Volume 17
Number 17

7 May 2025

Pages 10393-11084

Nanoscale

rsc.li/nanoscale

oo
-

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2040-3372

PAPER

Talia Jane Stockmann et al.
Anodic expulsion of Cu nanoparticles from a polycrystalline 3 N C N ST
Cu substrate: a novel corrosion and single entity study

approach



Open Access Article. Published on 18 Ciggilta Kudo 2025. Downloaded on 22/07/2025 11:27:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 10609

Anodic expulsion of Cu nanoparticles from a
polycrystalline Cu substrate: a novel corrosion and

single entity study approach+
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Francesca M. Kerton and

Cu is the dominant heterogeneous metal catalyst for CO, reduction (CO,R) in combatting climate
change, which often relies on Cu oxides (CuO or Cu,O). This is complicated by the relatively facile
reduction of Cu oxides to metallic Cu that precedes CO,R, leading to potential morphological surface

restructuring and lowered electrocatalysis. Herein, the anodic ejection of Cu/Cu oxide nanoparticles (NPs)

from polycrystalline Cu is tracked through scanning electrochemical microscopy in substrate generation/
tip collection (SECM-SG/TC) mode. Single entity electrochemical (SEE) detection of Cu® and Cu oxide
NPs was recorded through the electrocatalytic amplification (ECA) of the CO,R and O, evolution reaction
(OER). The frequency (f) of NP impacts decreases concomitantly with increasing tip—substrate distance,

while increasing the absolute value of the ultramicroelectrode (UME) tip potential (Eyp, negatively for

CO3R and positively for OER) resulted in an increase in stochastic NP impact peak current (i) commensu-

rate with increasing overpotential. Complementary finite element simulations provide insight into the NP

catalyzed CO,R catalytic rate constants as well as the rate of passivation. If substrate oxidation is entirely
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1. Introduction

Cu remains the most effective metal candidate for CO,
reduction (CO,R) catalysis to value-added commodities.” ™ Cu-
alloys that favour maintaining Cu in the +1/+2 oxidation states
are desirable since these have shown increased selectivity and
enhanced faradaic efficiency towards methanol®> or multi-
carbon (C,,) products.”® Hu et al.> prepared Cu-based hetero-
geneous chalcogenide electrocatalysts such as CuzVS,/CuVs to
stabilize Cu'*?" during the CO,R to methanol and limit the
hydrogen evolution reaction (HER). However, many approaches
still rely on CuO/Cu,O based materials due to their practicality
since Cu has high affinity for oxygen.”® Preparation typically
includes the synthesis of CuO/Cu,O nanoparticles (NPs) from
polycrystalline Cu substrates via an electrode conditioning
step,” wherein the metallic Cu electrode is first oxidized to

Memorial University of Newfoundland, Chemistry Department, Core Science Facility,
45 Arctic Ave, St. John’s, NL A1C 5S7, Canada. E-mail: tstockmann@mun.ca
tElectronic supplementary information (ESI) available: UME characterization
details, the Cu Pourbaix diagram, altering E, investigations on CO,R SEE,
additional histogram data, IL coating experiments, and COMSOL Multiphysics
finite element simulation details. See DOI: https://doi.org/10.1039/d4nr04863f
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avoided and cathodic Eg, maintained, then no NP ejection was observed. Anodic potentials are often
used to oxidize Cu substrates making them more electrocatalytically active as well as to regenerate Cu
oxide catalyst layers. We demonstrate that SEE detection offers a potential means of monitoring cor-
rosion/loss of Cu material as well as quantitative kinetics measurement.

form a Cu oxide surface layer. These can then be re-reduced to
promote the formation of defects and grain boundaries which
enhance electrocatalysis.”

Some reports indicated that Cu is dissolved and redeposited
in a process termed cathodic corrosion which results in a mor-
phological change of the Cu surface, i.e., the development of
different facets.>'*™* For example, Vavra et al.’® explored the
stability of CuO and Cu,O NPs under CO,R conditions and
found that carbon monoxide (CO) and oxalate reduction pro-
ducts that adsorb on the metal surface also serve as ligands
stabilizing dissolved Cu species, e.g., through [CuCO]" for-
mation. The Buonsanti group'’® as well as Speck and
Cherevko'® quantified the presence of dissolved Cu ionic
species using in-line ICP-MS, with the former group employing
ligands to stabilize Cu ions in solution. These analytical
methods would likely be agnostic to whether the source of Cu
was dissolved ionic species or Cu’/Cu oxide NPs. A detailed
voltammetric investigation of Cu surfaces with incidental
anodic applied potentials as well as cathodic-only treatment
gave strong evidence that in the latter case, Cu substrates
showed no morphological change;'* moreover, any change was
likely owing to accidental oxidation or electrode fouling. Thus,
the authors proposed that the reduction of unintended surface
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oxides during the CO,R is what gives rise to the observed mor-
phological changes.'*

