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We describe the combination of scanning electrochemical cell microscopy (SECCM) and
interference reflection microscopy (IRM) to produce a compelling technique for the study
of interfacial processes and to track the SECCM meniscus status in real-time. SECCM
allows reactions to be confined to well defined nm-to-pm-sized regions of a surface,
and for experiments to be repeated quickly and easily at multiple locations. IRM is
a highly surface-sensitive technique which reveals processes happening (very) close to
a substrate with temporal and spatial resolution commensurate with typical
electrochemical techniques. By using thin transparent conductive layers on glass as
substrates, IRM can be coupled to SECCM, to allow real-time in situ optical monitoring
of the SECCM meniscus and of processes that occur within it at the electrode/
electrolyte interface. We first use the technique to assess the stability of the SECCM
meniscus during voltammetry at an indium tin oxide (ITO) electrode at close to neutral
pH, demonstrating that the meniscus contact area is rather stable over a large potential
window and reproducible, varying by only ca. 5% over different SECCM approaches. At
high cathodic potentials, subtle electrowetting is easily detected and quantified. We also
look inside the meniscus to reveal surface changes at extreme cathodic potentials,
assigned to the possible formation of indium nanoparticles. Finally, we examine the
effect of meniscus size and driving potential on CaCOs precipitation at the ITO
electrode as a result of electrochemically-generated pH swings. We are able to track
the number, spatial distribution and morphology of material with high spatiotemporal
resolution and rationalise some of the observed deposition patterns with finite element
method modelling of reactive-transport. Growth of solid phases on surfaces from
solution is an important pathway to functional materials and SECCM-IRM provides
a means for in situ or in operando visualisation and tracking of these processes with
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improved fidelity. We anticipate that this technique will be particularly powerful for the
study of phase formation processes, especially as the high throughput nature of
SECCM-IRM (where each spot is a separate experiment) will allow for the creation of
large datasets, exploring a wide experimental parameter landscape.

Introduction

The ability to visualise and study phase formation and change is extremely
important in materials science, to understand processes such as crystallisation,
precipitation, and deposition. Practical applications include the development of
new pharmaceuticals,' crop protection agents,” new energy storage materials,’
among others. Many techniques are available to track phase formation, including
optical,* fluorescence,” and scanning electron and transmission electron
microscopies (SEM/TEM),® as well as Raman and infrared spectroscopy,”® or
scanning probe techniques like scanning tunnelling microscopy or atomic force
microscopy (STM/AFM).>*® Application of microscopy with electrochemical
control is particularly attractive as it provides a means to trigger, monitor and
track (electro)chemical processes, ultimately at the single entity level.''* More
generally, the use of co-located microscopy techniques that probe and correlate
structure and activity in the same space have the power to reveal surface processes
in quantitative microscopic detail,*® particularly when applied in operando.***”

Electrochemical techniques can be used to change solution composition in
a controlled manner, by either consuming/producing reagents at the surface of an
electrode immersed in a solution,®*?® or by precisely mixing reagents using
migration and electroosmotic flow in a nanopipette.** A particular advantage of
electrochemistry is that the driving force can usually be controlled via the applied
potential and mass transport can be varied over a wide range, and modelled with
a high degree of accuracy,”> allowing spatiotemporal changes in solution
composition to be predicted quantitatively.

Recently a hybrid approach, using interference reflection microscopy (IRM)
coupled to electrochemistry, was used to visualise and study the growth of
ensembles of nanoparticles at optically transparent electrodes, in situ, at different
overpotentials.”®*?° As a surface sensitive technique, IRM is particularly suited to
the investigation of phenomena at the electrode/electrolyte interface.>* At
optically transparent electrodes, such as indium tin oxide (ITO) immersed in
solution, local phase formation and/or change at the electrode surface modify the
refractive index, giving rise to a difference in contrast in the observed reflected
light image. For example, this phase change can arise from the growth of nano-
particles or crystals at the electrode surface providing real-time in situ observation
of the phase formation event.** The sensitivity of IRM, or its analogue known as
iSCAT, named for interferometric scattering microscope,* can be pushed towards
single molecule imaging, or in the context of electrochemistry to the imaging of
the restructuring of the electrochemical double layer of nanoparticles.** Although
IRM is usually performed in large electrolyte volume, IRM can be coupled with
spatially resolved electrochemical techniques to provide local electrochemical
control and monitoring of phase formation events.

Scanning electrochemical cell microscopy (SECCM) provides a powerful plat-
form to create very well defined and consistent microscale and nanoscale-sized
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electrochemical cells on various substrates.***” Since its inception,**** SECCM,
and the scanning micropipette contact method (SMCM) as an earlier variant was
named, has been widely employed to investigate electrochemical processes at the
nanoscale, revealing heterogeneous properties of many features of materials
including 2D materials,****** nanotubes,*** grain boundaries and crystallo-
graphic facets in electrodes and electrocatalysts,**** single particles, among
a rapidly expanding range of applications.*” For phase formation and phase
change processes, the ability to confine electrochemical reactions to small
volumes allows the investigation of a few or even single events.**** In this context,
the use of SECCM in hopping mode,*® where the SECCM meniscus is landed at
a series of spots on a surface, is particularly powerful, as it is possible to build up
large datasets with the same, or different, experimental conditions applied to
each spot.

In this work, we combine SECCM with the surface sensitivity of IRM to
investigate phase formation in tiny droplet cells at an ITO electrode surface. First,
we employ this new hybrid technique to visualise and monitor the evolution of the
SECCM meniscus dimension during electrochemical actuation. Subtle variations
in the meniscus surface area are detected when faradaic current flows at the ITO/
electrolyte interface. Meanwhile IRM can track, in situ with high temporal reso-
lution (ms), changes to the electrode within the meniscus footprint, with the
indication of indium (In) nanoparticle (NP) formation at potential regions asso-
ciated with the solvent breakdown at the ITO electrode. Second, as proof of
concept of the use of SECCM-IRM to track phase formation, we demonstrate the
nucleation and growth of calcium carbonate (CaCOj3), driven by a pH change
caused primarily by the oxygen reduction reaction (ORR) at the ITO surface. We
observe a dependence of the number of crystallisation sites on the electro-
chemical cell geometry and ORR driving potential. Supported by finite element
method (FEM) simulations, we further demonstrate that the pattern of crystals
formed within the SECCM meniscus is related to spatiotemporal variations in
supersaturation within the meniscus, governed by the interplay between oxygen
transport across the meniscus/air interface, and its reduction at ITO, mass
transport from the SECCM pipette, coupled to carbonate buffer speciation.

