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Electrode fouling resulting in reduced performance is an ongoing challenge in electrochemical flow cells
based on redox active polymers (RAPs). An avenue that holds substantial promise yet remains relatively
unexplored involves the strategic design of RAPs capable of undergoing electrochemical stimulation to
facilitate in situ electrode cleaning within a flow cell. Herein, a new electrode cleaning strategy is demon-
strated through the application of redox-active poly(glycidyl methacrylate) particles crosslinked with
2-amino-1,3,4-thiadiazole disulfide (PGMA-ATDDS). The resulting particles can de-crosslink through
cleavage of the disulfide bond using stimuli, such as electrochemical reduction or UV photoexcitation.
Using a custom flow cell, applying such a stimulus to an ITO electrode artificially fouled with PGMA-
ATDDS in the presence of a fluid flow leads to a significant particle removal (80%) that is over six times
more efficient relative to the case when no stimulus is applied. Confocal fluorescence imaging of the
electrochemically stimulated electrode highlighted localized disulfide reduction of particles near the elec-
trode surface. It is posited that this selective de-crosslinking and concomitant electrolyte swelling at the
particle/electrode interface facilitate particle removal in the presence of a fluid flow. In addition, the
regeneration of electrode performance upon cleaning was demonstrated through charging of a redox-
active particle suspension of poly(vinylbenzyl chloride) functionalized with dimethylaminoferrocene
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(PVBC-Fc). Upon electrochemical cleaning of the fouled ITO electrode, the accessible charge of PVBC-
Fc was statistically equivalent to the accessible charge measured using a pristine ITO electrode. Overall,
this study introduces a new approach for leveraging stimulus-responsive chemistries for RAPs to impart

rsc.li/rscapplpolym inherent functionality to facilitate in-line electrode cleaning in electrochemical flow cells.
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1. Introduction

Electrode fouling can significantly impact the function of
electrochemical-based sensors and energy storage devices. It
occurs when an irreversible inactive layer forms, preventing
redox active species from effectively interacting with the elec-
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PGMA-ATDDS, the optical image and DLS of PGMA-HMDA, design of modular
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trode surface. Electrochemical systems that employ small
molecules to polymeric redox active species (redoxmers) are
particularly prone to experiencing electrode fouling issues.
The irreversible inactive layer may form through the precipi-
tation of insoluble species from normal operation or those
that have undergone electrochemical charging and/or
degradation.™ In turn, various anti-fouling or electrode
cleaning strategies have been investigated, including protec-
tive layers, electrode surface modifications, and electro-
chemical activation.? The conventional approach is prevent-
ing fouling during the electrochemical operation through
electrode modification with carbon-based materials, metal-
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lic nanoparticle coatings, or anti-fouling polymers.*>™
However, the application of such anti-fouling layers can
introduce additional impedance and reduce electrochemical
accessibility of the desired redox active molecule (or
redoxmer).®"® An alternative and less explored approach is to
impart functionality into the redoxmer that would allow for
effective cleaning of an unmodified electrode surface after
fouling has occurred. This approach may involve stimulus-
responsive chemistries that allow for controlled cleaning. As
such, designing redoxmers with the intrinsic ability to effec-
tively and non-destructively clean an electrode surface in situ
would allow for electrochemical systems with improved life-
times and reduced waste products.

One class of electrochemical devices that stands to
benefit from in situ electrode cleaning strategies is the redox
flow battery (RFB), which is highly scalable in its capacity
and easily tunable in power delivery essential for long dur-
ation energy storage. RFBs based on organic redoxmers are
especially interesting as a result of the high tunability of the
redox active molecules, allowing for precise control over the
redox potential, solubility, and supramolecular structure,
among other properties.”® Of the possible redoxmer archi-
tectures, redox active polymers (RAPs) spanning soluble
polymer chains to colloidal particles are particularly promis-
ing as they can enable high-performance batteries without
the need for expensive, flux-inhibiting ion exchange mem-
branes. In fact, all that is required for RAP-based RFBs are
simpler size-exclusion membranes adequate for screening
high molecular weight active species.’*™*® This size-exclu-
sion principle was demonstrated successfully in several
soluble RAPs, where the hydrodynamic radius of the RAP
exceeded the threshold for crossover across commercially-
available porous battery separators.?®>® Despite these advan-
tages, RAPs in flowing systems are susceptible to fouling of
fluid-exposed solid surfaces. Over time, RAPs can form inac-
tive layers on the electrode surfaces, limiting the RFB’s
ability to charge and discharge. Under electrochemical con-
ditions of the RFB, the material comprising these blocking
layers can degrade and the passivation layer can become per-
manently adhered, likely resulting in the need for expensive
repairs and operational downtime.