Indeed, recent real-time electrochemical liquid cell trans-
mission electron microscopy (TEM)® revealed the degradation
of Cu nanocubes and redeposition of nanoparticle (NP) frag-
ments at CO,R cathodic potentials (—1.1 V vs. the reversible
hydrogen electrode, RHE). While intriguing, the development
of gaseous products generating bubbles within the specialized
cell prohibited long-term investigations.® Additionally, liquid
cell TEM may not be able to observe the presence of sus-
pended NPs owing to its limited depth-of-field/resolution
power; for most TEMs, this is ~0.1 nm."® Nevertheless, Cu cat-
alysts are possibly dynamic and may undergo morphological
changes during sustained potentiostatic pulses necessary for
electrolysis, particularly at anodic potentials. Depending on
pH, Cu®, CuO, and Cu,O NPs can be ejected along with solu-
bilized ionic species such as Cu’, Cu®’, and CuO.H,.’
Examining the Pourbaix diagram for Cu at 25 °C,"° the pH and
potential in a region greater than 7 and ~0.0 V (vs. SHE),
respectively, favour CuO(s)/Cu,O(s) formation. While the local
pH may increase during the CO,R owing to the consumption
of H' in the vicinity of the electrode, the use of KHCO; as a
supporting electrolyte generally means operating at pH 7-10 in
the bulk solution. Thus, during anodic Cu electrode condition-
ing or regeneration, CuO/Cu,O NPs are likely formed and
released into solution. Multiple groups have reported particu-
late matter formation in solution after prolonged potentio-
static pulses.®'” A recent study from Mena-Morcillo et al.’
probing how redox mediators affect Cu substrates evidenced
Cu accumulation on the inlaid disc, the Pt ultramicroelectrode
(UME) after performing probe approach curves (PACs) during
scanning electrochemical microscopy (SECM). However, they
did not quantify the amount of the ejected Cu material.

Thus, based on the work discussed above, we hypothesized
that not only are solvated Cu ions being released when Cu
oxide modified electrodes are being regenerated (or during
their initial modification), but also solid, Cu oxide nano-
particles (NPs). Since liquid-cell TEM lacks the depth-of-field
to track NPs in situ and is still cost prohibitive, single entity
electrochemistry (SEE) was employed herein to investigate the
potential ejection of these Cu oxide NPs. Fig. 1 shows a
diagram of the experimental setup and NP release mechanism.

SEE is an aspect of nanoelectrochemistry'® and an evolving
electroanalytical technique'®™>* with seminal contributions by
Quinn et al.** as well as Xiao and Bard>® towards polymer and
metallic NP detection. Since then, Compton’s group,*® Kanoufi
and co-workers,**?”*° Unwin’s lab,*** and many others®*>°
have greatly expanded the field of nanoelectrochemistry.
‘Entity’ can refer to a single molecule, NP, virus,*® bacterium,*!
cell,> or atom.*" These entities undergo Brownian motion
within a solution and collide randomly with an ultramicroelec-
trode (UME) surface.*? In the case of NPs, their interaction
with the UME depends on their physicochemical properties;
for example, a polymer NP may adsorb onto the UME surface
lowering its overall surface area and blocking the current from
a redox mediator.”*** Meanwhile, an electrocatalytic NP, such
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Fig. 1 Diagram of the scanning electrochemical microscope in the sub-
strate-generation/tip-collection (SECM-SG/TC) configuration using a
bipotentiostat, wherein working electrodes (WEs) 1 and 2 were con-
nected to the carbon fibre ultramicroelectrode (UME) and polycrystalline
Cu substrate (Cu(poly)), respectively. A Pt counter and Ag/AgCl refer-
ence electrodes were employed; however, these have been merged in
the image above for simplicity. The right-hand side depicts the typical
nanoparticle (NP) impact profiles when the tip potential (Eqp) is biased at
—0.8 and +0.5 V (vs. SHE), while the substrate (Es,,) is biased at +0.3 V in
a pH 10 solution.

as Pt NPs, may enhance the electrocatalytic current associated
with various interfacial charge transfer reactions, e.g., the H,
evolution or O, reduction reaction.*”**> This process is com-
monly referred to as electrocatalytic amplification
(ECA).'82326:4547 Alternatively, metal NPs can be oxidatively
deconstructed into their constituent ions. For example, Ag NPs
are often employed to investigate oxidative dissolution since
Ag is typically fully ionized during oxidation and dissolved,
ie., Ag%(s) = Ag'(aq) + e .18

Herein, PACs were performed to position a carbon fibre
UME close to a polycrystalline Cu substrate (Cu(poly)) elec-
trode surface and monitor the loss of both solvated Cu ionic
species and NP materials through stochastic impacts of any
Cu®, CuO, or Cu,O NPs through SEE detection via the ECA***°
of either CO,R or O, evolution (OER) as well as CuO/Cu,O NP
reduction (see Fig. 1). The accumulation of the Cu electrode-
posited material as well as the presence of Cu oxide NPs was
confirmed using scanning (SEM) and transmission electron
microscopy (TEM) of the UME tip and aqueous electrolyte
phase. Interestingly, Cu’/Cu oxide NP ejection was only
observed if the polycrystalline substrate was exposed to anodic
potentials. This agrees with the work of Raaijman et al.'* as
well as Speck and Cherevko."?

2. Experimental methods
2.1. Chemicals

All chemicals were used as received without purification
unless otherwise indicated. Copper foil (0.1 x 100 x 1000 mm,

This journal is © The Royal Society of Chemistry 2025
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99%) was purchased from USA-Mily (China), while ferrocene
methanol (FcCH,OH, 97%), trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)imide (Pses1aNTE,, >95%), isopro-
panol (>99%), and potassium bicarbonate (KHCO;, 99.7%)
were sourced from Sigma-Aldrich. Potassium hydroxide (KOH,
88.7%) was bought from Fisher Scientific and potassium chlor-
ide (KCl, 96%) from Anachem Ltd. All aqueous solutions were
prepared with ultrapure water (18.2 MQ cm) obtained from a
Millipore filtration system. Alumina oxide polishing slurry
(Buehler) of 0.5-3 um was used to polish the polycrystalline Cu
substrate before use.