The combination of SECCM and IRM opens up many new opportunities for the
investigation of electro(chemical) dynamics at the nanoscale. The successful
development and application of SECCM-IRM in this work serves as a foundation
for future studies.

49-53

Experimental

Reagents and materials

Potassium nitrate (KNOj3, Sigma), hydrochloric acid (HCl, 37%, Honeywell Fluka),
anhydrous calcium chloride (CaCl,, 96%, Acros Organics), and sodium bicar-
bonate (NaHCOj3, 99+%, Acros Organics), were used as supplied by the manu-
facturer. Solutions were prepared with ultrapure deionised water (PURELAB
Chorus, ELGA, UK).

ITO coated coverslips (20 x 20 mm, 70 nm coating thickness, SPI Supplies,
USA) served as the working electrode (WE)-IRM substrate. They were first cleaned
by sonication in isopropanol and subsequently in deionised water. Electrical
connection to the ITO was made by connecting a copper wire to the coverslip with
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silver conductive paint (RS Components, UK). To secure the wire, two-part epoxy
adhesive was used (Araldite, UK). An Ag/AgCl quasi-reference counter electrode
(QRCE) was prepared by anodizing 0.125 mm diameter annealed silver wire
(99.99%, Goodfellow, UK) in a saturated KCl solution for 10 min. All potentials
reported herein are versus this QRCE, which is stable over long experimental run
times.”” All SECCM experiments were performed with a single barrel pipette,
loaded with electrolyte solution, as the mobile probe.*” Three different sizes of
pipettes (end aperture) were used in the experiments, all pulled from borosilicate
capillary tubes: (i) 200 nm diameter pipettes from outer diameter (O.D.) 1.2 mm,
inner diameter (I.D.) 0.69 mm tubes; (ii) 5 um diameter pipettes from O.D. 1.0
mm, L.D. 0.5 mm tubes, both pulled using a laser pipette puller (P-2000, Sutter
Instrument, USA). (iii) Pipettes with a diameter in the range of 20-30 pm were
pulled from O.D. 1.0 mm, I.D. 0.5 mm tubes, using a vertical resistive heating
pipette puller (PC-10, NARISHIGE, Japan). Micropipette diameters were measured
using an optical microscope before the experiments, while nanopipettes were
routinely visualised using SEM and TEM.*®

SECCM-IRM instrumentation

An inverted fluorescence microscope (DMI4000B, Leica, Germany) was utilised as
the base for the SECCM-IRM workstation. For the IRM measurements, 2 light
sources were used to back-illuminate the ITO electrodes: either the blue channel
LED (intensity peak at wavelength of 470 nm, fullwidth at half-maximum
(FWHM) bandwidth of 19 nm) from a multi-LED light source (Niji, Bluebox
Optics, UK); or a mercury metal halide white light source (EL6000, Leica) in
conjunction with a bandpass filter (ET480/20x, intensity peak at 480 nm, FWHM
bandwidth of 20 nm, Chroma, USA). Images were captured using a 20x objective
(N Plan, numerical aperture (NA) 0.35, Leica) or a 63x oil immersion objective
(HCX Plan Apochromatic, NA 1.4, Leica). An additional 1.6x tube lens was used,
to achieve up to 100x effective magnification. IRM images were recorded with
a CMOS camera (C11440-42U30, Hamamatsu Photonics, Japan) at acquisition
rates ranging from 30 to 300 frames per second (FPS). The microscope, camera
and light sources were controlled using MicroManager (release 1.4.22, open
source).>

A two-axis piezoelectric positioning stage (Nano-Bio300, with a Nano-Drive
controller, Mad City Labs, USA) was mounted atop the microscope and used to
move the ITO substrate (WE) in the XY plane. A single axis piezoelectric actuator
(P-753.3, with an E-665 controller, Physik Instrumente, Germany) was used for
moving the SECCM probe along the Z axis, perpendicular to the WE plane. For
coarse SECCM probe positioning, XYZ micropositioners (M-461-XYZ-M, Newport,
USA) were used in conjunction with a Z axis stepper motor (8303 Picomotor
Actuator, Newport). All high resolution SECCM approaches were performed using
the Z axis piezoelectric actuator.

Electrochemical measurements were performed using custom built current
followers. Data acquisition and SECCM probe positioning control were performed
by an FPGA card (USB-7856R OEM, National Instruments, USA), in turn governed
by the Warwick Electrochemical Scanning Probe Microscopy (WEC-SPM) plat-
form,® controlled by LabVIEW software (release 2019, National Instruments).
Image recording was triggered from the WEC-SPM platform, by outputting a TTL
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signal to the camera input trigger port. The camera output trigger’s pulse train
was also fed to the FPGA card, and recorded concurrently with the electro-
chemical measurements, allowing synchronous analysis and presentation of
SECCM and IRM data. The entire equipment (microscope, stage, positioners, and
camera) was enclosed in a Faraday cage, lined with thermal isolation panels, and
supported on an active optical table (CleanBench, TMC, USA).

Electrochemical data processing and plotting was carried out using the
MATLAB (release R2019b, The MathWorks, Inc., USA) and OriginPro (release
2021, OriginLab, USA) software packages. Image analysis and treatment was
performed with custom Python routines based on Skimage and Trackpy packages
(release 2021, open source).

