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We describe a method for electrochemical measurement and
synthesis based on the combination of a mobile micropipette
and a microelectrode array, which we term the array microcell
method (AMCM). AMCM has the ability to address single
electrodes within a microelectrode array (MEA) and provides a
simple, low-cost format to enable versatile electrochemical
measurements. In AMCM, a droplet at the tip of a movable
micropipette (inner diameter of 50 pm) functions as an electro-
chemical cell, in which the electrode area is defined by a

1. Introduction

Over the last decade, the race to true nanoscale electrochemical
imaging has resulted in development of a number of ground
breaking techniques for measuring electrochemistry at small
scales. These include, scanning electrochemical microscopy
(SECM),”" scanning ion conductance microscopy (SICM),” scan-
ning electrochemical cell microscopy (SECCM),®' scanning
electrochemical microscopy-atomic force microscopy (SECM-
AFM),"™ and variations/combinations thereof.® With these
techniques, the importance of small scale, correlative ap-
proaches between electrochemical measurements and secon-
dary techniques have also grown. This combination, small scale
electrochemistry and supporting measurements, so-called “cor-
relative multi-microscopy” approaches, has proven especially
powerful for elucidating new information in nano- and micro-
electrochemical systems.® Arrays provide a powerful tool to
enable the bridge between different microscopy modes, and
have found wide application, for instance in the combination of
SECCM with transmission electron microscopy (TEM) and
scanning electron microscopy (SEM).®” In these experiments,
the array is typically an electron microscopy grid, which serves
to collocate sample features®*® An alternative to high
resolution imaging approaches, one that offers significant
advances in terms of instrumental simplicity, is to instead create
an array of small electrodes, which can then be addressed
individually by a moving microcell (micropipette) approach.
Here, we develop such a tool, which we term the Array
MicroCell Method (AMCM). AMCM, as employed here, makes
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microelectrode of the array. We also report carbon MEAs that
are well suited for AMCM and are fabricated from pyrolyzed
photoresist films (PPFs). PPF-MEAs with nominal electrode
diameters of 5.5 um are characterized by AMCM, standard
macroscale electrochemical methods, and finite element model-
ing. The versatility of AMCM is demonstrated by measurement
of single Pt microparticles and by electrodeposition of shape-
controlled Pt nanoparticles.

use of a pyrolyzed photoresist film (PPF) carbon electrode
fabricated in a microelectrode array (MEA) format to generate
pyrolyzed photoresist film-microelectrode arrays (PPF-MEAs),
with a number of beneficial properties for both electroanalytical
measurements and materials synthesis. In this report, we
describe operation of AMCM with PPF-MEAs and highlight the
advantages provided, in particular for single particle measure-
ments and the electrodeposition of shaped nano/micropar-
ticles.

AMCM is the progeny of a number of micropipette contact
based methods developed starting around 1995 by Bohni.”’
Initial efforts at droplet based electrochemical measurements
involved a stationary pipette, termed “microcell,” and correla-
tive optical microscopy with the cell area defined by a silicone
rubber gasket. Soon after, scanning"” and feedback modes""
were introduced by Lohrengel and Bonhi, respectively. In 2009,
Williams and co-workers developed scanning micropipette
contact method (SMCM) which used 1.5um pipettes and
included full feedback and scanning capabilities."? Variations
on SMCM have produced a body of scanning droplet work
including battery investigations,™® nanopore modification/
characterization,"¥ and electrodeposition.”' Recently, inves-
tigation of oxygen evolution catalysis was performed using a
scanning droplet technique on an array of inkjet-printed
catalysts."® Micropipette contact methods have led to what
might be the ultimate resolution for such a technique, with
nanoscale droplets employed by SECCM.'”

In the technique presented here, AMCM, we use PPF-MEAs
to our advantage in correlative microscopy characterization.
Here, we employ carbon electrodes - an electrode material
which is often chosen for catalytic and/or bioanalytical studies -
prepared in microscale arrays."® PPF carbon electrodes are
constructed by pyrolysis of photoresist at high temperatures
and combine the typical advantages of carbon electrodes -
wide potential windows, chemical inertness and biocompatibil-
ity with low surface roughness. PPFs can also be mass produced
in numerous dimensional patterns,'® with the added benefit of
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renewal by fast scan cyclic voltammetry (FSCV)
treatments.””