To modify or coat the Cu substrate with ionic liquid (IL),
approximately 21.5 mg of Pgg614NTf, was dissolved in 1 mL iso-
propanol solvent. The solution was sonicated for 5 min, and
then 100 pL of solution was drop-cast on a mirror-polished
polycrystalline copper (Cu(poly)) plate. The exposed Cu surface
area for the SECM-SG/TC (scanning electrochemical
microscopy in substrate generation/tip collection mode) study
was ~1 cm? as calculated from the radius (0.564 cm) of the cir-
cular cell aperture.

2.2. Instrumentation

All electrochemical measurements were performed using the
ElProScan potentiostat (Heka Elektronik) with a 3-axis posi-
tioner in 3- or 4-electrode mode in which Pt and Ag/AgCl
served as counter and reference electrodes, respectively. A
carbon fibre UME and the Cu(poly) substrate served as
working electrodes 1 and 2 (see Fig. 1) in SECM SG/TC mode.
Further details about UME characterization can be found in
the ESI section 1.f All potentials were referenced to SHE
unless otherwise indicated.

Scanning (SEM) and transmission electron microscopy
(TEM) experiments were performed using the JEOL JSM 7100 F
with energy dispersive X-ray (EDX) and Tecnai Spirit
Transmission Electron Microscope, respectively. EDX data were
analyzed using DTSA II software released by the National
Institute of Standards and Technology (NIST) in the US, see
https://www.nist.gov/services-resources/software/nist-dtsaii.

A pH meter (sympHony model# B10P, VWR) was used to
measure the acidity of aqueous solutions.

2.3. Peak analysis

The stochastic Cu oxide NP peak analysis, including inte-
gration for calculation of the charge transferred (Q) and peak
current (7,) as well as impact duration, was performed using a
specialized code written in Python software. This code is freely
available on GitHub (https:/github.com/Bmor9421/Ionosome-
Data-Analysis-Code) as previously reported by our group.*®

3. Results and discussion

Fig. 2 shows the cyclic voltammograms (CVs) initially recorded
at the Cu(poly) substrate with a circular 1 cm” exposed surface
area (r = 0.564 cm) at a scan rate of 0.020 V s~" in KHCO; at
pH 10. All experimental potentials have been referenced to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Cyclic voltammograms (CVs) recorded using a polycrystalline Cu
(Cu(poly)) substrate with a surface area of 1 cm?, in a KHCOj3 solution
adjusted to pH 10 (~0.5 M KHCOs), at a scan rate of 0.020 V s™%. The
proposed surface reactions for each anodic and cathodic peak signal
have been added in the inset. Multiple consecutive scans were per-
formed as indicated in the inset.

SHE unless otherwise noted. The black, solid trace was
initiated at the open-circuit potential (OCP) of roughly —0.1 V
(vs. SHE) and then swept cathodically. A peak-shaped cathodic
wave was observed at —0.22 V, which is likely CuO reduction to
Cu,0.%'3°%32 The proposed surface reactions have been
written inset in Fig. 2. The Cu(poly) substrate was stored in a
desiccator and polished using and alumina oxide slurry before
use but otherwise not given special treatment; thus, it was
exposed to air during shipping and handling inducing some
surface oxidation. Continuing negatively, a second cathodic
signal was recorded at —0.68 V which is the further reduction
of any Cu surface oxides Cu,O to metallic Cu. Meanwhile, a
complex anodic signal was observed at roughly —0.05 V during
the positive scan which is likely the adsorption of OH™ and
subsequent oxidation of the Cu® surface, i.e., Cu — Cu-OHyqs,)
— Cu,0 - Cu0.>1350732

These data in Fig. 2 and peak assignments agree well with
Kim et al,” who showed the restructuring of Cu(poly) - Cu
(111) — Cu(100) in 0.1 M KOH through operando electro-
chemical scanning tunnelling microscopy (EC-STM), wherein,
voltammetrically, the presence of a 2Cu — Cu,O anodic peak
at roughly 0.05 V vs. SHE and a re-reduction signal of Cu,O to
2Cu at —0.38 V vs. SHE was shown. Both responses are in good
agreement with the data shown in Fig. 2. The OCP at —0.1 V
lies in between the observed CuO — Cu,O cathodic and Cu —
CuO anodic waves.

Moreover, Bodappa et al’' evidenced the formation of
surface Cu oxide species using shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS), wherein Au coated
SiO, nanoparticles were dispersed across a Cu(111) or Cu
(poly) surface. The authors proposed the following surface
transformations at Cu(111) with increasing anodic potential

Nanoscale, 2025, 17, 10609-10619 | 10611
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versus the reversible hydrogen electrode (RHE) in a pH 12 KOH
solution,”*

Cu + H,O — Cu-OHgr) + H+€ E < 0V vs. RHE (1)
Cu-OH (gyrf) — CU-Osurr) + H' +e E=0-0.5Vvs. RHE (2)
Cu-O(surf) — CUZO(surf) + e E=0.55Vvs. RHE (3)

These potential values translate to —0.71 to —0.16 V vs. SHE
at pH 10, which is in fair agreement with the Cu(poly) values
described above. Bodappa et al.>' only observed OH adsorption
at Cu(poly), but not further Cu oxidation; however, since they
performed their experiments at pH 12, CuO and Cu,O for-
mation is not expected as demonstrated through thermo-
dynamic calculations for the Pourbaix diagram at 25 °C.*°

During the second CV in Fig. 2, the cathodic peak at —0.68
V shifts towards positive potentials (—0.59 V), while the magni-
tude of the CuO — Cu,O cathodic current signal increases.
The former is likely owing to a shift in the local pH owing to
the CO,R which consumes H' in the vicinity of the Cu(poly)
surface lowering the overall required driving force for
reduction. The latter is the result of the accumulation of
surface oxides generated by sweeping the potential.
Subsequent scans showed good overlap indicating a steady
state condition, as can be seen in scan 5, the thick, blue, and
dashed trace in Fig. 2.