Raman spectroscopy

Raman spectra were recorded using a Raman microscope (Horiba LabRam HR
Evolution) fitted with a charged couple device detector and a 660 nm OPSS laser. A
50x (0.5 NA) objective and 1800 lines mm ™" grating was used, with 10 x 1 s
acquisitions averaged per spectrum.

Reactive-transport modelling

The time-dependent speciation inside the meniscus and pipette were simulated
by numerically solving the diffusion equation for the system using the FEM in
COMSOL Multiphysics (version 5.6, COMSOL Inc., USA). A typical axisymmetric
geometry consisting of the end of the pipette and the SECCM meniscus was based
on optical images of the pipette and the wetted area observed by IRM. We applied
the reactive-transport model we previously reported for time-dependent
CaCOs(aq) speciation.* Simulation details are further described in the FEM
results section below.

Results and discussion
SECCM-IRM principles

The SECCM-IRM setup is presented schematically in Fig. 1. It consists of an
inverted optical microscope which focuses the light source, through an objective
lens, onto the back of an ITO-coated glass coverslip. The top conductive side of
the coverslip is used as the WE. The SECCM probe, loaded with electrolyte
solution (50 mM KNOj3, for the study of ITO; and 5 mM CaCl, and 5 mM NaHCO;
(pH 2.7 HC) for the crystallisation experiments) and containing a QRCE, was
coarsely brought closer to the ITO substrate using the micromanipulators and the
stepper motor. The SECCM QRCE potential was controlled during the experi-
ments, while the ITO substrate (WE) was held at a virtual ground. The resulting
current was measured at the WE with a custom-built current follower. For ease of
interpretation, all potentials reported are for the WE electrode, which is the
negative value of the SECCM QRCE potential. Final tip approach was performed
by applying a small bias between the QRCE and WE (+0.2 V for ITO studies and
—0.1 V for the crystallisation experiments). The probe movement stopped auto-
matically as soon the current was above a threshold, set at the noise level (ranging
between 100 fA and 30 pA, depending on the sensitivity of the current follower
that was appropriate for each probe size). The event indicated contact between the
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Fig. 1 Schematic (not to scale) of (a) the SECCM-IRM setup showing the SECCM probe,
ITO WE and optical microscope. (b) Principle of operation of IRM to produce high contrast
images of events and features at the WE interface. (c) Typical IRM image, recorded in situ,
of an SECCM array section, with replicates of individual experiments. The darker elec-
trolyte residue, left after probe retraction, is contrasted against the brighter ITO substrate
background.

electrolyte meniscus formed at the end of the probe and the WE, resulting in
a small electrochemical cell, with dimensions related to the tip-end diameter
used. This event could also be detected in the IRM images (vide infra).

The optical detection principle has been detailed in previous works.***"** It is
based on the reflection of the light wave at the ITO-electrolyte interface and its
possible interference with light wave scattered by objects present on the ITO
surface, which disturb the local optical conditions and are highlighted within the
background, with the camera acting as an interferometric detector. Optical
features can show either a negative contrast, the feature appearing darker than
the background, or a positive contrast, where the feature appears brighter than
the background. The sign of the contrast depends on the dielectric properties of
the object relative to its environment and its size.****

Once the meniscus had landed on the WE (no contact from the pipette itself),
a short pause allowed monitoring of the meniscus stability and provided a back-
ground for later image treatment (vide infra). The potential was then swept or
stepped to drive ORR (and water reduction) at the WE, with synchronous IRM
visualisation of the meniscus footprint region. Once the potential sweep or step
was finished, the potential was switched back to the approach value. The probe
was then retracted, to detach the meniscus from the surface, and the WE shifted
laterally and the approach recommenced. In this way, the experiment could be
repeated on a fresh ITO region, allowing replicates of the experiment (Fig. 1). IRM
images were acquired synchronously throughout the entire experiment.

Real-time imaging of the SECCM meniscus

The use of IRM opens up the possibility of real-time, in situ, tracking of the
SECCM meniscus, allowing monitoring of its size and shape during experiments
and the (electro)chemical phenomena occurring within. This opens the
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possibility of important phenomena such as the wetted area dependence on
potential (electrowetting) to be studied. Although the wetted area may have little
impact on the SECCM currents for steady-state transport-limited measure-
ments,** it is of great importance for new applications where current density is
essential, such as in energy storage/conversion materials.®

Previously, the meniscus contact area and size has been deduced or inferred
from a variety of means, including: (i) scanning sharp electroactive features on
surfaces, such as individual single walled nanotubes, the border between an
electrode and insulator, or step edges, and tracking the resulting current-lateral
distance profiles with nm-resolution;******%¢ (ii) measuring droplet footprints or
line tracks left on a surface, with SEM or AFM, after SECCM scanning under
certain conditions;****% (iii) AFM analysis of surface patterns after SECCM
molecular-grafting, polymerisation or adsorption;**”* (iv) AFM analysis of SECCM
etch features;>”* (v) in situ visualisation of the meniscus and nanopipette with
laser scanning fluorescence microscopy;* (vi) analysis of dual-channel ion
conductance tip approach curves.***>”> Nonetheless, as we show herein, IRM
provides unprecedented views of the SECCM meniscus dynamics under
operation.

To demonstrate IRM SECCM-meniscus imaging in real-time, we repeatedly
approached a 50 mM KNOj-loaded 200 nm diameter nanopipette to an ITO
substrate and recorded cyclic voltammograms between +0.2 Vand —1.6 Vat 1.7 V
s~ while IRM images were synchronously recorded at a rate of 325 FPS. This
procedure was repeated at 17 different locations over the ITO substrate. Fig. 2a
shows IRM images of the meniscus (dark contrasted area), which has a diameter
of ca. 400 nm, at selected potentials. The voltammograms (Fig. 2b) show no
faradaic contribution before solvent breakdown at the extreme cathodic potential.
The evolution of the dimension of the meniscus footprint was monitored during
each voltammogram. The area of the meniscus was evaluated either from the
surface area (in pixels) of the dark region in the centre of the images, or from the
super-localization of its edges along two orthogonal directions.