MEAs can be fabricated in a wide range of dimensions,
electrode size and spacing,”" which provide low single-to-noise,
small iR drop and spatial registry.”? Individually addressable
arrays are highly desirable, but pose fabrication challenges and
require more involved electronics, especially when dense, small
electrodes are arrayed.”® Commercial MEAs have started to
emerge, but are often expensive and limited in configurational
flexibility. AMCM has the capability to assess single electrodes
within an array without complex electronics or electrode
connections. Here, we take advantage of PPF-MEAs, our array of
choice, for AMCM to measure single particles and electro-
deposit shaped nano/microparticles.

2. Results and Discussion

Fabrication of PPF-MEAs was carried out with standard photo-
lithography techniques (Figure 1a) to produce films with
properties in good agreement with previous reports."® First, a
positive photoresist was applied to a Si/SiO, wafer and then
pyrolyzed under an atmosphere of forming gas to obtain a PPF
with nominal thickness of 1.5+0.3 um, sheet resistance of
51.2 Q/], and low RMS roughness (0.80 nm over a 10x20 um
area). A second layer of photoresist was then spin-coated on
top of the PPF and developed to define the PPF-MEAs
(Figure 1a). PPF-MEAs fabricated for this work had an electrode
diameter of ca. 5.6 um with electrode spacing (d) of 150 um.
Cyclic voltammetry (CV) of differently spaced PPF-MEAs are
included in the SI where the diffusion profile changes from
planar to radial at increasing d/a (a=electrode radius) values
(Figure S1a).?¥ Standard macroscale electrochemical character-
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ization of PPF-MEAs revealed a typical steady-state response at
slow scan rates with increasing Cottrellian behavior at faster
scan rates (Figure S1b).?” The AMCM setup consisted of a two-
electrode circuit connected to a potentiostat (Figure 1b). PPF-
MEAs acted as the working electrode and a quasi-reference
counter electrode (QRCE), typically a Ag/AgCl or PdH, wire,
back inserted into a solution-filled borosilicate pipette (I.D.
50 um, Figure 1c inset) completed the circuit. This solution filled
pipette was then positioned at a single electrode within a MEA,
via micromanipulators and optical cameras to visualize the MEA
and pipette easily (Figure 1c). Once the droplet at the tip of the
pipette made contact with the surface, a measurement was
collected, and the position manually recorded. In the AMCM
configuration, the microelectrode defines the electrode area,
while the droplet defines the electrochemical cell.

To quantify the electrochemical behavior of a PPF, voltam-
metric studies were carried out at the macro- and nanoscale
with the inner-sphere redox probe FCTMA®. The macroscopic
voltammetric response (Figure 2a) is shown on a PPF and glassy
carbon (GC) electrode, where the similarity in response suggests
good electrochemical performance for PPFs, further confirmed
in the linear relationship of the anodic peak current (i,,) vs. scan
rate (v'?) (Figure 2a, inset). Nanoscale voltammetric responses
at these carbon electrodes were also characterized by SECCM, a
technique previously employed to study highly oriented
pyrolytic graphite®™' and screen printed carbon electrodes.”
Herein, the droplet at the tip of a solution filled nanopipette,
0O.D. 150-250 nm, was brought in contact with the electrode
surface at a series of predefined positions and a CV was
recorded at each point to construct a map. A SECCM map,
showing the current response at 0.6V vs Ag/AgCl, on PPF
(Figure 2b) and GC (Figure S2) electrodes demonstrated mini-
mal variations in current response between pixels, ca. <4 pA,
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Figure 1. a) Scheme of pyrolyzed photoresist film-microelectrode array (PPF-MEA) fabrication. b) AMCM electrochemical measurement setup. c) Optical image
of AMCM, where bright spots are microelectrodes 150 um apart. The inset shows an electron micrograph of a typical pipette used.
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Figure 2. a) Cyclic voltammograms of 2 mM FCTMA™ at 0.1 V/s with 0.1 M
KCl as the supporting electrolyte on PPF and GC electrodes. Inset plot of
peak anodic current vs v'? is included to illustrate similarity in response of
the two electrodes. b) SECCM CV map at 0.6 VV vs Ag/AgCl on a PPF. c)
Average SECCM CV response at a glassy carbon (black) and PPF (red)
substrate. For SECCM, the solution in the pipette was 2 mM FCcTMA™ in