A sample of the solution was deposited on a TEM grid after
pulsing the substrate at Eg,, = 0.3 V for ~10 min and imaged
(see Fig. S2 of the ESIt) which showed the presence of nano-
particles with a bimodal distribution. Larger NPs were mostly
spherical; however, some were cubic with an average size of
450 + 80 nm (see Fig. S2 of the ESI}). Smaller, spherical par-
ticles were also imaged with a size distribution of 5.6 *
1.0 nm. EDX analysis (data not shown) indicated that the NPs
are composed of Cu and O in roughly equal proportions, i.e.,
likely CuO NPs. Thus, under sufficient anodic polarization, the
Cu(poly) substrate will eject CuO NPs.

Next, using 0.9 mM ferrocene methanol (FcCH,OH) as a
redox mediator in 10 mM KCI aqueous electrolyte solution, the
UME tip (r, = 3.5 pm) was positioned at a tip-to-substrate dis-
tance (d) 2 pm away from the Cu substrate via a probe-
approach curve (PAC, see ESI section 1t for details) experi-
ment. Subsequently, the FcCH,OH solution was removed and
replaced with a KOH or KHCO; solution adjusted to pH 13
(~0.1 M KOH) or 10 (~0.5 M KHCOj3), respectively. No other
supporting electrolyte was added.

The blue, dashed trace in Fig. 3A depicts the CVs recorded
at the UME tip with d = 2 pm while the Cu(poly) substrate was
biased (Egup) at ~0.3 V (vs. SHE). Eg,p, = 0.3 V was chosen as it
was well above the measured Cu oxidation potentials observed
in Fig. 2 to ensure maximum generation of the Cu oxide
material. Initially, the UME recorded a negative current signal
with an onset potential at roughly —0.8 V during the cathodic
sweep (blue, dashed trace in Fig. 3A) using KHCO; (pH 10).
This corresponds to HCO;™/CO, reduction (CO,R) as well as
H, evolution (HER). No O, reduction wave was observed. Since
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Fig. 3 (A) Cyclic voltammograms (CVs) recorded in KOH (pH 13) or
KHCOs3 (pH 10), i.e., ~0.1 M KOH or ~0.5 M KHCOs, respectively, solu-
tions at the tip of a 7 um diameter carbon fibre UME, with d = 2 pm
above the Cu(poly) substrate, v = 0.020 V s, and E.,, = 0.3 V vs. SHE.
The blue dashed and red solid traces were recorded using the UME at
pH 10 in KHCO3 at d = 2 ym before and after, respectively, the SECM
distance experiments shown in (B). The red, dashed arrow indicates the
axis the trace has been plotted against. (B) UME (i) i—E curves recorded
with increasing d values as indicated in the inset, with Eg,, = 0.3 V. (C)
Chronoamperograms recorded with increasing d values as indicated in
the inset with Eg, = 0.3 V and Ey, = —0.60 V (vs. SHE). Voltammetric
scan rates (v) of 0.020 V s™* were used throughout.

Equp was held at 0.3 V, during the electrooxidation the gene-
ration of soluble, ionized Cu species may take place whose
standard reduction reactions are given below,”

Cu**(aq) +2e~ — Cu(s) E° = 0.3419 V (4)

Cu'(aq) + e~ — Cu(s) E° = 0.521 V (5)

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04863f

Open Access Article. Published on 18 Ciggilta Kudo 2025. Downloaded on 22/07/2025 11:27:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Cu(OH),(aq) +2e~ — Cu(s) + 20H (aq) E° = —0.222 V (6)

Thus, the CO,R/HER signal could be convoluted by the re-
reduction of Cu ionized species, ie., Cu® electrodeposition
(eqn (4)-(6)). Indeed, during the tip anodic scan (Fig. 3A, blue
dashed trace), a peak-shaped wave was observed at —0.25 V
which is likely associated with oxidation of Cu® now on the
UME surface, i.e. eqn (1)-(3). Thus, while no independent
CuO/Cu,0 — Cu° cathodic wave was observed, ionized Cu
species are likely being deposited. Interestingly, a so-called
‘nucleation loop’ was observed,* wherein the voltammetric
scan crosses over itself during the reverse potential scan at
roughly —0.7 V. A nucleation loop is consistent with a change
in the interfacial surface area as species are electrodeposited
onto an electrified surface as shown by electropolymerization
of conductive polymers by Heinze et al’® on an electrode
surface as well as more recently at the immiscible, electrified
liquid|liquid interface.>®” These results of Cu electrodeposi-
tion and dissolution agree with previous thermodynamic cal-
culations (see also Fig. S3 of the ESI{).'® When the KHCO;
solution was swapped for 0.1 M KOH at pH 13, the coupled
Cu,0/Cu’ and CO,R signals greatly reduced in magnitude
(dashed, black trace in Fig. 3A). This likely results from the
lower HCO;3;™/CO, concentration which decreases the effective
CO,R. In either case, in this pH regime and at the HCO;™ con-
centrations employed, the O, reduction signal is likely a minor
contributor, while simultaneously the HER is suppressed at
alkaline pH.>®