The meniscus was rather reproducible among the 17 different experiments
with an overall £5% variation in area, measured during the short pause after
meniscus landing. Fig. 2c gives the evolution of the ensemble-averaged surface
area of 17 menisci during the potential cycle. The meniscus was rather stable
during the forward potential scan from 0 V to —1.47 V, but its surface area
increased when faradaic current flowed, in the solvent breakdown region. On the
reverse scan, the meniscus did not retract to its original dimension. Note that the
sudden increase in the meniscus size to a stable value at the start of the scan is
associated with meniscus landing that we will analyse in detail elsewhere.

The inset of Fig. 2c shows the evolution (in a narrower potential region from
—1Vto —1.6 V) of the width of an individual meniscus estimated from the FWHM
of the intensity profile. If the surface area provides an estimate with a quantum
pixel resolution, the edge localization procedure allows sub-pixel resolution, here
the individual meniscus diameter increases by 0.31 pixel, 20 nm, above the usual
5 nm resolution of the procedure.”®”” The observed electrowetting is not attrib-
uted to double layer charging effects since it rather occurs in the solvent elec-
trochemical decomposition. However, the observed phenomena are in general
agreement with the Lippmann equation predicting a decrease of the droplet
contact angle (and therefore increase in its footprint) with applied voltage.”°
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Fig.2 (a) IRM images of an SECCM meniscus (200 nm diameter tip) at selected potentials
during cyclic voltammetry (scan rate 1.7 V s7%) at ITO with 50 mM KNOj3 solution. (b)
Representative cyclic voltammogram recorded at one of the 17 spots of the experiment
array. (c) Mean SECCM meniscus area (averaged over the 17 spots) as a function of the
electrode potential as calculated from the corresponding IRM images. Inset in (c) shows
the evolution of the FWHM of the meniscus, in the selected potential window, evaluated
from its edge-tracking along the horizontal axis, during the cyclic voltammogram cor-
responding to (b). Arrows denote potential scan direction. IRM imaging recorded at 325
FPS (ca. 5 mV potential resolution). Light source: mercury metal halide white light, filtered
around the wavelength of 480 nm.

SECCM-IRM offers a non-invasive dynamic observation of the meniscus with
unprecedented >300 FPS image acquisition rate of the whole meniscus and,
through superlocalization strategy, with sub-10 nm relative size variation. Other
high spatial resolution methods used to infer the SECCM meniscus size, such as
SEM or AFM are performed ex situ on the meniscus footprint.

NP growth within a nanometre sized meniscus

The faradaic current flowing at the most cathodic potentials can be attributed to
solvent breakdown, and there may also be the reduction of ITO producing surface
confined In NPs. This process has been evidenced by ex situ SEM images of the
electroreduced NPs for a variety of electrolyte composition and pH.** The
dynamics of the NP formation and its competition with H, nanobubble electro-
generation during the hydrogen evolution reaction (HER) was more recently
monitored in situ by IRM.*

From the previously reported optical and SEM images, the density of In NPs is
of the order of 10° cm ™ 2.%* Thus, in principle, the confined region on the ITO WE
accessed by SECCM facilitates the study of a single NP formation and growth
event. For example, within a meniscus of diameter, d < 500 nm, such as the one
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monitored in Fig. 2a, the probability of finding one nucleation site is below 1 for
an average nucleation site density lower than 4/wd* = 5 x 10% cm™2.

Although previous studies of nucleation/growth of NPs with optical micros-
copy monitoring could optically isolate a single event, the electrochemical
information (current) associated to such event was recorded for the entire elec-
trode, averaged over the ensemble of NPs.>*3%%* In contrast, with SECCM-IRM, the
current is confined to the small SECCM meniscus, allowing the synchronous
electrochemical monitoring and optical imaging of a single event.** Image
background subtraction is then a helpful technique to improve analyses of noisy
data sets and it is often used in image processing in IRM.*?® The IRM image
captured during the last instant before the potential cycle was switched on can be
used as the background image, which is taken to be equivalent of the system
baseline state. The individual pixel intensity values of the background are sub-
tracted from the intensity values of all the subsequent IRM images. For periodic
noise, created by fluctuations in the light source output, time domain filtering is
also applied: images with sharp intensity changes repeated periodically are
excluded from the image stack; and pixel-by-pixel sliding-window smoothing is
applied.

A treated version of the IRM snapshots at 0.2, —1.3 and —1.5 V for the forward
scan and 0.2 V for the reverse scan can be seen in Fig. 3a, with an indicative
delimitation of the meniscus border (red dashed circle). These images can be
compared to the raw images for 0.2, —1.3 (forward) and 0.2 V (reverse) in Fig. 2a.
The image is featureless during the forward scan until the potential reaches

Voltammetric scan direction
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Fig. 3 (a) Treated IRM images recorded during the cyclic voltammetry in Fig. 2a, showing
the presence of a feature inside the SECCM meniscus after —1.5 V was reached on the
forward scan. (b) Opto-voltammogram showing the intensity in the corresponding ROI
(red circle in part a) over the applied potential range. (c) Charge transient (calculated from
integrating the current in Fig. 2a) compared to the optical intensity transient (t = O at the
onset of the cyclic voltammetry).
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—1.5V, or until a significant cathodic current is flowing (Fig. 2b). Once cathodic
current flows, an optical feature is clearly visible inside the meniscus perimeter,
which was not visible in the untreated data (Fig. 2a(ii)), and this feature remains
during the whole reverse scan (at 0.2 V in Fig. 3a). By inspecting the intensity
(Fig. 3b) of the region of interest (ROI) within the meniscus (red dashed circle in
Fig. 3a) throughout the entire image series, a decrease in the intensity was
initiated at —1.5 V and is maintained over the cycle. Assigning ¢ = 0 to the onset of
the potential cycle, the intensity of the ROl is also plotted vs. time in Fig. 3c. These
data show that the intensity decreases over time after the feature appears on the
image, indicating that the feature is growing in size with time, alongside the
electrode plane.***¢* Furthermore, by integrating the current over the cyclic
voltammogram, one obtains the charge flowing through the ITO. The variation of
the ROI intensity profile is remarkably similar to the morphology of the charge-
time transient in Fig. 3c.

