10.1021/acs.langmuir.8b01372.

15. S. Park, L. Liu, C. Demirkir, et al., “Solutal Marangoni Effect Deter-
mines Bubble Dynamics during Electrocatalytic Hydrogen Evolution,”
Nature Chemical 15 (2023): 1532-1540, https://doi.org/10.1038/s41557-023-
01294-y.

16. A. Mishra, M. Zorigt, D. O. Kim, and J. Rodriguez-Loépez, “Voltam-
metric Detection of Singlet Oxygen Enabled by Nanogap Scanning

Electrochemical Microscopy,” Journal of the American Chemical Society
146 (2024): 8847-8851, https://doi.org/10.1021/jacs.4c00414.

17. T. Kai, M. Zhou, Z. Duan, G. A. Henkelman, and A. J. Bard, “Detection
of CO,*- in the Electrochemical Reduction of Carbon Dioxide in N,N-
Dimethylformamide by Scanning Electrochemical Microscopy,” Journal
of the American Chemical Society 139 (2017): 18552-18557, https://doi.org/
10.1021/jacs.7b08702.

18. Y. Zhang, S. Xu, Y. Qian, X. Yang, and Y. Li, “Preparation, Electrochem-
ical Responses and Sensing Application of Au Disk Nanoelectrodes down
to 5 Nm,” RSC Advanced 5 (2015): 77248-77254, https://doi.org/10.1039/
C5RA14777H.

19. B. Zhang, L. Fan, H. Zhong, Y. Liu, and S. Chen, “Graphene Nanoelec-
trodes: Fabrication and Size-Dependent Electrochemistry,” Journal of the
American Chemical Society 135 (2013): 10073-10080.

20. P. Sun and M. V. Mirkin, “Kinetics of Electron-Transfer Reactions at
Nanoelectrodes,” Analytical Chemistry 78 (2006): 6526-6534, https://doi.
0rg/10.1021/ac060924q.

21. X. Li, S. Majdi, J. Dunevall, H. Fathali, and A. G. Ewing, “Quantitative
Measurement of Transmitters in Individual Vesicles in the Cytoplasm of
Single Cells with Nanotip Electrodes,” Angewandte Chemie 127 (2015):
12146-12150, https://doi.org/10.1002/ange.201504839.

22. G. Liu, C. Sun, D. Li, et al.,, “Gating of Redox Currents at Gold
Nanoelectrodes via DNA Hybridization,” Advanced Materials 22 (2010):
2148-2150, https://doi.org/10.1002/adma.200903590.

23.S. E. Salamifar and R. Y. Lai, “Fabrication of Electrochemical
DNA Sensors on Gold-Modified Recessed Platinum Nanoelectrodes,”
Analytical Chemistry 86 (2014): 2849-2852, https://doi.org/10.1021/
ac403816h.

24.T. Jiang, L. Yi, X. Liu, A. P. Ivanov, J. B. Edel, and L. Tang,
“Fabrication of Electron Tunneling Probes for Measuring Single-Protein
Conductance,” Nature Protocols 18 (2023): 2579-2599, https://doi.org/10.
1038/s41596-023-00846-3.

25. L. Li, N. Limani, R. Antony, S. Dieckhofer, C. Santana Santos, and
W. Schuhmann, “Au Micro- and Nanoelectrodes as Local Voltammetric
pH Sensors During Oxygen Evolution at Electrocatalyst-Modified Elec-
trodes,” Small Science 4 (2024): 2300283, https://doi.org/10.1002/smsc.
202300283.

26. K. Lim, S. Goines, M. Deng, H. McCormick, P. J. Kauffmann,
and J. E. Dick, “A Troubleshooting Guide for Laser Pulling Platinum
Nanoelectrodes,” Analyst 148 (2023): 2992-3001, https://doi.org/10.1039/
D3ANO00268C.

27. M. A. Mezour, M. Morin, and J. Mauzeroll, “Fabrication and Char-
acterization of Laser Pulled Platinum Microelectrodes with Controlled
Geometry,” Analytical Chemistry 83 (2011): 2378-2382, https://doi.org/10.
1021/ac102482f.

28.Y. Li, D. Bergman, and B. Zhang, “Preparation and Electrochemical
Response of 1-3 Nm Pt Disk Electrodes,” Analytical Chemistry 81 (2009):
5496-5502, https://doi.org/10.1021/ac900777n.

29. X. Wang, L. Han, H. Xin, and M. V. Mirkin, “TEM-Assisted Fabrication
of Sub-10 Nm Scanning Electrochemical Microscopy Tips,” Analytical
Chemistry 91 (2019): 15355-15359, https://doi.org/10.1021/acs.analchem.
9b04316.

30. J. Percival, E. Vartanian, and B. Zhang, “Laser-Pulled Ultralong
Platinum and Gold Nanowires,” RSC Advanced 4 (2014): 10491-10498,
https://doi.org/10.1039/C3RA47207H.

31. Y. Nam, S. Cho, and H. S. Ahn, “Operando Scanning Electrochemical
Microscopy Reveals Facet-Dependent Structure—Selectivity Relationship
for CO, Reduction on Gold Surfaces,” ACS Catalysis 14 (2024): 17084~
17089, https://doi.org/10.1021/acscatal.4c05007.