50 mM KCl, the scan rate was 1.2 V/s, and the pixel resolution was 1 um/
pixel.

suggesting a comparable and homogeneous electrochemical
response at electrode surfaces. The average SECCM CV
response, collected at three different locations (more informa-
tion in Figure S2), at PPF and GC showed a steady-state, mass-
transport limited current response (Figure 2¢), indicative of
quasi-radial diffusion to a planar surface,”” with limiting
currents of ca. 5 pA for both substrates. These data sets suggest
the PPFs, as prepared here, provides a suitable material for
further MEA development.

Validity of AMCM was demonstrated by comparison of cyclic
voltammograms of FcMeOH between the same isolated,
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individual microelectrode, (i.e. not within an array) measured
by AMCM, by solution immersion of the electrode, and
characterized by finite-element simulations of a single micro-
electrode of the same dimensions (Figure 3). The single micro-
electrode examined (Figure 3a) was 5.6 um in diameter with
conical side walls at an angle of ca. 45° from the surface
(defined as the angle between the surface normal and sidewall)
and a recess depth (L) of 2.25 pm as measured by atomic force
microscopy (AFM) (Figure 3a-b). A CV was collected using an
immersed custom Teflon cell (exposed area of 0.31 cm?), with
the electrochemically active area defined by the single
electrode at the center. Next, on the same electrode, an AMCM
measurement was carried out and the current response for
both AMCM and the immersed, macroscale measurement are
shown in Figure 3c. Comparison of the response at these
experimental scales is important to confirm and underscore the
direct parallel between standard electrochemical methods and
AMCM. Similar steady-state current is observed for both
measurement approaches. This result is indicative that the
AMCM response faithfully reports the electrochemical response
that would be recorded in a typical experiment. Additional
AMCM measurements with FcMeOH are shown in Figure S3,
and show consistency between CVs when the pipette is
repeatedly approached and retracted from the surface between
each measurement.

Microelectrodes in the PPF-MEAs can be described as a
conical well, or as a conically recessed ultramicrodisk electrode
(CRUME).”® This sidewall/electrode geometry was found to be
beneficial for droplet-electrode contact for surfaces and liquids
employed here. The steady-state current response for such an
electrode, lies between the classic inlaid microdisk and a
recessed microdisk.?** Thus, current values are always frac-
tional of the microdisk relationship commonly described,?” in
which the steady-state current, i, is dependent on the number
of electrons transferred, n, Faraday’s constant, F, electrode
radius, a, the diffusion coefficient, D, and concentration, C, of
the redox species [Eq. (1)].

iss. microdisk — 4nFaDC 1)

A conical well electrode depends on these parameters, plus
two additional parameters, the depth of the well (similar to the
depth of a recessed microdisk) and the conical angle. To our
knowledge, the interdependent variation in multiple geometric
factors makes it difficult to derive a general analytical
expression, and as such finite element simulations are typically
employed for geometries similar to the conical well. Britz and
Strutwolf carried out detailed simulations to treat the conical
well geometry which provide an excellent generalized picture
of mass transport effects in this restricted geometry, where the
transitions from radial to linear diffusion are highly dependent
on well depth and cone angle.”® Finite element simulations
(COMSOL) were performed for the exact electrode geometry
characterized in Figure 3a-c. Simulations of the cyclic voltam-
metric response of a conical well microelectrode with 2 mM
FcMeOH in 25 mM KCl solution as a function of cone angle are
shown in Figure 3d (see SI for modeling details). Simulation at a
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Figure 3. Electron micrograph (a) and AFM (b) of an individual microelectrode. c) Cyclic voltammograms for FcMeOH oxidation when immersed and by AMCM
of the same single 5.6 um diameter microelectrode at 0.05 V/s. The solution was 2 mM FcMeOH and 25 mM KCl. d) Finite-element simulations of AMCM

measurements with varying conical side wall angles.