The feature may have two possible chemical origins. It could be related to HER
and nanobubble formation or the reduction of ITO into In NP. The formation of
a nanobubble at such a small volume would likely block the pipette opening
which would be detected by a sudden drop in electrochemical current.®* Also,
once HER had stopped (in the reverse scan) the nanobubble would dissolve back
into solution quickly, which would be discerned by the IRM intensity.***® The
current magnitude increases along the forward potential cycle and a crossing of
the forward trace is detected on the reverse. Such crossing is often observed
during the electrodeposition of metals and is usually attributed to the formation
of a material with increased electroactive area (and electroactivity). From the
electrowetting analysis, in Fig. 2c, one could evaluate the variation in current
density during voltammetry, knowing the dynamic meniscus surface area, ob-
tained from Fig. 2c. When this is done, the same voltammetric shape presenting
the crossing branches is observed, indicating that the crossing is not related to
the change in meniscus surface area. It is then due to the formation of a material
with higher electrochemical activity than the ITO, as would most likely be the
metal In formed during ITO reduction. The ability to visualise, track and record
the current flow for a single sub-diffraction limited event corresponding to ITO
reduction into In NP with high temporal resolution of better than 5 ms, show-
cases the capabilities of SECCM-IRM for single entity opto-electrochemical
dynamic measurements.

Moreover, from observations of both the meniscus surface area and surface
degradation, we conclude that ITO is optically stable for IRM during electro-
chemical experiments (E > —1.5 V in KNO; at neutral pH), enabling us to monitor
the electrodeposition of various nanomaterials in a rather large potential window.
However, any interference or influence from possible ITO instability has to be
considered for each particular set of conditions, as illustrated in the next section.

Controlled CaCO; crystallisation in a microscale meniscus

We now turn to the electrochemically-induced deposition of insulating materials
on ITO. For this we take CaCO; as our model system and use the slightly larger
volumes provided by the meniscus of a few um (1-8 pm) diameter SECCM probe.
The use of a larger meniscus allows us to probe dynamics within a population of
nano-entities within the electrolyte.
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CaCOgj; is found throughout the natural world where it exists in a variety of
structural forms (polymorphs) and morphologies. Many biological systems utilise
CaCO; in their structural, defensive and optical structures, and have the ability to
control and even switch between different polymorphs.?” The product of crystal-
lisation is also heavily dependent on the reaction volume, with small (micron-
size) volumes stabilising early-stage, less stable forms (e.g. amorphous calcium
carbonate, ACC)."* The early stages of CaCO; precipitation remain hotly
debated,®®*° although it is known to proceed via rapid formation of ACC at
moderate supersaturations.

To control the precipitation of CaCO; we modify the local supersaturation, S:

Ac2+dcp,2-
S=,/— 1
Ko 1)

where g; is the activity of species i, and Kgp is the solubility product of calcite, by
changing the pH.'®?° Starting with an acidified (ca. pH 2.7, therefore undersat-
urated, Fig. 4a) mixture of CaCl, and NaHCO;, a cathodic current at the ITO
consumes H' and produces OH™ by reduction of O, (ORR), increasing the pH,
converting HCO;~ to CO;>~ and causing the initially undersaturated solution to
become supersaturated (Fig. 4b), although far from stoichiometrically (i.e. [Ca®"]
>> [CO;”7]). At this low starting pH most of the solution carbonate is in the form
of CO, (Fig. 4a) and the solution buffer capacity and pH is expected to drift over
time towards less acidic (due to CO, loss to the atmosphere). Polarizing the ITO at
different potentials allows us to tune the rate at which the supersaturation is
changed and therefore to probe the heterogeneous nucleation/precipitation
mechanism in situ. Previous studies have demonstrated that different electro-
chemical activity emerges from different compositional surface heterogeneities
on ITO.?> SECCM-IRM allows simultaneous events to be detected at the nanoscale
within the meniscus. Indeed, the formation of crystals at certain locations on ITO
may serve as a useful marker of local electrochemical activity.

Electrochemically-induced CaCO; precipitation was investigated across
a series of applied potentials at the ITO electrode starting from the same initial
solution. In each case a small potential (—0.1 V) was used to approach the SECCM
probe to the surface. This potential was held for 1 s to allow the SECCM meniscus
to stabilise before being switched to the potential of interest for 10 s, and then
back to —0.1 V while the probe retracted, ensuring a constant reaction time in
each case. To maintain the pipette solution conditions over the course of several
depositions, on alternate approaches of the probe to the surface, the potential was
not switched, so as to allow the solution to re-equilibrate and any precipitate
within the tip to be removed by deposition via meniscus contact with the ITO
surface. This procedure was repeated by means of successive approaches at
different locations of the ITO surface to form an array of points, typically with 5-8
repeats at each potential.

Whole, ca. 8 um wide, meniscus IRM images, after 10 s of polarisation at three
different potentials, are shown in Fig. 5, along with the current-time (I-¢) traces
recorded (Fig. 5a). The dark contrasted area delineates the meniscus region. At
less negative potential (Fig. 5b(i)), the current was negligible and only a few bright
spots are observed by IRM. At —0.7 V (Fig. 5b(ii)), however, a more significant
current was recorded, and multiple spots, now dark, are observed in the images.
This trend continues at —0.8 V (Fig. 5b(iii)), but at —0.85 V (not shown), although
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Fig. 4 The principle of electrochemically-induced CaCOs precipitation. (a) Speciation
diagram (left axis) and supersaturation (right axis) for the CaCOs(aq) system as a function of
pH. Only principal species are shown, with the remaining mass balance made up of ion
pairs (not shown). (b) Equilibria relating O, reduction with CaCOs3 precipitation.

the current magnitude was still increasing, no clear spots inside the meniscus
were seen. Feature detection was hampered by a general darkening of the spot
area at this potential and below. The It traces in all cases where E < —0.5 V show
non-monotonic behaviour. An initial spike to negative currents is followed by
a rapid decay, and the onset of a sustained increase towards more negative
currents. This is unexpected for an ORR pulse at ITO and could suggest that either
the crystallisation events or a separate process at the ITO, possibly the formation
of In NPs (vide infra), are increasing the surface activity.