32.T. Bo, X. Wang, R. Jia, et al., “Probing Activities of Individual
Catalytic Nanoflakes by Tunneling Mode of Scanning Electrochemical
Microscopy,” The Journal of Physical Chemistry C 125 (2021): 25525-25532,
https://doi.org/10.1021/acs.jpcc.1c07309.

Small, 2026

13 of 16


https://doi.org/10.1201/b18066
https://doi.org/10.1021/ac3031702
https://doi.org/10.1201/9781003004592
https://doi.org/10.1021/ar300169d
https://doi.org/10.1021/ja711088j
https://doi.org/10.1039/D4FD00136B
https://doi.org/10.1002/anie.201408408
https://doi.org/10.1002/anie.202109201
https://doi.org/10.1021/jacs.5b04519
https://doi.org/10.1021/jacs.4c03939
https://doi.org/10.1039/C2SC21005C
https://doi.org/10.1021/ja503314u
https://doi.org/10.1021/jz501898r
https://doi.org/10.1021/acs.langmuir.8b01372
https://doi.org/10.1038/s41557-023-01294-y
https://doi.org/10.1021/jacs.4c00414
https://doi.org/10.1021/jacs.7b08702
https://doi.org/10.1039/C5RA14777H
https://doi.org/10.1021/ac060924q
https://doi.org/10.1002/ange.201504839
https://doi.org/10.1002/adma.200903590
https://doi.org/10.1021/ac403816h
https://doi.org/10.1038/s41596-023-00846-3
https://doi.org/10.1002/smsc.202300283
https://doi.org/10.1039/D3AN00268C
https://doi.org/10.1021/ac102482f
https://doi.org/10.1021/ac900777n
https://doi.org/10.1021/acs.analchem.9b04316
https://doi.org/10.1039/C3RA47207H
https://doi.org/10.1021/acscatal.4c05007
https://doi.org/10.1021/acs.jpcc.1c07309

33. X. Wang, “Nanoscale Imaging of Electrocatalytic Nanomaterials by
High-Resolution Scanning Electrochemical Microscopy,”. (PhD diss., City
University of New York, 2023), https://academicworks.cuny.edu/gc_etds/
5232/.

34. X. Nie, H. Liu, Z. Pan, et al.,, “Recognition of Plastic Nanoparti-
cles Using a Single Gold Nanopore Fabricated at the Tip of a Glass
Nanopipette,” Chemical Communications 55 (2019): 6397-6400, https://
doi.org/10.1039/C9CC01358].

35. T. W.Johnson, Z.J. Lapin, R. Beams, et al., “Highly Reproducible Near-
Field Optical Imaging with Sub-20-Nm Resolution Based on Template-
Stripped Gold Pyramids,” ACS Nano 6 (2012): 9168-9174, https://doi.org/
10.1021/nn303496g.

36. Y. Takahashi, Y. Hirano, T. Yasukawa, H. Shiku, H. Yamada, and
T. Matsue, “Topographic, Electrochemical, and Optical Images Cap-
tured Using Standing Approach Mode Scanning Electrochemical/Optical
Microscopy,” Langmuir 22 (2006): 10299-10306, https://doi.org/10.1021/
1a0611763.

37. W. Wang, F. Zhao, M. Li, C. Zhang, Y. Shao, and Y. Tian, “A SERS
Optophysiological Probe for the Real-Time Mapping and Simultaneous
Determination of the Carbonate Concentration and pH Value in a Live
Mouse Brain,” Angewandte Chemie International Edition 58 (2019): 5256~
5260, https://doi.org/10.1002/anie.201814286.

38. R. Kurczak, P. Wira, A. Futyma, R. Wasielewski, and T. Kosmala,
“Highly Reproducible Automated Tip Coater for In Situ and Operando
EC-STM Measurements,” Surfaces 7 (2024): 990-1002, https://doi.org/10.
3390/surfaces7040065.

39. K. Aoki, C. Zhang, J. Chen, and T. Nishiumi, “Fabrication of
Glass-Coated Electrodes with Nano- and Micrometer Size by Means of
Dissolution with HF,” Electrochimica Acta 55 (2010): 7328-7333, https://
doi.org/10.1016/j.electacta.2010.06.086.

40. M. Etienne, J. Moulin, and S. Gourhand, “Accurate Control of the
Electrode Shape for High Resolution Shearforce Regulated SECM,”
Electrochimica Acta 110 (2013): 16-21, https://doi.org/10.1016/].electacta.
2013.03.096.

41. N. Nioradze, R. Chen, J. Kim, M. Shen, P. Santhosh, and S. Amemiya,
“Origins of Nanoscale Damage to Glass-Sealed Platinum Electrodes with
Submicrometer and Nanometer Size,” Analytical Chemistry 85 (2013):
6198-6202, https://doi.org/10.1021/ac401316n.