Efforts are underway to mitigate the fouling process at
different stages of the RFB operation. Coatings and pretreat-
ments for surfaces susceptible to fouling can help mitigate or
prevent the process before it occurs, but such approaches can
be complex and costly, and modulating the substrate surface
impacts the material performance.®®2° At the other end of the
process flow, efforts have been made to regenerate surfaces
once RAPs have already accumulated and decomposed to a
nonfunctional state. Specifically, the focus has been on design-
ing RAPs capable of being chemically or electrochemically
deconstructed in a controlled manner. For example, Nguyen
et al. demonstrated the design of RAPs by combining redox-
active pendant groups with a polypeptide backbone, capable of
being depolymerized under acidic conditions to amino acid
small molecules potentially capable of recycling back to
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macromolecular materials later.”’ Going one step further,
Qian et al. demonstrated programmed degradation of RAPs
using an electrochemical stimulus, wherein homobenzylic
ethers could be controllably cleaved by applying an oxidative
potential.>® This similarly allows for potential recapture of the
degradation products, although both of these processes ulti-
mately require separation of the degraded species from the
greater system for further processing. These approaches, while
innovative, generally require the separation and further proces-
sing of degradation products, adding an additional layer of
complexity.

In contrast, the approach reported herein leverages a
stimulus-responsive covalent disulfide bond within the RAP
design to enable in situ, electrochemical-triggered cleaning
of electrodes, without the need for additional processing
steps. Disulfides are a class of stimulus-responsive dynamic
bonds that can be cleaved with multiple external stimuli,
including heat, UV light, electrochemical potential, and
pH.>*° Using such responsive properties of the disulfide
bond has allowed access to a wide range of disulfide-contain-
ing polymeric materials that exhibit self-healing,***° repro-
grammable  shape-memory,®®  rebondable  adhesive
capabilities,>*** dynamic self-assembly,® etc. The objective
of this study is to demonstrate electrochemical and UV
stimulus triggered cleaning of electrodes in the presence of a
fluid flow when artificially fouled with disulfide-crosslinked
RAPs (Fig. 1a).

2. Results and discussion

2.1. Particle synthesis and characterization

Monodisperse PGMA particles (P1) were synthesized using dis-
persion polymerization followed by functionalization with
1 wt% of hexamethylenediamine (HMDA) as a permanent
crosslinker to ensure particle integrity to yield lightly cross-
linked PGMA particles (P2) (2200 + 140 nm in acetonitrile
(ACN) measured by dynamic light scattering (DLS), Fig. S1t).
The P2 particles were then functionalized with an excess of
2-amino-1,3,4-thiadiazole disulfide (ATDDS) followed by a
photoannealing step, as had been reported in prior work.””
The resulting crosslinked particles (PGMA-ATDDS) are there-
fore predominantly crosslinked with the stimulus-responsive
ATDDS moiety (Fig. 1b) as confirmed by FT-IR and UV-Vis
spectroscopy (Fig. S2 and S3t). The increase in crosslinking
upon addition of the ATDDS moiety is further supported by
the decrease in the size of the ACN swollen particles (to ca.
1731 + 109 nm in diameter, Fig. S11). Fig. 1c shows the cyclic
voltammetry (CV) of PGMA-ATDDS. A reduction peak potential
at —0.69 V vs. Ag/Ag" and an oxidation peak potential at —0.48
V vs. Ag/Ag" were observed. Control particles with no redox
active disulfide bonds and only HMDA crosslinking moieties
(1:1 amine : epoxy feed ratio) were synthesized from the same
P2 particles to yield PGMA-HMDA particles (Fig. S4t), which
reached the same ACN swollen hydrodynamic diameter as
PGMA-ATDDS (ca. 1726 + 106 nm).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic of the proposed stimulus-triggered cleaning of a
particle-fouled electrode in the presence of electrolyte fluid flow. (b)
Left: Schematic drawing of PGMA-ATDDS particles bearing stimulus-
responsive disulfide (ATDDS) and permanent (HMDA) crosslinkers.
Representative SEM image of PGMA—-ATDDS particles (ca. 1500 nm dry
particle diameter). Right: Chemical structure for PGMA—-ATDDS particles
and their reversible reaction under either electrochemical or UV stimu-
lus. (c) Cyclic voltammogram (CV) of PGMA—-ATDDS particles drop-cast
on a carbon paper electrode demonstrating electrochemical reduction
and oxidation of disulfide bonds (20 mV s, 1 cm? carbon paper
working electrode, 100 mM tetrabutylammonium hexafluorophosphate
(TBAPF¢) in ACN supporting electrolyte).