The size of the optical features seen in the IRM images can be estimated by
their FWHM intensity, which is calculated by fitting a Gaussian function to the
intensity profiles. The smallest FWHM associated with the dark features in
Fig. 5b(ii) and (iii) are 185 + 25 nm (from 30 spots - with an example shown in
Fig. 5b(ii)). Optical features characterized by this low limit value of FWHM can be
considered as diffraction-limited, suggesting that nanometric particles (<200 nm)
have been generated. The bright features observed at —0.5 V (Fig. 5) increase in
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Fig. 5 (a) SECCM current and (b) IRM images for the electrochemically-induced precip-
itation of CaCOs at different applied potentials with a ca. 8 um diameter SECCM meniscus.
Applied potentials, £, (i) —0.5V, (ii) —0.7 V and (iii) —0.8 V. Insets of b(i) and b(ii) show optical
intensity line profiles of typical bright and dark features respectively, along with the cor-
responding Gaussian fits. IRM images recorded at 50 FPS and shown at the end of the
potential pulse (10 s). Light source: blue LED (wavelength of 470 nm). (c) Raman spectrum
from a dried meniscus deposited at —0.7 V (with the spectrum from bare ITO subtracted).
The bare ITO spectrum is also shown.

intensity with time, in contrast to a decrease observed for the lower potentials.
Such behaviour is attributed to the difference in size of the particles formed, as
was demonstrated in earlier work for gas nanobubbles: bubbles larger than ca.
300 nm appeared lighter than the background, those smaller appeared darker.**
Despite a difference in the shape and refractive index of the CaCO; deposits, we
might expect a similar behaviour. Indeed, the bright features also show two-fold
larger FWHM (365 nm - see example in Fig. 5b(i)), indicating a particle > 300 nm
in size at E = —0.5 V, while the FWHM remains diffraction-limited during the
whole course of experiments at the other potentials.

For E < —0.85 V, in addition to the formation of NPs, a homogeneous decrease
of the optical intensity was observed over the entire meniscus area (no change
detected for the outer ITO/air interface region). This can be explained if
a homogeneous decrease of the reflective properties of the ITO/electrolyte inter-
face is considered, and most likely results from the deposition of a homogeneous
layer of CaCOj3, or a highly dense array of nanoobjects separated by <500 nm such
that they cannot be resolved by the optical visualisation, onto the ITO surface.
These large negative driving potentials will lead to more rapid formation of the
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supersaturation condition,” and faster nucleation generally results in more
nuclei and hence particles. Dense layers of ACC are also known to form at
interfaces at appropriately high supersaturations.” At such negative potentials
and low pH, the reductive degradation of ITO may also occur.*” The formation of
CaCO; crystals is supported by ITO background-subtracted Raman micro-
spectroscopy of a dried meniscus deposited at —0.7 V, which reveals spectra
with peaks consistent with the presence of CaCOj; particles (Fig. 5¢). A broad peak
at 868 cm ™' is consistent with either the v; mode of amorphous CaCOs (863 cm ™)
or calcite (873 em ™), while a small feature at 714 cm ™' is also consistent with
calcite.”

Controlled CaCO; crystallisation at a larger meniscus

Using pipette probes of tens of pm in diameter allows investigation of even larger
areas and the production of a population of hundreds or thousands of
electrochemically-induced crystallisation events. At this length scale surface
heterogeneities, concentration gradients over the meniscus volume and localized
fluxes may contribute to the SECCM-IRM observations. Fig. 6 shows example IRM
images taken after 8 s for two different applied potentials at the ITO electrode.
When the applied potential is —0.8 V (Fig. 6a(ii)), a number of features, are
observed. Most features show bright contrast and we observe a few aggregates,
where neighbouring features coalesce. Experiments at —1.0 V (Fig. 6b) show no
homogeneous drop in optical intensity over the meniscus: a much larger amount
of nanometric features are observed at the beginning of the potential pulse
(Fig. 6b(iii)) which quickly grow to form a variety of um-sized crystals with
different size and shape, formed from the aggregation of nanometric deposits.
For both —0.8 V (Fig. 6a(ii)) and —1.0 V (Fig. 6b(ii)) dark contrasted features are
also detected. This behaviour is similar to that in the small meniscus and, as
suggested by the background experiments and cyclic voltammograms in acidic
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Fig. 6 (i) SECCM current-time traces, (ii) IRM images and (iii) normalized radial position of
new emerging optical features for the electrochemically-induced precipitation of CaCOs
at different applied potentials, within a ca. 75 pm wide meniscus. Applied potentials, E, (a)
—0.8Vand (b) —1.0 V. IRM recordings captured a rectangular section of the meniscus (half
of that shown here) at 200 FPS. Light source: blue LED (wavelength of 470 nm).
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media (vide infra), the features could be associated with indium oxide (In,03)
reduction into metallic In.

Further spatiotemporal analysis of the crystallisation events show that the
position of emerging new optical features in the meniscus, plotted as the radial
position (d.) divided by the meniscus radius (7), as a function of time, has a non-
stochastic trend with the onset time of crystallisation for —0.8 V (Fig. 6a(iii)) and
—1.0 V (Fig. 6b(iii)). In the first 0.5 s after the potential was applied, a large
percentage of the events initiate in a circular crown between 0.4 <d./r < 0.9 for E =
—0.8 Vand between 0.5 <d./r < 0.8 for E= —1.0 V. Other crystals start to be formed
in areas closer to the meniscus centre only at longer times.