42.Y. Zhou, L. Sun, S. Watanabe, and T. Ando, “Recent Advances
in the Glass Pipet: From Fundament to Applications,” Analytical
Chemistry 94 (2022): 324-335, https://doi.org/10.1021/acs.analchem.
1c04462.

43.Y. Takahashi, Y. Sasaki, T. Yoshida, et al., “Nanopipette
Fabrication Guidelines for SICM Nanoscale Imaging,” Analytical
Chemistry 95 (2023): 12664-12672, https://doi.org/10.1021/acs.analchem.
3c01010.

44. L. J. Steinbock, J. F. Steinbock, and A. Radenovic, “Controllable
Shrinking and Shaping of Glass Nanocapillaries under Electron Irradia-
tion,” Nano Letters 13 (2013): 1717-1723, https://doi.org/10.1021/n1400304y.

45. X. Zhu, Y. Qiao, X. Zhang, et al., “Fabrication of Metal Nanoelectrodes
by Interfacial Reactions,” Analytical Chemistry 86 (2014): 7001-7008,
https://doi.org/10.1021/ac501119z.

46. R. Hao and B. Zhang, “Nanopipette-Based Electroplated Nanoelec-
trodes,” Analytical Chemistry 88 (2016): 614-620, https://doi.org/10.1021/
acs.analchem.5b03548.

47. R. Gao, Y. Ying, Y. Li, et al., “A 30 Nm Nanopore Electrode: Facile
Fabrication and Direct Insights into the Intrinsic Feature of Single
Nanoparticle Collisions,” Angewandte Chemie 130 (2018): 1023-1027,
https://doi.org/10.1002/ange.201710201.

48. R. Gao, Y. Lin, Y. Ying, et al., “Wireless Nanopore Electrodes for
Analysis of Single Entities,” Nature Protocols 14 (2019): 2015-2035, https://
doi.org/10.1038/541596-019-0171-5.

49. M. Wood and B. Zhang, “Bipolar Electrochemical Method for
Dynamic In Situ Control of Single Metal Nanowire Growth,” ACS Nano 9
(2015): 2454-2464, https://doi.org/10.1021/acsnano.5b00139.

50. J. P. Guerrette, S. M. Oja, and B. Zhang, “Coupled Electrochemical
Reactions at Bipolar Microelectrodes and Nanoelectrodes,” Analytical
Chemistry 84 (2012): 1609-1616, https://doi.org/10.1021/ac2028672.

51. Z. Zeng, S. Huang, D. Wu, et al., “Electrochemical Tip-Enhanced
Raman Spectroscopy,” Journal of the American Chemical Society 137
(2015): 11928-11931, https://doi.org/10.1021/jacs.5b08143.

52. Y. Yokota, M. Hong, N. Hayazawa, and Y. Kim, “Electrochemical
Tip-Enhanced Raman Spectroscopy for Microscopic Studies of Electro-
chemical Interfaces,” Surfaces Science Reports 77 (2022): 100576, https://
doi.org/10.1016/j.surfrep.2022.100576.

53. A. Adnan, S. Behjati, N. Félez-Guerrero, K. Ojha, M. Koper, and
M. T. M. Koper, “Tracking the Surface Structure and the Influence of
Cations and Anions on the Double-Layer Region of a Au(111) Electrode,”
Physical Chemistry Chemical Physics 26 (2024): 21419-21428, https://doi.
0rg/10.1039/D4CP02133A.

54. F.Kiani and G. Tagliabue, “High Aspect Ratio Au Microflakes via Gap-
Assisted Synthesis,” Chemical Materials 34 (2022): 1278-1288, https://doi.
org/10.1021/acs.chemmater.1c03908.

55. H. Gao, J. Xu, C. Liu, et al., “Precise Polishing and Electrochemi-
cal Applications of Quartz Nanopipette-Based Carbon Nanoelectrodes,”
Analytical Chemistry 94 (2022): 14092-14098, https://doi.org/10.1021/acs.
analchem.2c02296.

56. Y. Bao, M. Zhu, X. Zhao, H. Chen, X. Wang, and B. Ren, “Nanoscale
Chemical Characterization of Materials and Interfaces by Tip-Enhanced
Raman Spectroscopy,” Chemical Society Reviews 53 (2024): 10044-10079,
https://doi.org/10.1039/D4CS00588K.

57. L. Deflandre and P. Dauphin-Ducharme, “Role of Electrode
Microstructuration in Electrochemical Aptamer-Based Biosensors
for Localized Measurements,” Langmuir 41 (2025): 17083-17091,
https://doi.org/10.1021/acs.langmuir.5c01725.

58. H. Kumakli, M. Baldwin, S. W. Abeykoon, and R. J. M. White,
“Microscale, Electrochemical, Aptamer-Based Sensors for Enhanced
Small-Molecule Detection at Millisecond Time Scales,” ACS Sensetive 8
(2023): 4521-4530, https://doi.org/10.1021/acssensors.3c01055.

59. X. Hua, H. Xia, and Y. Long, “Revisiting a Classical Redox Process
on a Gold Electrode by Operando ToF-SIMS: Where Does the Gold
Go?,” Chemical Science 10 (2019): 6215-6219, https://doi.org/10.1039/
C9SC00956F.