Subsequently, i-E curves were recorded in 0.1 M KHCO;
(pH 10) at Eg,p, = 0.3 V with the UME positioned at d = 2 pm
and then d was incrementally increased up to 100 pm as
shown in Fig. 3B. The concomitant increase in CO,R signal/
Cu’ deposition current is attributed to the increasing amount
of Cu species released into solution from the substrate as the
experiment progressed. Increasing Cu dissolved ionic species
results in an increasing amount of Cu® electrodeposited on the
UME surface, which in turn increases its electroactive surface
area (ESA). As mentioned above, Cu has been shown to be a
good CO,R electrocatalyst,””’® while the carbon fibre is not;
thus, the increasing current signal is also likely owing to
increasing Cu mediated CO,R electrocatalysis owing to the
presence of an increased amount of Cu on the UME surface,
which in turn expands its ESA. In other words, the UME is
more electrocatalytically active and has a higher surface area.
Indeed, when the tip was returned to d = 2 pm and a CV was
recorded (red, solid curve in Fig. 3A), a cathodic peak-shaped
wave at —0.23 V was observed which is likely a combination of
CO, and CuO — Cu,O reduction. Additionally, large, negative
current spikes began appearing at roughly —0.7 V. It was
hypothesized that these may be owing to stochastic Cu®/Cu
oxide NP impact events. Indeed, Beverskog and
Puigdomenech® indicated that CuO(s) and Cu,O(s) species
are thermodynamically stable in this pH/Es,, regime. Thus,
these data would be consistent with CuO/Cu,O NP impacts
detected through the ECA'92%22:26:45:46:39 of the CO,R.

This journal is © The Royal Society of Chemistry 2025
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To explore this, chronoamperograms (CAs) were recorded
with Egy, = 0.3 V and Ey, = —0.6 V using KHCO; (pH 10) at
increasing d (see Fig. 3C). At d = 2 pm current spikes reminis-
cent of SEE impacts were observed with the onset of the
characteristic sharp, negative peak current (7,) followed by an
exponential decay that often does not return to the baseline,
i.e., a current step (see also Fig. 1 for magnified i~ pulses). As
d increased, the impact frequency (f) and i, intensity
decreased concomitantly (see Fig. 4A). This is consistent with
larger NPs having smaller diffusion coefficients, and thus,
taking longer to arrive at the UME tip surface. The NP
diffusion coefficient (Dyp) can be calculated using the Stokes-
Einstein relationship (eqn (7)),>****” wherein kg, T, 5, and ryp
are the Boltzmann constant (1.381 x 107>* J K'), absolute
temperature (295.15 K), viscosity of water (0.954 mPa s), and
particle radius, respectively.

ksT
Dynp = 7
NP 67[?77' NP ( )

One can further access Dyp through its relationship with f
via eqn (8),>>*%*

J = 4cnpDypra (8)

in which r, is the radius of the electroactive disc of the UME
and cnp is the NP concentration. Since these NPs are dynamic
and generated in situ, Dyp or cnp are difficult to measure

S
o
S

Frequency /s
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0.7

T 0.6
205
04
03
0.2
0.1

uency /

Fre

20.90 -080 -0.70 -0.60
E,,/V (vs. SHE)

Fig. 4 (A) Plot of the stochastic NP impact frequency and peak current
(ip) versus d as determined from the analysis of i—t curves (see Fig. 1C).
Red, dashed arrow indicates the axis, while error bars are one standard
deviation (o) or 3¢ in the case of frequency (f) and iy, respectively. (B)
Plot of the change i, (red, dashed curve) and f (black, solid trace) versus
Ep (see ESI Fig. S6 and S87). Red, dashed arrow indicates the curve in
the y-axis.
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directly. Nevertheless, fis likely proportional to the rate of cor-
rosion. The use of eqn (8) assumes the ESA of the UME is not
changing; however, the results above strongly indicate that Cu
electrodeposition on the UME surface is taking place. Thus,
the use of eqn (8) is approximative and used here for simpli-
city. Future work will include the development of a compu-
tational model to try and account for the changing ESA of the
UME.

Fig. 5A-E depict SEM micrographs of the Cu substrate and
UME tip obtained before and after the oxidative series of
experiments described in Fig. 3 as well as after oxidation in
~0.1 M KOH (pH 13). The unreacted substrate is smooth and
featureless; however, oxidation at pH 10 generates cubic NPs
dispersed across the surface. At pH 13, the smooth Cu(poly)
surface is converted to needle-like structures. Similarly, the
UME surface is bare before but covered in a deposit of Cu® or
Cu oxide NPs afterwards (Fig. 5B and D). To quantify the level
of Cu electrodeposition, a series of tests were performed in
KHCO; (pH 10) with a freshly polished UME positioned at d =
10 pm above the Cu(poly) substrate which was biased at Egy}, =
0.3 V, while E;, was biased at —0.8 V for 3-12 min (see section
3.0 of the ESIt). The UME was polished after SEM imaging,
between each test. The height of the Cu deposit was measured
using Image] software and found to increase concomitantly
with increasing pulse duration, wherein after 3 min it was

o
.