cone angle of 45° agrees with the result for the immersed
electrode measured in Figure 3c. The AMCM measurement is
close but is ca. 17% higher than both the simulation and the
immersed electrode. There are a number of parameters
estimated in the drop dimension which are difficult to
determine precisely and could lead to this subtle difference.
These parameters are, principally, droplet dimension/shape,
separation between the micropipette tip and electrode surface,
and contact angles of the electrolyte solution at the electrode
and micropipette surfaces. Additional simulations of these
geometric features (Figure S4) did not immediately identify the
origin of the discrepancy, and a more detailed simulation study
is presently underway.

To demonstrate the utility of AMCM, single particle
measurements were carried at electrodeposited Pt particles. A
PPF-MEA was immersed in a solution of 2 mM K,PtCl; and 0.1 M
H,SO,, and a potential program (Figure 4a) was applied to
deposit Pt particles. First, the potential was stepped from an
inert potential (E;) to a reducing potential (E,) to generate Pt
nuclei in the electrodes within the PPF-MEA at a time duration
t, and t, respectively. Then, a square wave program was
implemented where the potential oscillated between an
oxidizing (E,,) and a reducing potential (Ezq) at a frequency (f)
of 100 Hz for a set time (t;) to grow and shape the Pt particles.
The particle shape can be altered by changing Eq, and Epeq.*"
The bulk electrodeposition, was performed with the following
parameters with respect to a Ag/AgCl (3 M NaCl) reference: E, =
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041V, t;=1s, E,;=034V, t,=04s, E;,=0.61V, Epg=0.21V,
f=100 Hz, and t;=45 min.

This deposition program created spherical, ca. 2 um diame-
ter, Pt microparticles in approximately 78% (1-3 particles) and
43 % (single particle) of exposed electrodes (n=60, Figure 4b).
An electrode containing one Pt microparticle (Figure 4c) was
then characterized for hydrogen adsorption/desorption by
underpotential deposition (Hypp) in 0.01 M HCIO, by AMCM vs
PdH, QRCE (Figure 4d). Particles were first cycled 3 times at
200 mV/s from 0 to 1.2V starting at 04V to remove any
contamination and remove surface Pt oxide species. Then, 2
additional Hypp cycles were recorded, the 2™ cycle is shown in
Figure 4d. A similar procedure was used by Crooks and co-
workers to ensure an accurate and consistent measurement.®?
One set of Hypp peaks is observed for particles examined here, a
response consistent with a previous single particle study.?
Location of Hyp and Pt oxide reduction/oxidation peaks
correlate with Pt surfaces from previous reports.*>>¥ Electro-
chemical surface area was calculated by integration of Pt oxide
peak present at ca. 0.6V vs PdH, (¥ in Figure 4d) with
conversion value of 420 uC/cm.? Calculated active surface area
was 14 times greater than that of a platinum sphere of the
same dimension. This assumes a smooth/solid Pt particle, which
may well not be the case for the example shown here, however,
such high surface area particles are of interest for future studies
of catalysis. These measurements demonstrate the utility of the
AMCM for studies at single entities, such as individual electro-
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Figure 4. a) Schematic of Pt electrodeposition potential step program.
Electron microscopy images of b) the Pt particle distribution on a PPF-MEA
and ¢) an electrode with a single Pt particle. The green circles and squares in
(b) highlight electrodes containing one and two Pt particles, respectively. d)
A cyclic voltammogram at the electrode from (c) in 0.01 M HCIO, at a scan
rate of 200 mV/s.

des or particles. AMCM clearly permits addressing individual
electrodes, obviating the need for complicated microfabrication
of electrode leads.