60. D. Viladot, M. Véron, M. Gemmi, et al., “Orientation and Phase
Mapping in the Transmission Electron Microscope Using Precession-
Assisted Diffraction Spot Recognition: State-of-the-Art Results,” Journal
of Microscale 252 (2013): 23-34, https://doi.org/10.1111/jmi.12065.

61. D. A. Porter, K. E. Easterling, and M. Y. Sherif, Phase Transformations
in Metals and Alloys, 4th Ed. (CRC Press, 2021), https://doi.org/10.1201/
9781003011804.

62. A. J. Bard, L. R. Faulkner, and H. S. White, Electrochemical
Methods: Fundamentals and Applications, 3rd Ed.. (Wiley, 2025),
https://www.wiley.com/en-ae/Electrochemical+Methods%3A+
Fundamentals+and+Applications%2C+3rd+Edition- p-9781119334057.

63. M. Michalak, Localized Generation of the Catalytic Metallic Nanos-
tructures and ph Mapping with Scanning Electrochemical Microscopy,
(Doctoral dissertation, Instytut Chemii Fizycznej PAN, 2019), https://rcin.
org.pl/dlibra/publication/edition/113813/content.

64. F. Kiani, A. R. Bowman, M. Sabzehparvar, R. Sundararaman, and G.
Tagliabue, “Distinguishing Inner and Outer-Sphere Hot Electron Transfer
in Au/p-GaN Photocathodes,” Nano Letters 24 (2024): 16008-16014,
https://doi.org/10.1021/acs.nanolett.4c04319.

65.J. Lazar, C. Schnelting, E. Slavcheva, and U. Schnakenberg, “Ham-
pering of the Stability of Gold Electrodes by Ferri-/Ferrocyanide Redox
Couple Electrolytes during Electrochemical Impedance Spectroscopy,”

14 of 16

Small, 2026


https://academicworks.cuny.edu/gc_etds/5232/
https://doi.org/10.1039/C9CC01358J
https://doi.org/10.1021/nn303496g
https://doi.org/10.1021/la0611763
https://doi.org/10.1002/anie.201814286
https://doi.org/10.3390/surfaces7040065
https://doi.org/10.1016/j.electacta.2010.06.086
https://doi.org/10.1016/j.electacta.2013.03.096
https://doi.org/10.1021/ac401316n
https://doi.org/10.1021/acs.analchem.1c04462
https://doi.org/10.1021/acs.analchem.3c01010
https://doi.org/10.1021/nl400304y
https://doi.org/10.1021/ac501119z
https://doi.org/10.1021/acs.analchem.5b03548
https://doi.org/10.1002/ange.201710201
https://doi.org/10.1038/s41596-019-0171-5
https://doi.org/10.1021/acsnano.5b00139
https://doi.org/10.1021/ac2028672
https://doi.org/10.1021/jacs.5b08143
https://doi.org/10.1016/j.surfrep.2022.100576
https://doi.org/10.1039/D4CP02133A
https://doi.org/10.1021/acs.chemmater.1c03908
https://doi.org/10.1021/acs.analchem.2c02296
https://doi.org/10.1039/D4CS00588K
https://doi.org/10.1021/acs.langmuir.5c01725
https://doi.org/10.1021/acssensors.3c01055
https://doi.org/10.1039/C9SC00956F
https://doi.org/10.1111/jmi.12065
https://doi.org/10.1201/9781003011804
https://www.wiley.com/en-ae/Electrochemical+Methods%3A+Fundamentals+and+Applications%2C+3rd+Edition-p-9781119334057
https://rcin.org.pl/dlibra/publication/edition/113813/content
https://doi.org/10.1021/acs.nanolett.4c04319

Analytical Chemistry 88 (2016): 682-687, https://doi.org/10.1021/acs.
analchem.5b02367.

66. M. Michalak and M. Michalak, (2019).

67. C. G. Zoski and M. V. Mirkin, “Steady-State Limiting Currents at Finite
Conical Microelectrodes,” Analytical Chemistry 74 (2002): 1986-1992,
https://doi.org/10.1021/ac015669i.

68. C. Cai, Y. Tong, and M. V. Mirkin, “Probing Rapid Ion Transfer Across
aNanoscopic Liquid—Liquid Interface,” The Journal of Physical Chemistry
B 108 (2004): 17872-17878, https://doi.org/10.1021/jp046304f.

69. L. Jacobse, S. J. Raaijman, and M. T. M. Koper, “The Reactivity
of Platinum Microelectrodes,” Physical Chemistry Chemical Physics 18
(2016): 28451-28457, https://doi.org/10.1039/C6CP05361K.

70. C. Zuliani, D. A. Walsh, T. E. Keyes, and R. J. Forster, “Formation
and Growth of Oxide Layers at Platinum and Gold Nano- and Micro-
electrodes,” Analytical Chemistry 82 (2010): 7135-7140, https://doi.org/10.
1021/ac101728a.