2.2. Stimulus-triggered controlled particle release from the
electrode surface

To create an artificially fouled surface, particles were coated
onto an indium tin oxide (ITO)-coated glass substrate, by drop-
casting 100 pL sonicated particle dispersion in ethanol (5 mg
mL~") (Fig. 2a). This process resulted in the particles coating a
17 mm by 15 mm area of the ITO substrate with an approxi-
mate particle loading of 0.2 mg cm™
imaged via an optical microscope in the region of interest and
Image] analysis was used to count the number of particles
(Fig. S51). This served as the initial particle count before the
electrode cleaning steps were applied.

Controlled stimulus-triggered cleaning of the artificially
fouled substrate was demonstrated using a custom designed

. The substrates were

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

a) b) C
PGMA-ATDDS

particles
dispersion

=

0.1M
TBAPF,
In ACN

CEECE

o(&

211
Transparent PTFE  Steel
ITO coated Gasket counter
glass working (50 pm) electrode
electrode

Before After
7 No Stimulus l—

200 um

UV Stimulus

200 um

200 pm

Electrochemical (Echem) Stimulus

o
~~

PGMA-ATDDS Particle Removal (%)

60 1

“I % ]

o
1

Echem
stimulus

No stimulus UV stimulus

Fig. 2 (a) An artificially fouled ITO electrode prepared by drop-casting
PGMA-ATDDS particles from ethanol dispersion and drying. (b) A
custom designed and fabricated flow cell for stimulus-triggered (UV or
E-chem) electrode cleaning. (c) Before and after optical microscope
images of the artificially-fouled ITO-electrode surface for the cases of
no stimulus, UV stimulus, and electrochemical stimulus cleaning
methods. (d) Corresponding quantified percent particle removal (at a
flow rate of 30 mL min~%, stimulus application time of 30 min) for each
case (no stimulus, UV stimulus, and electrochemical stimulus).

and fabricated flow cell, depicted in Fig. 2b and Fig. S6t,
based on a previously reported flow cell.*>*® The flow cell
allows for the liquid electrolyte (100 mM TBAPF, in ACN) from
an external reservoir to flow between two interchangeable par-
allel plates separated by a fixed Teflon spacer. A stainless-steel
plate served as a counter electrode (CE) and as the inlet/outlet
side for the flowing liquid electrolyte. A second stainless-steel
plate supported the artificially fouled ITO-coated glass sub-
strate, where the particle-bearing surface can be simul-
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taneously exposed to a stimulus and flowing liquid electrolyte.
Both electrochemical and UV stimuli were investigated for con-
trolled electrode cleaning. After the electrode cleaning pro-
cedure, the flow cell was disassembled, and the substrate was
collected for imaging. The extent of particles removed was
then determined by the difference in the number of particles
counted before and after exposure to the stimulus in the flow
cell (see the ESI for more details, Fig. S77).

For the electrochemical-based cleaning studies, a constant
potential was applied to the ITO-coated substrate as the
working electrode (WE) relative to the stainless-steel CE plate
(Fig. S6bt). The potential was set beyond the reduction poten-
tial of PGMA-ATDDS to ensure sufficient cleavage of the di-
sulfide bonds. Due to the configuration of the flow cell, a
potential is applied across the entire cell without using a refer-
ence electrode. The applied 2 V is approximately —1.7 V vs. Ag/
Ag', which is in the reduction potential regime of PGMA-
ATDDS (Fig. 1c) and within the electrochemical stability
window of the liquid electrolyte.>” For the UV-based cleaning
studies, a light source (%1 W cm™ with UV Bandpass (BP)
filters from 320 nm to 500 nm) was secured into the optical
viewport on the backside of the stainless steel plate supporting
the artificially-fouled substrate (Fig. S6bt).