In addition to single-entity measurements, AMCM is a
useful tool for high-throughput screening of conditions for
electrodeposition of nanoparticles, where the droplet func-
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tions as a reaction vessel to deposit and grow particles. With
consideration that metal electrodepositions can prove sensi-
tive reactions, which can be difficult to optimize, the ability
to screen deposition parameters and repeat conditions many
fold over is very attractive. Since Tian etal. introduced a
protocol for the electrochemical deposition and shaping of Pt
to yield particles with high-index facets,®” there have been
many publications reporting the deposition of Pt particles
with different morphologies.®'*3**¢ Here, we adopted the
electrochemical Pt particle deposition method (similar to that
described above) for Pt nanoparticle (Pt NP) deposition by
AMCM, proceeded by morphology characterization with SEM
(Figure 5). The following parameters, with respect to PdH,
QRCE, were used to deposit Pt NPs as shown in Figure 5a:
E,=0.19V, t;,=15s, E,==0.12V, t,=1ms, E5,=0.96 V, Egq=
—0.18V, f=100 Hz, and t;=10s. Shaping potentials, E,, and
Ereqs Were then increased by 20 mV going from left to right
and top to bottom respectively (as indicated by arrows
Figure 5). Under these conditions, each electrode of the array
was filled with particles to the edge, or near edge, of the
electrode boundary, which strongly suggests good wetting
by the droplet, in agreement with the electrode character-
ization described vide supra. A rarely occurring “bald spot”
can be seen on the left-hand side of the electrode in
Figure 5a. This is likely due to a small amount of remaining
photoresist on the surface of the PPF within the electrode
area.

By varying Eq, and Eg.4 systematically in a grid pattern, a
trend in particle faceting was generated. As Ey, was
increased, the Pt NPs became more cubic as evidenced by
the transition towards sharper edged particles from columns
a to c in Figure 5. Particles in selected electrodes on the array
were characterized by measuring the aspect ratio, where a
value of 1 indicates a perfect square and 0 a line, and
circularity, where a value of 1 indicates a perfect circle and
0.78 a perfect square, with image analysis software (see SI
shape descriptors). Due to the high density of particles, only
isolated particles were considered. Comparison of individual
particles within the inset images in Figure 5a and 5c, revealed
an aspect ratio of 1.17+0.18 and 1.08+0.04 and circularity
of 0.56+0.09 and 0.63+0.07, respectively (Figure5, S5, Sl
shape descriptors). In combination, the aspect ratio and
circularity confirm that the particles shown in Figure 5¢ are
more cubic than in 5a. When Eg4 is increased, higher index
faceting began to appear, where the occurrence of clear
pyramidal additions to the sides of the larger cubic structures
are observed. The trend towards more complex faceting as
Eoy and/or Eq.q were increased was consistent with work from
the Sun Group.P"” Also of note, Pt electrodepositions via
AMCM are different than bulk electrodepositions because of
faster mass transport with AMCM, as seen with
ultramicroelectrodes® and SECCM.”® Consequently, AMCM
has the advantages of reduced electrode fabrication/prepara-
tion time and faster depositions, which drastically increases
throughput of parameter vetting.
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Figure 5. Microscopy images of electrodeposited Pt nanoparticles by AMCM in microelectrodes on a PPF-MEA. Values for E,, and Eg4 correspond to the

waveform shown in Figure 4a.

3. Conclusions

In this report, we detailed operation of AMCM with PPF-MEAs.
AMCM provides several attractive advantages worth note. First,
AMCM allows addressing individual elements in a MEA in a
simple and straightforward fashion without the need for
complex electrode connections. Further, if the drop size is large
relative to the size of the electrode and the spacing between
the electrodes is sufficient, simple optical interrogation is
sufficient to position the micropipette and contact an individual
electrode. With this approach, and a single experiment setup,
many individual experiments or replicant measurements can be
performed in a short amount of time. We also describe carbon
electrode arrays which are suitable for AMCM, and provide low
roughness, inert electrodes for synthesis of electrocatalytically
interesting materials. PPF-MEAs were suitable for both single
entity preparations and interrogation, and for electrodeposition
of shaped nanoparticles. Shape-controlled nanoparticle studies
demonstrated that AMCM with PPF-MEAs is highly commensu-
rate with correlative microscopy approaches and integrates
easily into correlative electrochemical/electron microscopy
approaches. In the future, we posit that these same electrodes
will also prove suitable for single entity measurements in
biological studies, such as single cells.