71. M. Pfeiffer, X. Wu, F. Ebrahimi, N. Mameka, M. Eich, and A. Petrov,
“Chemical Interface Damping by Electrochemical Gold Oxidation,” The
Journal of Physical Chemistry C 128 (2024): 15686-15693, https://doi.org/
10.1021/acs.jpcc.4c04586.

72. M. Valtiner, X. Banquy, K. Kristiansen, G. W. Greene, and J. N.
Israelachvili, “The Electrochemical Surface Forces Apparatus: The Effect
of Surface Roughness, Electrostatic Surface Potentials, and Anodic Oxide
Growth on Interaction Forces, and Friction between Dissimilar Surfaces
in Aqueous Solutions,” Langmuir 28 (2012): 13080-13093, https://doi.org/
10.1021/1a3018216.

73. A.J. de Motheo, S. A. S. Machado, M. H. Van Kampen, and J. R. Santos
Junior, “Electrochemical determination of roughness of silver electrode
surface,” Journal of the Brazilian Chemical Society 4 (1993): 122-127.

74. N. Bodappa, “Rapid Assessment of Platinum Disk Ultramicro-
electrodes’ Sealing Quality by a Cyclic Voltammetry Approach,”
Analytical Methods 12 (2020): 3545-3550, https://doi.org/10.1039/
DOAYO00649A.

75.]J. Velmurugan and M. V. Mirkin, “Fabrication of Nanoelectrodes
and Metal Clusters by Electrodeposition,” ChemPhysChem 11 (2010):
3011-3017, https://doi.org/10.1002/cphc.201000321.

76. B. K. Jena, S. J. Percival, and B. Zhang, “Au Disk Nanoelectrode
by Electrochemical Deposition in a Nanopore,” Analytical Chemistry 82
(2010): 6737-6743, https://doi.org/10.1021/ac101261m.

77. O. S. Ivanova and F. P. Zamborini, “Size-Dependent Electrochemical
Oxidation of Silver Nanoparticles,” Journal of the American Chemical
Society 132 (2010): 70-72, https://doi.org/10.1021/ja908780g.

78. M. K. Puglia and P. K. Bowen, “Cyclic Voltammetry Study of Noble
Metals and Their Alloys for Use in Implantable Electrodes,” ACS Omega
7(2022): 34200-34212, https://doi.org/10.1021/acsomega.2c03563.

79. H. Wang and L. Pilon, “Accurate Simulations of Electric Double Layer
Capacitance of Ultramicroelectrodes,” The Journal of Physical Chemistry
C 115 (2011): 1671116719, https://doi.org/10.1021/jp204498e.

80. J. Perez, E. R. Gonzalez, and H. M. Villullas, “Hydrogen Evolution
Reaction on Gold Single-Crystal Electrodes in Acid Solutions,” The
Journal of Physical Chemistry B 102 (1998): 10931-10935, https://doi.org/
10.1021/jp9831987.

81. N. M. Markovi¢, H. A. Gasteiger, and P. N. Ross, “Oxygen Reduction
on Platinum Low-Index Single-Crystal Surfaces in Alkaline Solution:
Rotating Ring DiskPt( Hkl ) Studies,” The Journal of Physical Chemistry
100 (1996): 6715-6721, https://doi.org/10.1021/jp9533382.

82. F. Kiani, A. R. Bowman, M. Sabzehparvar, C. O. Karaman, R.
Sundararaman, and G. Tagliabue, “Transport and Interfacial Injection of
D-Band Hot Holes Control Plasmonic Chemistry,” ACS Energy Letters 8
(2023): 4242-4250, https://doi.org/10.1021/acsenergylett.3c01505.

83. C. L. Bentley, “Scanning Electrochemical Cell Microscopy for the
Study of (Nano)Particle Electrochemistry: From the Sub-Particle to

Ensemble Level,” Electrochemical Science Advanced 2 (2022): 2100081,
https://doi.org/10.1002/elsa.202100081.

84. B. Gupta, A. Aziz, and S. Sundriyal, “Evaluation of Local Oxygen Flux
Produced by Photoelectrochemical Hydroxide Oxidation by Scanning
Electrochemical Microscopy,” Scientific Reports 13 (2023): 5019, https://
www.nature.com/articles/s41598-023-32210-6.

85. T. Bo, D. Ghoshal, L. M. Wilder, E. M. Miller, and M. V. Mirkin, “High-
Resolution Mapping of Photocatalytic Activity by Diffusion-Based and
Tunneling Modes of Photo-Scanning Electrochemical Microscopy,” ACS
Nano 19 (2025): 3490-3499, https://doi.org/10.1021/acsnano.4c13276.

86. M. V. Erdewyk and J. B. Sambur, “Molecular Reaction Imaging of a
Surface Recombination Process Explains Performance Variation Among
Smooth MoS2 Photoelectrodes,” Journal of Electrochemical Society 169
(2022): 096519, https://doi.org/10.1149/1945-7111/ac94a8.

87. A. M. Brown, R. Sundararaman, P. Narang, W. A. I. Goddard, and H.
A. Atwater, “Nonradiative Plasmon Decay and Hot Carrier Dynamics:
Effects of Phonons, Surfaces, and Geometry,” ACS Nano 10 (2016):
957-966, https://doi.org/10.1021/acsnano.5b06199.