50_0_mh;

44 £+ 26 nm

150

50 . . 100
Particle size /nm

Fig. 5 Scanning electron microscopy (SEM) micrographs of the initial
polycrystalline Cu substrate (A) and after oxidation in pH 10 KHCOs3 (C)
or pH 13 KOH (E). SEM images of the UME tip before (B) and after (D) the
SECM tip distance experiments detailed in Fig. 1. (F) Histogram of NP
sizes sampled from C using ImageJ software. The blue curve is a
Gaussian curve fitting generated using Igor Pro software (version 9.0.5).
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roughly 1.12 pm, while after 6, 9, and 12 min it increased to
1.19, 2.47, and 2.54 pm, respectively. However, the shape is not
uniform, as can been seen in Fig. S4Ct after 12 min of electro-
deposition, the deposit tends towards a cauliflower-like
appearance spreading outwards in multiple directions. The Cu
growth would impact the effective tip-to-substrate distance.
Direct contact with the substrate would result in a closed
circuit between WE1 and WE2 that would generate a massive
current increase owing to the good conductivity of the Cu elec-
trodeposited layer and the substrate; however, this was not
observed indicating fairly good tip-substrate separation. If Eg;,
is maintained at the OCP, then no electrodeposit was observed
at either negative or positive tip potentials (data not shown).
The observation of Cu deposits on the UME surface agrees well
with observations made by Gateman’s group during their
investigation of the redox mediator effect on Cu corrosion."”
Thus, the UME interface itself is dynamic with an evolving ESA
owing to Cu’ and Cu oxide electrodeposition and possible
morphological restructuring.

Subsequently, -t curves were obtained with a tip-to-sub-
strate distance of d = 2 ym while maintaining Eg,, = 0.3 V and
biasing the UME tip potential, Egp, at —0.6 to —0.8 V (see
Fig. S5 of the ESIT). Fig. 4B plots the change in i, and f with
changing E,. There is a steady increase in fand i, as the mag-
nitude of Ey, is increased. Since an increase in the applied
potential in turn increases the CO,R overpotential, this would
improve CuO/Cu,O mediated electrocatalysis. Thus, during NP
impact, this would increase the average i,. The larger i, means
that smaller NPs can be detected via ECA, contributing to a
higher observed f.

Lacking tandem in situ optical techniques (e.g., darkfield
optical microscopy), the Cu oxide NPs in Fig. 5C were used to
provide an approximate size. Cubes were measured along their
longest edge using Image] software. Fig. 5F shows the histo-
gram developed. Using a Gaussian distribution fitting, an
average size of ryp = 44 + 26 nm was obtained. If one assumes
that (i) ryp ~ 44 nm; (ii) the NP volume is Vyp = (rnp);” (iii)
these are all CuO NPs (M,, = 79.55 g mol™", p = 6.315 g cm™>);
and (iv) the UME surface area does not change, then via eqn
(8) the loss of the CuO particulate material can be calculated.
Admittedly, based on the discussion above concerning the
changing ESA of the UME, this 4™ assumption is highly
approximative. Additionally, eqn (7) is applicable to spherical
particles and is used here for simplicity.®>®* While suspen-
sions of cubic particles can often give rise to non-Newtonian
fluid dynamics at high shear stresses, this is likely not the case
here.®*®" Thus, one may consider this a fifth assumption.

Fig. S97 shows the graph generated of cyp determined using
the f data and eqn (8) versus either d or Ey,, wherein, while Eg;,
was varied, d was held at 2 pm, and when d was changed, Ey,
was maintained at —0.6 V. With increasing d, larger NPs are
not able to travel to the UME tip surface within the timeframe
of the chronoamperometric experiment, as described above;
thus, f and cyp drops significantly (see also Fig. 4A). With
changing d, Fig. S9t provides a rough anodic expulsion profile
highlighting the distance Cu oxide particles travel above the

This journal is © The Royal Society of Chemistry 2025
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Cu(poly) substrate, with many smaller particles reaching a
height of 50-100 pm. If one assumes that the growing Cu
deposit conforms to the shape of a truncated spheroid (i.e.,
sphere-cap), then Alfred and Oldham’s equations® for such
UMEs can be used in place of eqn (8), and the cyp profile can
be further refined. However, this is beyond the scope of the
present work.

Nevertheless, this insight can be especially useful in design-
ing electrolysis cells/reactors and positioning counter (CE) or
reference (RE) electrodes. Indeed, if the reoxidation of CO,R
products at the CE can be mitigated or overcome, one can
imagine constructing an electrocatalytic cell in which this NP
anodic expulsion is exploited to capture stray nanocatalysts.
Moreover, these results highlight nanocatalyst loss which is
particularly important to electrocatalysis in flow cell configur-
ations especially during electrocatalyst regeneration cycles that
involve anodic potentials. A UME positioned downstream
might be able to track this loss through SEE and provide an
indication of when a nanofunctionalized electrode needs to be
swapped out.

Cu oxide NPs have also been employed as heterogeneous
OER catalysts.®® Fig. 6A and B show CVs recorded at pH 13 and
10, in KOH solutions, respectively. The former favours solubil-
ized Cu,(OH),*"(aq) species while the latter the formation of
Cu oxide NPs at potentials >0.1 V (see Fig. S31)."® The blue
trace in Fig. 6A shows i, in which the anodic peak at 0.47 V is
likely the Cu to CuO oxidation pathway, and the cathodic
peaks at 0.26 and —0.5 V are the respective CuO — Cu,O and
Cu,0 — Cu® reduction signals. Chronoamperograms per-
formed at pH 13 with Eg, = 0.3 V and Ey, = —0.8 or 0.5 V
showed no NP impact events, see Fig. 6C and E, respectively.
Even when pulsing Eg,, to much more positive potentials
(Fig. 6E) no impact transients were recorded. These results are
consistent with the Pourbaix diagram in which solubilized Cu
ionic species are formed, i.e., no Cu oxide NPs are generated.
However, Cu ionic species reduction and electrodeposition
continues as evidenced by the negative slope of the i-¢
responses shown in Fig. 6C. If the KOH solution pH is
adjusted down to pH 10, then large current spikes were
observed while Ei;, was maintained at 0.5 or 0.7 V, see Fig. 6D
and F, respectively. However, these NP impact responses are
owing to the ECA of the OER rather than the CO,R. The
benefit of targeting the OER is that one avoids simultaneous
Cu ionic species electrodeposition; thus, this is a less dynamic
potential region.