Finally, for work reported here, positioning of the AMCM
probe was achieved either with a manual micromanipulator or
a motorized, but still manually controlled, micromanipulator.
Feedback control in movement of the probe to the surface can
be easily incorporated and if array elements are evenly spaced,
the entire process can be automated with very simple (relative
to state-of-the-art) positioning hardware, to enable high
throughput electrochemical studies that can take advantage of
correlative microscopy approaches. This work is presently
underway in our laboratories and will be reported in due
course.
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Experimental Section

Chemicals and Materials

Deionized water (Resistivity=18.2 MQcm at 25 °C, Millipore Sigma,
Burlington, MA) was used to prepare all solutions. Potassium
hexachloroplatinate (IV) (K,PtCls, 98 %, Sigma Aldrich, St. Louis, MO),
sulfuric acid (H,SO,, Marcon Chemicals, Randor, PA), potassium
chloride (KCl, VWR Analytical, Randor, PA), potassium nitrate (KNO;,
EMD, Burlington, MA), hyrdroxymethylferrocene (FcMeOH, 99 %,
Strem Chemicals, Newburyport, MA) and perchloric acid (HCIO,,
Fisher Scientific, Hampton, NH) were used as received. A metathesis

reaction was used to convert (ferrocenylmethyl) trimeth-
ylammonium  iodide  (FCTMA*I",  Strem  Chemicals) to
(ferrocenylmethyl)  trimethylammonium  hexafluorophosphate

(FCTMA*PF¢). The resulting hexafluorophosphate salt was dried
and stored at room temperature prior to use. Glassy carbon (Alfa
Aesar, Haverhill, MA) electrodes were polished with 0.05 pm
alumina powder (CH Instruments, Austin, TX) and sonicated in
water prior to use.

Electrode Preparation

PPFs-Positive photoresist (Microposit S1813, DOW, Marlborough,
MA) was used to create conductive carbon films (PPF). Silicon oxide
coated Si wafers (Si/SiO,) (University Wafer, South Boston, MA) were
used as substrates. Si/SiO, wafers were first sonicated for 10 mins in
ultrapure water and isopropanol, respectively, and dried under a
stream of dry nitrogen. Immediately before applying photoresist;
substrates were heated on a hotplate at 120°C for 5 min to allow
surface water to evaporate. Two coats of photoresist was applied
with a spin coater (Headway Research Inc. Model PWM50, Garland,
TX) to a room temperature Si/SiO, wafer. Pyrolysis was performed
in an air-free tube furnace (Lindberg, Riverside, MI) at 900°C for
60 min with a 20°C/min ramp under a constant flow of forming gas
(95% N,, 5% H,). Final PPFs had a thickness of 1.5+0.2 um, sheet
resistance 51.2 Q/[7, and a RMS roughness of 0.8 nm.

Microelectrode arrays- An additional single coating of S1813 was
applied to PPFs to a thickness of 2.6+0.1 um (L). Photolithography
was performed with a mask aligner (OAI, San Jose, CA) as specified
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by the manufacturer to create PPF-MEAs with an electrode radius
(a) of 2.8 um and electrode spacing (d) of 150 pm.

Macroscale Characterization of PPF-MEAs

SEM images were collected on a Carl Zeiss Auriga FIB-SEM
(Oberkochen, Germany). PPF sheet resistance (51.2 Q/[J) was
determined by a 4-point probe (MMR Technology Inc, San Jose,
CA). Measurements were made with 4 in-line probes with an
average spacing of 2.5 mm. Film thickness was measured using a
KLA Tencor P7 surface profiler (1.5+0.3 pm PPF, 2.6+0.1 um MEA)
and PPF RMS surface roughness (0.8 nm) was determined by non-
contact mode AFM (XE-Bio, Park System, South Korea) over a 10x
20 um area with PPP-NCHR cantilever with 20 nm tip diameter.