838.Y. Yu, J. D. Williams, and K. A. Willets, “Quantifying Photother-
mal Heating at Plasmonic Nanoparticles by Scanning Electrochemical
Microscopy,” Faraday Discussions 210 (2018): 29-39, https://doi.org/10.
1039/C8FDO00057C.

89. O. Henrotte, S. Kment, and A. Naldoni, “Mass Transport Limitations
in Plasmonic Photocatalysis,” Nano Letters 24 (2024): 8851-8858, https://
doi.org/10.1021/acs.nanolett.4c01386.

90. N. Afsahi, Z. Zhang, S. Faez, et al., “Seeing Nanoscale Electrocatalytic
Reactions at Individual MoS, Particles under an Optical Microscope:
Probing Sub-mM Oxygen Reduction Reaction,” Faraday Discussions 257
(2025): 107-125, https://doi.org/10.1039/D4FD00132].

91. G. Caniglia, S. Horn, and C. Kranz, “Scanning Electrochemical Probe
Microscopy: Towards the Characterization of Micro- and Nanostruc-
tured Photocatalytic Materials,” Faraday Discussions 257 (2025): 224-239,
https://doi.org/10.1039/D4FD00136B.

92. K. Ito, Y. Inoue, T. Ito-Sasaki, K. Ino, and H. Shiku, “Electrochemical
Immunoassay with Dual-Signal Amplification for Redox Cycling within
a Nanoscale Gap,” ACS Applied Nano Materials 4 (2021): 12393-12400,
https://doi.org/10.1021/acsanm.1c02837.

93. S. Kang, A. F. Nieuwenhuis, K. Mathwig, D. Mampallil, and S. G.
Lemay, “Electrochemical Single-Molecule Detection in Aqueous Solution
Using Self-Aligned Nanogap Transducers,” ACS Nano 7 (2013): 10931~
10937, https://doi.org/10.1021/nn404440v.

94.]. C. Byers, B. Paulose Nadappuram, D. Perry, K. McKelvey, A. W.
Colburn, and P. R. Unwin, “Single Molecule Electrochemical Detection
in Aqueous Solutions and Ionic Liquids,” Analytical Chemistry 87 (2015):
10450-10456, https://doi.org/10.1021/acs.analchem.5b02569.

95. S. Linfield, S. Gawinkowski, and W. Nogala, “Toward the Detection
Limit of Electrochemistry: Studying Anodic Processes with a Fluorogenic
Reporting Reaction,” Analytical Chemistry 95 (2023): 11227-11235, https://
doi.org/10.1021/acs.analchem.3c00694.

96.J. B. Wolf, T. M. Stawski, G. J. Smales, A. F. Thiinemann, and F.
Emmerling, “Towards Automation of the Polyol Process for the Synthesis
of Silver Nanoparticles,” Science Reports 12 (2022): 5769, https://doi.org/
10.1038/s41598-022-09774-w.

97. P. Chattopadhyay, T. Gemming, A. Eychmiiller, and J. Simmchen,
“Polyol-Assisted Synthesis of Copper Particles,” The Journal of Physical
Chemistry C 125 (2021): 24887-24893, https://pubs.acs.org/doi/full/10.
1021/acs.jpce.1c06591.

98. I. Favier, D. Pla, and M. Gémez, “Palladium Nanoparticles in Polyols:
Synthesis, Catalytic Couplings, and Hydrogenations,” Chemical Reviews
120 (2020): 1146-1183, https://doi.org/10.1021/acs.chemrev.9b00204.

99. H. Safardoust-Hojaghan, M. Salavati-Niasari, M. H. Motaghedifard,
and S. M. Hosseinpour-Mashkani, “Synthesis of Micro Sphere-like

Small, 2026

15 of 16


https://doi.org/10.1021/acs.analchem.5b02367
https://doi.org/10.1021/ac015669i
https://doi.org/10.1021/jp046304f
https://doi.org/10.1039/C6CP05361K
https://doi.org/10.1021/ac101728a
https://doi.org/10.1021/acs.jpcc.4c04586
https://doi.org/10.1021/la3018216
https://doi.org/10.1039/D0AY00649A
https://doi.org/10.1002/cphc.201000321
https://doi.org/10.1021/ac101261m
https://doi.org/10.1021/ja908780g
https://doi.org/10.1021/acsomega.2c03563
https://doi.org/10.1021/jp204498e
https://doi.org/10.1021/jp9831987
https://doi.org/10.1021/jp9533382
https://doi.org/10.1021/acsenergylett.3c01505
https://doi.org/10.1002/elsa.202100081
https://www.nature.com/articles/s41598-023-32210-6
https://doi.org/10.1021/acsnano.4c13276
https://doi.org/10.1149/1945-7111/ac94a8
https://doi.org/10.1021/acsnano.5b06199
https://doi.org/10.1039/C8FD00057C
https://doi.org/10.1021/acs.nanolett.4c01386
https://doi.org/10.1039/D4FD00132J
https://doi.org/10.1039/D4FD00136B
https://doi.org/10.1021/acsanm.1c02837
https://doi.org/10.1021/nn404440v
https://doi.org/10.1021/acs.analchem.5b02569
https://doi.org/10.1021/acs.analchem.3c00694
https://doi.org/10.1038/s41598-022-09774-w
https://pubs.acs.org/doi/full/10.1021/acs.jpcc.1c06591
https://doi.org/10.1021/acs.chemrev.9b00204

Bismuth Nanoparticles by Microwave Assisted Polyol Method; Designing
a Novel Electrochemical Nanosensor for Ultra-Trace Measurement of
Pb%** Ions,” New Journal of Chemistry 39 (2015): 4676-4684, https://doi.
0rg/10.1039/C5NJ00532A.