Initial cleaning studies focused on determining the influ-
ence of flow rate on the extent of electrode cleaning when no
stimulus was applied. A series of flow rates were tested span-
ning 8 mL min~', 30 mL min~}, and 40 mL min " (the
maximum flow rate of the pump), with comparable shear
rates/stresses to other systems, which are within the typical
operating flow rates of RFBs (1-100 mL min").**** The
samples were exposed to fluid flow for 30 min to match the
stimulus exposure time (vide infra). Based on calculations and
experimental validation of different flow rates in this cell geo-
metry, the particles experience a laminar flow of electrolyte
parallel to the substrate within the custom flow cell, with a
Reynolds number, Re, calculated to be well below the critical
transition number of 2300 (see the ESI for more details,
Fig. S8t). The resulting viscous shear stress at the surface is
estimated to range from 10 to 54 Pa across this range of flow
rates. This range of stress can cause yielding in a wide range of
soft viscoplastic materials,*® which explains why it may be
sufficient to remove these soft polymeric particles from the
surface.

As shown in Fig. 2¢ and d, a minimal level of cleaning
(around 12%) was observed at a flow rate of 30 mL min~'. A
similar extent of particle removal (around 10%) was achieved
at the slowest flow rate of 8 mL min™"' (Fig. S7af). At the
highest flow rate of 40 mL min~", the percent of particles
removed increased to ~50% likely arising from the increased
shear force of the flowing fluid (Fig. S7at). These results reveal
that the fluid flow alone does not significantly clean the elec-
trode surface, especially at flow rates 30 mL min~" and below.
For the remainder of the study, the flow rate was fixed to
30 mL min~" (wall shear stress 41 Pa) to clearly test the influ-
ence of the applied stimulus on further removal of PGMA-
ATDDS particles from the electrode surface.
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The extent of particle removal via electrochemical stimulus
was investigated by exposing the ITO-coated substrate to a con-
stant reductive potential across different periods of time. As
shown in Fig. S7b,} the percent of particle removal increased
monotonically as a function of electrochemical stimulus time.
At 1 min, the percent of particle removal was around 23%.
Notably, this value increased and plateaued around 76% at an
application time of 30 min (Fig. S7bf), which demonstrates
significant electrode cleaning as visually demonstrated in the
before and after images in Fig. 2c. Compared to fluid flow
alone, this percent of particle removal was significantly
enhanced by a factor of about 6.5 (Fig. 2d).

The application of a UV stimulus had a similar effect on
electrode cleaning (Fig. 2c and d). As shown in Fig. S7c,} the
percent of particle removal monotonically increased as a func-
tion of UV exposure time and plateaued to around 80% at
30 min, similar to the electrochemical stimulus. A notable
difference was observed at a lower stimulus exposure time. A
larger percentage of electrode cleaning occurred at the earliest
time point (ca. 42% at 1 minute), attributed to the relatively
faster kinetics of the photo-induced disulfide cleavage com-
pared to the electrochemical stimulus. As a final control
experiment, PGMA particles crosslinked with the non-dynamic
HDMA (PGMA-HDMA) with comparatively similar solvent
swollen size to PGMA-ATDDS were drop-cast onto a substrate
and subjected to the same cleaning procedure using the UV
stimulus. The percent of particle removal was minimal (~9%)
(Fig. S7df), akin to the results of PGMA-ATDDS particle
removal with fluid flow alone. Overall, the combined cleaning
results of both stimuli and control experiments emphasize the
importance of disulfide bond cleavage in the PGMA-ATDDS
particle as a necessary component in facilitating particle
removal for cleaning.

2.3. Examining surface-bound particle stimulus response

To examine the mechanism behind the electrochemical clean-
ing process in more detail, studies were carried out to probe
and visualize the electrochemical reduction of PGMA-ATDDS
at the electrode/particle interface. To this end, 1-(bromo-
methyl)pyrene (BrMePyr) was used as an electrophilic fluo-
rescence tag to trap any thiolates that were formed upon
reduction of the disulfide bond (Fig. 3a). Initial studies verified
this electrochemically-induced reaction by carrying out CV
experiments on a dimethylsulfoxide (DMSO) solution of the
model compound ethylaminothiadiazole disulfide (EATDDS)
with excess BrMePyr. DMSO was chosen due to its ability to
offer adequate solubility for BrMePyr. As shown in Fig. 3b, CV
sweeps were performed from 0 to —1.50 V vs. Ag/Ag’, where the
forward sweep leads to the reduction of the EATDDS dimer to
thiolate monomers, with a reduction peak potential at —1.05 V
vs. Ag/Ag". In a solution devoid of BrMePyr, an oxidation peak
is observed at —0.34 V on the reverse sweep, indicating the re-
oxidation of thiolates back to disulfides. However, in the pres-
ence of excess BrMePyr in the solution, there is a distinct lack
of the thiolate to disulfide re-oxidation peak, verifying the reac-
tion of thiolates with BrMePyr (Fig. 3b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence tagging reaction scheme indicating the reduction of thiadiazole disulfide and subsequent reaction with BrMePyr. (b)