When the experiment was repeated without CaCl, present in the solution
(Fig. 7a) a few spots were observed in the IRM images for E = —1.0 V. For more
negative potential, and for the considered acidic pH, it is known that ITO is
unstable (with respect to reduction of In to metallic NPs), which has been
observed, along with H, nanobubbles, by IRM previously.*” The features observed
here (Fig. 7a) are different in shape and appear in much smaller numbers than
those observed when Ca®" is present. To assess the effect of possible ITO degra-
dation to the overall intensity change seen in IRM, cyclic voltammetry in acid
media (HCI solution, pH 2.7) was carried out for aerated and deaerated (with
nitrogen) solutions and over 2 different potential windows. Fig. 7b shows the
voltammograms recorded from 0.8 to —0.8 V. From this experiment it is clear the
SECCM current is predominantly carried by ORR as a clear cathodic wave at
around —0.4 V, present in aerated solution, is absent when the solution is dea-
erated. No other voltammetric feature alludes to ITO degradation, although the
relatively large capacitive current might obscure some features. In contrast, for
a larger potential window (Fig. 7c), from 1.2 V to —1.2 V, a clear anodic peak at
around —0.55 V is observed in the reverse scan, for both the aerated and deaerated
solutions. This suggests that under the pH conditions for the CaCO; studies ITO
reduction (leading to the re-oxidation peak at —0.55 V) only starts to become
significant at potentials more negative than —0.8 V and that at less cathodic
potentials, many (if not all) of the diffraction-limited optical spots can be
attributed to CaCOj particles.

—— aerated -80 —— aerated
= = deaerated = = deaerated
-0.4 0 0.4 0.8 -1 -0.5 0 0.5 1
E (V) vs. Ag/AgCI E (V) vs. Ag/AgCI

Fig.7 SECCM-IRM in a 5 mM NaHCOs solution (pH 2.7). Snapshot (a) after £ = -1V was
applied for 10 s for a series of IRM images recorded at 10 FPS. Light source: blue LED
(wavelength of 470 nm). (b and c) Cyclic voltammograms recorded with an aerated and
a deaerated 5 mM CaCl,, 5 mM NaHCOs3 (pH 2.7) solution for a ca. 80 pm diameter SECCM
meniscus with different potential windows. Voltammetric scan rate = 0.2 V s™%. Arrow
denotes potential scan direction.
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FEM model of CaCO; precipitation in the larger meniscus

To understand the differences observed when applying —0.8 V.and —1.0 V to the
larger menisci, reactive transport modelling of the pipette and meniscus was
carried out. The model used an axisymmetric geometry based on microscopic
characterisation of the pipette and the wetted area observed with IRM. Two
approach distances (meniscus heights - d,pp) corresponding to the outer radius of
the micropipette (31 pm), and half of this value, were modelled. This is because
the meniscus thickness impacts O, transport at the air-water interface (and hence
the current distribution).” We did not measure the meniscus thickness in this
work, but for this size pipette it should be achievable in the future through the use
of laser scanning confocal microscopy and an appropriate fluorophore.®* Indeed,
the use of a pH-sensitive fluorophore would also confirm the pH distribution in
these types of experiments.”

To achieve a realistic estimate of the supersaturation we consider the 12 most
significant species in the solution (the ions Ca®*, CI~, Na*, HCO;~, CO;>", H" and
OH ™, the ion pairs NaCO;~, CaCO;°, NaHCO; and Ca(HCO;)" and the gas phase
species O, and CO,) based on prior modelling with the PHREEQC speciation
code.”* We solved the diffusion eqn (2) for the flux of the i™ species, J;, at
concentration, ¢;, and time, t. Equilibria between the species was maintained by
the continuity equation (eqn (3)), where R; is the reaction flux necessary to
maintain equilibrium (although deviations of up to 400% in equilibrium
constants at long times were observed as there was a limitation on the rate of
HCO;™ dissociation that could be applied for reasonable computational effi-
ciency, which would lead to an underestimate of supersaturation). Equilibrium
constants were based on the local species activity a; (eqn (4)), calculated from the
activity coefficient v; based on the local ionic strength, I (eqn (5)) using the Davies
equation (eqn (6)) with A = 1.82 x 10° (eT) >/, where ¢ is the solution permittivity.
For charged species b = 0.3, for uncharged species b = 0.1. Note that direct
capture of CO, by OH™ to form HCO;~ (as opposed to equilibration with H,O to
form HCO;~ and H' based on the local pH) was not considered, based on
modelling of similar systems where the rate was negligible on these timescales
due to the low OH™ concentrations.*®

ji = *DiVCi (2)

aci
- V.i = Ri 3
PR 3)
ai = viCi (4)

1 2
1= E ZZ; Ci (5)
VI

lo L= Az — bl 6
g0 Y Z (1 VI (6)

The equilibrium concentrations given by the PHREEQC code were applied as
the boundary condition at a plane 3500 pm inside the micropipette. Given the
apparent importance of spatial variation across the wetted area, we imposed
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atmospheric equilibrium concentrations of O, and CO, at the air/meniscus
interface (273 uM and 13.6 uM, respectively). A consequence of this approxima-
tion is that the total concentration of carbon species in the meniscus is depleted
relative to that in the micropipette. We note that the alternative limiting treat-
ment of CO, (no exchange with the atmosphere) would result in greater buffering
and therefore longer timescales for the pH swing.

Using the simplifying assumptions that all current arises from the ORR, and
that for a given potential, ORR is first order in O,, we imposed an inwards flux of
O, and an outwards flux of OH™ at the ITO surface:

Jou-1r0 = —4Jo,.110 = kORR[O2] )

where we chose k such that the simulated current over the ITO area, 4, (i =
F[njon- dA) matched the experimental current. For all other boundaries and
species not mentioned, a no flux boundary condition was used.