100. M. Zhou, J. E. Dick, and A. J. Bard, “Electrodeposition of Iso-
lated Platinum Atoms and Clusters on Bismuth—Characterization and
Electrocatalysis,” Journal of the American Chemical Society 139 (2017):
17677-17682, https://doi.org/10.1021/jacs.7b10646.

101. E. Lee, J. Sung, T. An, H. Shin, H. G. Nam, and G. Lim, “Simultaneous
Imaging of the Topography and Electrochemical Activity of a 2D Carbon
Nanotube Network Using a Dual Functional L-Shaped Nanoprobe,”
Analyst 140 (2015): 3150-3156, https://doi.org/10.1039/C4AN02139H.

102. X. Shi, W. Qing, T. Marhaba, and W. Zhang, “Atomic Force
Microscopy - Scanning Electrochemical Microscopy (AFM-SECM) for
Nanoscale Topographical and Electrochemical Characterization: Prin-
ciples, Applications and Perspectives,” Electrochimica Acta 332 (2020):
135472, https://doi.org/10.1016/j.electacta.2019.135472.

103. Y. Wang, C. Rodriguez, S. E. Alden, et al., “Electrochemical Imaging
of Neurotransmitter Release with Fast-Scan Voltammetric Ion Conduc-
tance Microscopy,” Science Advanced 10 (2024): ado9322, https://doi.org/
10.1126/sciadv.ad09322.

104. C. H. Ryu and H. Ren, “Simultaneous Mapping of Electrocatalytic
Activity and Selectivity via Hybrid Scanning Electrochemical Probe
Microscopy,” Nano Letters 24 (2024): 6112-6116, https://doi.org/10.1021/
acs.nanolett.4c01280.

105. M. A. O’Connell and A. J. Wain, “Mapping Electroactivity at
Individual Catalytic Nanostructures Using High-Resolution Scanning
Electrochemical-Scanning Ion Conductance Microcopy,” Analytical
Chemistry 86 (2014): 12100-12107, https://doi.org/10.1021/ac502946q.

106. B. P. Nadappuram, K. McKelvey, R. Al Botros, A. W. Colburn,
and P. R. Unwin, “Fabrication and Characterization of Dual Function
Nanoscale pH-Scanning Ion Conductance Microscopy (SICM) Probes for
High Resolution pH Mapping,” Analytical Chemistry 85(2013): 8070-8074,
https://doi.org/10.1021/ac401883n.

107. M. Holub, M. Adobes-Vidal, A. Frutiger, P. M. Gschwend, S. E.
Pratsinis, and D. Momotenko, “Single-Nanoparticle Thermometry with
a Nanopipette,” ACS Nano 14 (2020): 7358-7369, https://doi.org/10.1021/
acsnano.0c02798.

108. A. Page, D. Perry, P. Young, D. Mitchell, B. G. Frenguelli, and P. R.
Unwin, “Fast Nanoscale Surface Charge Mapping with Pulsed-Potential
Scanning Ion Conductance Microscopy,” Analytical Chemistry 88 (2016):
10854-10859, https://doi.org/10.1021/acs.analchem.6b03744.

109. Mapping Surface Charge of Individual Microdomains with Scan-
ning Ion Conductance Microscopy, ChemElectroChem 2018, 5, 2986-
2990, https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/
celc.201800724.

110. Y. Takahashi, A. I. Shevchuk, and P. Novak, “Multifunctional
Nanoprobes for Nanoscale Chemical Imaging and Localized Chemical
Delivery at Surfaces and Interfaces,” Angewandte Chemie International
Edition 50 (2011): 9638-9642, https://onlinelibrary.wiley.com/doi/10.1002/
anie.201102796.

111. J. Monteiro and K. McKelvey, “Scanning Bubble Electrochemical
Microscopy: Mapping of Electrocatalytic Activity with Low-Solubility
Reactants,” Analytical Chemistry 96 (2024): 9767-9772, https://doi.org/10.
1021/acs.analchem.4c00917.

112. L. I. Stephens and J. Mauzeroll, “Altered Spatial Resolution of
Scanning Electrochemical Microscopy Induced by Multifunctional Dual-
Barrel Microelectrodes,” Analytical Chemistry 90 (2018): 6796—6803,
https://doi.org/10.1021/acs.analchem.8b00821.