To investigate potential Cu oxide NP accumulation on the
UME surface, similar to the CO,R case above, the UME was
positioned at d = 10 pm above the Cu(poly) substrate with Ey,
and Eg,, maintained at 0.5 and 0.3 V, respectively, for 9 min.
Fig. S6A-S6CT shows the SEM images of the UME tip after the
i-t pulse was applied. At pH 10, in either KHCO; or KOH solu-
tions, the accumulation of Cu NPs were observed; however,
when the pH was increased to 13, NPs were not present
(Fig. S6Bf). EDX analysis (data not shown) indicates that for
the pH 10 KHCO; case, the NPs are mostly composed of Cu
with trace amounts of O. Meanwhile, the pH 10 KOH solution

This journal is © The Royal Society of Chemistry 2025
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showed a ratio of 1.2: 1 of Cu: O likely indicating that the NPs
are mostly CuO. In the pH 10 KOH case (Fig. S6C¥), the NPs
are distributed around the outside edge of the carbon fibre
disc and projecting inwards, while for KHCO; pH 10, the NPs
are spread across the surface as well as in two clumps along
the glass sheath on either side of the carbon fibre disc. The
presence and adsorption of Cu and Cu oxide NPs on the UME
surface at this applied tip potential is somewhat surprising
and may be due to an electrostatic interaction between the NPs
and the carbon fibre.

Often before performing electrolysis in CO,R programs, the
aqueous solution is bubbled with CO,(g) to increase [CO,](aq)
and purge other gases, e.g., O,; however, this lowers the pH
from 10 to 7-8 through the formation of carbonic acid. At pH
7-8 one is on the cusp of two Cu stability regimes (see
Fig. $31),'® wherein at potentials greater than ~0.2 V, Cu**(aq)
is stable at pH < 7, while CuO(s) is stable at 7 < pH < 13. Thus,
up to this point, solutions were not bubbled with CO, to avoid
any ambiguity. Fig. S10A and S10B of the ESI,{ however,
depicts the CV and chronoamperometric UME tip responses,
respectively, with it positioned at d = 10 pm with Eg,, = 0.3 V if
the solution is bubbled for ~30 min with CO,(g). The voltam-
metric cathodic peak signal at Ey;, % —0.7 V increases once the
solution is purged with CO, (red trace in Fig. S10A of the
ESIT). If the Cu(poly) substrate is not present and biased at
Egup = 0.3 V, opposite to the UME tip, then no cathodic signal
was observed at this potential (Fig. S10C in the ESIf). Thus,
the cathodic wave observed in Fig. S10AT is a combination of
CO,R and Cu electrodeposition. The chronoamperometric
pulse in Fig. S10B of the ESIf after purging with CO,(g) does
have peak current transients; however, the frequency is too
high to resolve individual impact events likely owing to the
exceptionally high [CO,](aq). Thus, no useful data can be
interpreted.

Similar to the CO,R investigation described above, as Ey
increases anodically, there is a concomitant increase in i, and
f for the impact events during the OER (see Fig. S12 of the
ESIf). SECM imaging using FcCH,OH redox mediator of the
pristine and oxidized Cu(poly) substrate, see Fig. S13A and
S13B of the ESI,T respectively, indicate that the latter is more
electroactive in some areas, but there is a definite loss of elec-
troactivity in others. These data are consistent with SECM
metal corrosion responses.'”*"%

To investigate if the Cu substrate could be modified to
inhibit NP expulsion, it was first coated with a thin layer of
hydrophobic ionic liquid (IL), Pees14NTf,, see Fig. S14.1 During
the PAC experiment to position the UME tip at d = 2 um above
the Cu(poly)/IL substrate, a pure insulating, negative feedback
response was recorded (data not shown), and initial i-¢ record-
ings demonstrated virtually no impact responses (Fig. S14Af¥)
even after multiple pulses. However, optical images taken at 4x
magnification with a CCD camera showed that the IL film was
not homogeneously distributed across the surface (see
Fig. S14Cft). Repositioning the UME above an area which
appeared to have a thinner IL coating elicited apparent sto-
chastic impacts (Fig. S14Bf); however, the maximum 7, was
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Fig. 6 CVs measured at 0.020 V 5% in a roughly pH 13 (A) and 10 (B) KOH solution. Chronoamperograms obtained at d = 2 pm at pH 13 KOH using
the same UME as in Fig. 1 after polishing; however, using Ei, = —0.80 (C) and 0.3 V (E) with Eg,, = 0.3 V and as shown in the inset (vs. SHE), respect-
ively. Additional i—t curves recorded at pH 10 using KOH with Eg,, = 0.3 V, while E, was set to 0.5 (D) and 0.7 V (F). Measurements were performed

using a carbon fibre UME (r, = 3.5 um) positioned atd = 2 pm.

greatly reduced compared to the bare Cu(poly) substrate which
was maintained over several i—t pulses. Fig. S14D-F{ show the
histograms created through current spike analysis of the first 3
i-t traces shown in Fig. S14B.T The mean spike duration was
similar to those shown in Fig. 3C for the Cu(poly) substrate
alone which may indicate similar passivation kinetics.
Moreover, coating the nanofunctionalized catalyst layer with
materials such as ILs, or potentially Nafion, can be a strategy
towards mitigating nanocatalyst loss. SEE can be employed as
a direct measure of their effectiveness.