The expected evolution of pH and supersaturation, for fluxes corresponding to
the current observed at —0.8 Vand —1.0 V, are shown in Fig. 8a. At d,p,, = 1, both
pH and S change much earlier at —1.0 V than at —0.8 V, with the —1.0 V case
reaching saturation (S = 1) in less than 0.5 s, while —0.8 V takes closer to 4 s.
These timescales correspond well with appearance times of new features pre-
sented in Fig. 6a(iii) and b(iii), with a clustering of new features around 1 s in the

(b) E=-10Vt=05s

Time (s)
(c) E=-08Vt=3.7s (d) E=-08Vt=25s
\/
20 uym 20 uym
I I

Fig. 8 Reactive transport modelling of CaCl, + NaHCOs3 (5 mM, pH 2.7) droplets at the
surface of ITO during oxygen reduction. (a) The time-dependence of the average surface
pH (left axis, dashed lines) and average surface supersaturation (right axis, solid lines) for
a 62 um diameter pipette for 2 different applied potentials (ORR rates; see text) and
approach heights (dapp = r or r/2). (b) Profile of the supersaturation, S (left half, and contour
lines) and pH (right half) at the first time point where supersaturation with respect to calcite
was achieved with an ORR rate corresponding to —1.0 V for d,,, =r. (c) same as (b) but for
an ORR rate corresponding to —0.8 V. (d) Same as for (c) but with dapp, = /2.
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—1.0V case, and a similar clustering at 4 s in the —0.8 V case. The effect of a closer
approach (dapp = 1/2) was examined and found to shift the observed changes to
earlier times, (ca. 2 s at —0.8 V, Fig. 8a, black line, and ca. 0.4 s at —1.0 V, data not
shown for clarity) and corresponding lower values of S. Electroneutrality was also
considered and found to be violated as OH™ flux into the meniscus is not counter
balanced by inward diffusion of cations; however, including electroneutrality (via
the coupled Poisson-Nernst-Planck equations, data not shown) led only to
minimal changes in timescale, with a slight increase in time taken to reach
supersaturation.

The spatial distribution of pH and S at the first timepoint where saturation is
observed for both —1.0 V.and —0.8 V cases, at d,p, = 1, are shown in Fig. 8b and c,
respectively. Both parameters have a strong spatial dependence, with change
starting at the meniscus/air interface where the O, flux is greatest. Combined with
the buffering action at the centre of the droplet due to diffusion from inside the
micropipette, this explains the experimentally observed preference for nucleation
to occur around the edges of the meniscus rather than at its centre. The pH
buffering by atmospheric CO, may also contribute to the absence of particles at
the very edge in the —1.0 V case (Fig. 6b(ii)). At longer times, at —1.0 V the pH of
the meniscus rapidly equilibrates and the spatial variation in S and pH is lost,
however at —0.8 V slight variation in S and pH across the surface is observed to
persist. Closer approaches (to d,,, = 1/2, Fig. 8d) show a larger degree of spatial
variation in pH and S. This simplified model is able to rationalise the timescale
over which new features are observed and, to some extent, their spatial variation,
emphasising the importance of FEM modelling in interpreting SECCM deposition
experiments.

Conclusion

We have demonstrated the combination of SECCM and IRM to produce a new
instrumental method for the investigation of electrochemically-driven phase
formation phenomena with high spatial and temporal resolution. The already
proven capabilities of SECCM to precisely and repeatedly position a small scale
meniscus from a pipette tip on a substrate has been married to the IRM surface-
sensitive imaging technique, enabling high spatiotemporal imaging of the
SECCM footprint and processes occurring within it.

Making use of an optically-transparent ITO electrode, we have been able to
image and track the stability of the SECCM meniscus size during voltammetry,
resolving an important question in SECCM, which has hitherto mainly been
addressed with ex situ analysis of droplet footprints or the analysis of SECCM
scanning droplet images at a fixed potential. The ability to view the meniscus in
situ provides a more holistic view of meniscus contact. Moreover, careful analysis
of the IRM images unambiguously showed the growth of diffraction-limited
features within the meniscus, attributed to the reduction of ITO into In NP at
the most extreme cathodic potentials.

To demonstrate new possibilities for SECCM-IRM, we studied the precipitation
of CaCOj; by electrochemically changing the solution pH to create locally super-
saturated solution. IRM in situ imaging provided evidence of the number and
spatial distribution of crystallisation events over the SECCM meniscus in real-
time, revealing striking patterns for different driving potentials and tip sizes.
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Smaller reaction volumes showed increased density of fairly evenly distributed
nanoscale CaCO; crystals (confirmed by Raman spectroscopy), with increased
applied cathodic potential, which created high supersaturation. For larger reac-
tion volumes (SECCM tips), the location of the crystallisation events become
dependent on the driving potential hinting at the dynamic interplay between the
pipette mass transport, ORR rates at the ITO surface, and CO, and O, transport
across the air/meniscus interface. FEM simulations have highlighted the origins
of the crystallisation patterns and we were able to predict the onset time and, to
an extent, the location of the crystallisation events.

More generally, this work establishes a foundation for the use of SECCM-IRM
in nanoscale (electro)chemistry. In future work we shall explore the landing and
pull-off of the SECCM meniscus on (electrode) surfaces, during translation of the
probe to and from the surface, also expanding the work on ITO to other trans-
parent electrode materials. Particularly, we will investigate electrode materials
resistant to the electrochemically generated corroding environment, e.g. in this
work the CaCOj electrocrystallisation and its visualisation are complicated by the
electrochemical etching of ITO under some conditions. Transparent thin Au
coated glass coverslips could be used, as previously demonstrated for the optical
monitoring of the electrochemistry of single NPs.*®**%% Coverslips coated with
graphene-based materials are also possible electrode candidates, as shown in the
IRM imaging of the electrochemistry of graphene oxide.**** Finally, reflectivity
microscopy can also be operated at reflective and non-transparent electrodes®
and the combination with a modified SECCM setup (e.g., with an angled nano-
pipette, as used in some scanning ion conductance microscopy studies)®” could be
explored. Among other applications, we shall also investigate direct electrode-
position (e.g. of metals), where we shall be able to tie together electrochemical
signatures to an optical view of the entire meniscus. SECCM-IRM should reveal
considerable new detail on the mechanisms of nanoscale electrodeposition.
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