113. M. Sen, Y. Takahashi, Y. Matsumae, et al., “Improving the Electro-
chemical Imaging Sensitivity of Scanning Electrochemical Microscopy-
Scanning Ion Conductance Microscopy by Using Electrochemical Pt
Deposition,” Analytical Chemistry 87 (2015): 3484-3489, https://doi.org/
10.1021/acs.analchem.5b00027.

114. M. A. O’Connell, J. R. Lewis, and A. J. Wain, “Electrochemical Imag-
ing of Hydrogen Peroxide Generation at Individual Gold Nanoparticles,”
Chemical Communication 51 (2015): 10314-10317, https://doi.org/10.1039/
C5CCO01640A.

115. E. Krushinski, J. Kauffmann, K. Wang, and E. Dick, “Considerations
for Dual Barrel Electrode Fabrication and Experimentation,” Analyst 149
(2024): 2180-2189, https://doi.org/10.1039/D3AN01969A.

116. P. Zeng, Y. Zhou, H. Chen, et al., “Silver-Coated PMMA
Nanoparticles-on-a-Mirror ~Substrates as High-Performance SERS
Sensors for Detecting Infinitesimal Molecules,” Science Reports 14 (2024):
31627, https://doi.org/10.1038/s41598-024-80386- 2.

117. Y. Takahashi, A. I. Shevchuk, P. Novak, et al., “Simultaneous Noncon-
tact Topography and Electrochemical Imaging by SECM/SICM Featuring
Ion Current Feedback Regulation,” Journal of the American Chemical
Society 132 (2010): 10118-10126, https://doi.org/10.1021/ja1029478.

118. K. J. Vannoy, A. Ryabykh, A. I. Chapoval, and J. E. Dick, “Single
enzyme electroanalysis,” Analyst 146 (2021): 3413-3421, https://doi.org/10.
1039/D1AN00230A.

119. W. Chang, I. Hwang, M. Chang, C. Lin, W. Hsu, and J. Hou, “Method
of Electrochemical Etching of Tungsten Tips with Controllable Profiles,”
Reviews Science Instrumental 83 (2012): 083704, https://doi.org/10.1063/1.
4745394.

120. L. Jiao, B. Fan, X. Xian, Z. Wu, J. Zhang, and Z. Liu, “Creation of
Nanostructures with Poly(methyl methacrylate)-Mediated Nanotransfer
Printing,” Journal of the American Chemical Society 130, https://pubs.acs.
org/doi/full/10.1021/ja805070b.

121. F. Bachmann, R. Hielscher, and H. Schaeben, “Texture Analysis
with MTEX - Free and Open Source Software Toolbox,” Solid State
Phenomenon 160 (2010): 63-68, https://doi.org/10.4028/www.scientific.
net/SSP.160.63.

122. Handbook of Electrochemistry; 2006.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: sml172948-sup-0001-SuppMat.pdf.

16 of 16

Small, 2026


https://doi.org/10.1039/C5NJ00532A
https://doi.org/10.1021/jacs.7b10646
https://doi.org/10.1039/C4AN02139H
https://doi.org/10.1016/j.electacta.2019.135472
https://doi.org/10.1126/sciadv.ado9322
https://doi.org/10.1021/acs.nanolett.4c01280
https://doi.org/10.1021/ac502946q
https://doi.org/10.1021/ac401883n
https://doi.org/10.1021/acsnano.0c02798
https://doi.org/10.1021/acs.analchem.6b03744
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/celc.201800724
https://onlinelibrary.wiley.com/doi/10.1002/anie.201102796
https://doi.org/10.1021/acs.analchem.4c00917
https://doi.org/10.1021/acs.analchem.8b00821
https://doi.org/10.1021/acs.analchem.5b00027
https://doi.org/10.1039/C5CC01640A
https://doi.org/10.1039/D3AN01969A
https://doi.org/10.1038/s41598-024-80386-2
https://doi.org/10.1021/ja1029478
https://doi.org/10.1039/D1AN00230A
https://doi.org/10.1063/1.4745394
https://pubs.acs.org/doi/full/10.1021/ja805070b
https://doi.org/10.4028/www.scientific.net/SSP.160.63

	Thin-Wall Single-Crystal Gold Nanoelectrodes toward Advanced Chemical Probing and Imaging
	1 | Introduction
	2 | Results
	2.1 | Gold Nanoelectrode Fabrication
	2.2 | Material Characterization
	2.3 | Electrochemical Characterization
	2.4 | Gold Nanoelectrode Stability
	2.5 | Reproducibility and Size Distribution
	2.6 | Size Effects on Electrochemical Response
	2.7 | Photoelectrochemical Imaging
	2.8 | Multi-Material and Multi-Functional Probes

	3 | Conclusion
	4 | Methods
	4.1 | Fabrication of Nanopipettes
	4.2 | Fabrication of Gold Nanoelectrodes
	4.3 | Fabrication of Long-Taper W Micro-Contacts
	4.4 | Electrochemical Testing of Gold Nanoelectrodes
	4.5 | Synthesis of Gold Micro-flakes
	4.6 | Transmission Electron Microscopy
	4.7 | Scanning Photo-Electrochemical Microscopy

	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