The mean duration for the ECA of CO,R impact events was
~0.2 s which is greater than 2x the length of OER ones at
~0.06-0.07 s. Since NPs in the CO,R case tend to stick/electro-
deposit onto the UME surface more than at OER potentials,
and as mentioned above, the CO,R signal is convoluted by the
reduction of Cu oxides to Cu’, e. g., Cu,0 — 2Cu, the decay in

10616 | Nanoscale, 2025, 17, 10609-10619

the peak current transients must be the result of NP passiva-
tion. Since Cu is more electrocatalytically active in the Cu®** or
Cu'* state than Cu®? this could be the source of the decay
current and be seen as effective passivation. To study the poss-
ible kinetics of this passivation effect, a finite element model
in COMSOL Multiphysics was constructed (see ESI section 77).
This model is similar to the one described recently by
Klinkova’s group®>®® in which the electric double layer (EDL)
is simulated using a Stern model to effectively simulate the
interfacial potential drop, while also using Bulter-Volmer kine-
tics to describe the CO,R. To approximate the passivation kine-
tics, the standard rate constant (k°) within the Butler-Volmer
equation (see eqn (S3)-(S5) of the ESIt) was replaced with the
following relationship,

ko(t) = ki(1 — e™)

(9)

This journal is © The Royal Society of Chemistry 2025
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in which we define k; as the initial standard rate constant, a as
the decay coefficient, and ¢ as time. Eqn (9) is an approximation;
however, it provides a straightforward, semi-empirical means of
understanding k° and passivation as a function of time with the
addition of only 2 other coefficients. k; describes the initial spike
intensity (in units of m s™*), while a defines the curvature of the
exponential decay current profile (expressed in units of s™).
Employing eqn (9), k; values 2x that expected of k° values for a
steady state condition were necessary to achieve the i-¢ spike pro-
files shown in Fig. 7. For the experimentally observed current
range of i, = 6-20 pA, k; = 0.0033-0.011 m s~ was required with
the CuO NP positioned flat on the UME surface, as depicted in
Fig. S15 of the ESLf these k; values translate into k° =
0.0066-0.022 m s~ at ¢ = 0 s, and 0.0045-0.015 m s~ at ¢ = 0.2 s.
Meanwhile, an a = 5 s~ was used throughout.

As mentioned above,'>'* if anodic potentials are avoided,
then Cu polycrystalline morphological changes can be
avoided, and likely Cu NP ejection is inhibited. Fig. 8A depicts
the i-t responses if Eq,}, is first maintained at a high cathodic
potential which results in no detectable NP collisions.
However, after performing CVs at the UME and substrate
(Fig. 8C) and then pulsing both negatively, small NP impacts
were observed with i, = 267 + 4 fA (Fig. 8B). These would be
indicative of much smaller Cu oxide NPs being ejected likely
owing to the much less aggressive oxidation of the Cu sub-
strate versus the experiments shown in Fig. 3 and 6. These data
agree with the dissolution mechanism proposed by Speck and
Cherevko'” as well as Koper’s group,'* wherein only through
accidental surface oxidation does Cu suffer morphological
restructuring or loss.

4. Conclusions

In summary, anodic ejection of Cu’/Cu oxide NPs was evi-
denced through TEM imaging of aqueous samples as well as
SEE via a UME positioned close to a Cu(poly) substrate. Finite
element simulations permit the estimation of initial catalytic
rate constants when compared to 7, values observed through
NP stochastic impacts. However, these simulations rely on
several assumptions, chiefly that the ESA of the UME does not
change which, as demonstrated herein, is false. Indeed, as
shown through SEM imaging of the UME tip post electrolysis,
there is simultaneous Cu electrodeposition and electrocatalytic
CO,R at the UME interface resulting in the growth of a flower-
like Cu deposit on the carbon fibre UME. Interestingly, if the
Cu substrate is maintained at cathodic potentials, then no NP
ejection was observed; however, once a modest anodic pulse is
applied, then even with Eg,; = —0.8 V NP collisions were
recorded. However, the i, intensity associated with those
impacts was greatly reduced relative to applying Eg,, = 0.3
V. This means, however, that SECM-SG/TC is a promising
electroanalytical tool for quantification of metal corrosion
through SEE. One remaining bottleneck is to deconvolute the
SEE signal brought about by Cu electrodeposition on its
surface likely accompanied by morphological changes.
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Thus, future work will include creating a finite element or
MD simulation which accounts for growth of a Cu’/Cu oxide
deposit on the UME surface and its influence on the NP sto-
chastic impact frequency. Interestingly, the ECA of the OER
does not suffer as much from Cu/Cu oxide NP accumulation;
however, it is still present and something that needs to be
accounted for during Cu NP corrosion monitoring.

To the best of our knowledge, SEE has never been applied
to corrosion studies in this manner before. Thus, this provides
a completely new approach to the field and will aid in the fun-
damental understanding of Cu-mediated CO,R catalysis.
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