Macroscale electrochemical characterization of PPFs and PPF-MEAs
was performed using cyclic voltammetry (CV) by CHI 910b
potentiostat (CH Instruments, Austin, TX) with 0.312 cm? exposed
electrode area in a custom Teflon cell. A counter electrode made
from Pt mesh (99.9% purity, 152 wires/inch) and Pt wire (99.99 %
purity, 0.6 mm diameter) were purchased from Goodfellow (Cor-
aopolis, PA). A Ag/AgCl (3M NaCl) reference electrode was
purchased from BASi (West Lafayette, IN).

AMCM

AMCM setup (Figure 1) used either, a Ag/AgCl wire or PdH, wire
(0.003" diameter, California fine wire, Beach Grove, CA) as the quasi-
reference counter electrode (QRCE). A CHI 910b potentiostat (CH
Instruments, Austin, TX) was used to apply the potential between
the QRCE and a PPF-MEA, which served as the working electrode in
two-electrode system. Borosilicate pipettes were fabricated from
1.0 mm outer diameter (0.D), 0.58 mm inner diameter (I.D.)
capillaries with a flaming brown P-97 filament puller (Sutter
Instruments, Novato, CA). Capillaries were first pulled to pipettes
with a long shank using the following parameters: heat=715,
pull=0, velocity=150 and time=0. Then the “glass-on-glass”
method was used as specified in the Sutter Pipette Cookbook
(2018) to fabricate pipettes with I.D. of 52+2.7 um. Pipette was
positioned using a Zaber T-JOY3 series joystick (Zaber, Vancouver,
BC, Canada), which controlled a 3 axis x, y, z positioning system.
Pipette position was determined by two optical cameras and
electrode location was recorded manually.

SECCM

Quartz pipettes were fabricated from dual barrel capillaries with
1.2mm OD and 0.90 mm ID with a P-2000 laser puller (Sutter
Instruments, Novato, CA). Pulled pipettes resulted in an approx-
imate OD of 200 nm and an ID of 75 nm per barrel. Pipettes were
filled with 2 mM FcTMA™* with 50 mM KCl. Perfluoroalkoxy (PFA,
A—M Systems, Sequim, WA) coated silver wires were used to make
Ag/AgCl QRCEs by stripping off the coating to expose the silver
wire and subsequently chloridizing the Ag wire. Chloridized silver
wires, which serve as QRCEs, were inserted into each barrel of the
pipette. Our SECCM instrumentation setup is described in detail
elsewhere.”¥ In brief, a commercial Park Systems Dual AFM/SICM
(Suwon, Korea) instrument was modified by the addition of a
current amplifier (CHEM-CLAMP, Dagan Corp., U.S.A.) equipped
with a 100 MQ headstage and custom potentiostat, designed in-
house. During SECCM, a 100 mV bias was applied between the
QRCEs to generate an ion conductance current for SECCM feedback.
The pipette was oscillated at a frequency of 1000 Hz with an
oscillation height of 20 nm. AC hopping mode was used for SECCM
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CV mapping were the lift height, pixel resolution, and scan rate
were 500 nm, 1 pm/pixel, and 1.2 V/s, respectively.

Pt Electrodeposition and Shaping

Electrochemical measurements were performed using a CHI 660
and CHI 910b potentiostat (CH Instruments, Austin, TX). All
depositions were carried out in 2 mM K,PtCl and 0.1 M H,SO,.
Immersed, macroscale Pt depositions resulting in 1-3 Pt particles
deposited into each electrode on the PPF-MEA were prepared by
the following potential step program vs Ag/AgCl (3 M NaCl): E,=
041V, t;=1s, E,=034V, t,=04s, Es,=0.61V, Ezq=021V, f=
100 Hz, and t;=45 min. This program yielded Pt particles with
diameters of ca. 1-2 um.

Pt deposition and growth of faceted particles using AMCM were
carried out with a 2 mM K,PtCl; and 0.1 M H,SO, filled pipette. The
following parameters vs PdH, were used to deposit particles show
in Figure 5a: E,;,=0.19V, t,=15s, E,=-0.12V, t,=1ms, E,,=0.96 V,
E,.q=—0.18V, f=100 Hz, and t;=10 s. E,, ;o4 E,.q Were increased by
20 mV going from left to right and downward respectively (Fig-
ure 5). Electrode position was then recoded and particles were
characterized by SEM (Figure 5).
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