Solution CV in DMSO with 100 mM TBAPFg for 5 mM BrMePyr, 1 mM EATDDS, and a 5 mM BrMePyr + 1 mM EATDDS mixture. The lack of oxidation
peak in BrMePyr : EATDDS highlights the reaction of BrMePyr with thiolate anions described in (a). (c) Confocal fluorescence microscopy of PGMA—
ATDDS particles tagged with BrMePyr after electrochemical reduction (blue = thiadiazole fluorescence, green = pyrene fluorescence). Bottom-up
view of isolated particles on an ITO-coated cover slip and side view of the vertical projection of particles on the substrate using different fluorescent
filters. (d) Proposed cleaning mechanism for the stimulus-triggered particle removal in the presence of fluid flow.

To examine how this reaction propagates in the particles, a
PGMA-ATDDS particle dispersion was drop-cast onto an ITO-
coated substrate as detailed in the Materials and methods
section. The substrates bearing PGMA-ATDDS particles were
used as the WE in a 3-probe electrochemical cell. Electrodes
were submerged in a DMSO electrolyte solution of 1 mM
BrMePyr and 100 mM TBAPF,. A constant reduction potential
of —1.0 V vs. Ag/Ag" was applied to the particle-bearing ITO-
coated substrate for 5 minutes. Afterward, the potential was
removed, and the system was allowed to relax at open circuit.
The substrate bearing PGMA-ATDDS particles was removed
from the solution and washed by soaking in DMSO and then
acetone to remove any unreacted BrMePyr. Subsequently, con-
focal fluorescence images were acquired from a bottom-up
view, taking progressive focal points orthogonal to the sub-
strate surface at 0.1 pm intervals (Z direction), one layer of
which is shown in the black and white image in Fig. 3c. A side-
view projection (YZ plane) of the reconstructed confocal image
stacks allows for visualization of fluorescence in the direction
perpendicular to the ITO substrate. The image from the blue
440/40 nm filter corresponds to the fluorescence of the thiadia-
zole moiety of PGMA-ATDDS, which can be seen evenly distrib-
uted throughout the particle height, providing evidence for
relatively homogeneous particle functionalization with ATDDS.
The image from the green 525/30 nm filter corresponds to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

fluorescence of the pyrene moiety arising from the reaction of
BrMePyr with thiolate anions. Notably, the green fluorescence
of the pyrene moiety is localized near the electrode surface,
consistent with only the disulfides closest to the electrodes
being reduced.

Based on combined cleaning and confocal fluorescence
imaging results, Fig. 3d lays out the proposed stages for the
stimulus-mediated electrode cleaning. Prior to the stimulus,
the majority of the particles remain adhered to the electrode
surface under the continuous flow of the electrolyte. Upon the
application of the stimulus, partial de-crosslinking of the
PGMA-ATDDS particles occurs near the electrode surface
(Fig. 3d Step a). As a result of the reduced crosslinking density,
the particles will swell at the interface with an additional elec-
trolyte, which weakens the interaction/adhesive strength
between the particle and electrode surface (Fig. 3d Step b). As
a frame of reference, full reduction of disulfide bonds via a
chemical reducing agent leads to a 20% increase in particle
diameter (73% increase by volume), consistent with the
expected higher swelling of lower crosslinked particles
(Fig. S17). Lastly (Fig. 3d Step c), the continuous electrolyte
flow generating shear stress parallel to the electrode surface
provides sufficient force to facilitate final removal of partially-
reduced particles from the electrode surface. In Table S1,} the
shear force experienced by the particles was calculated by mul-
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tiplying the shear stress by the cross-sectional area of the par-
ticles. The calculation results indicate that at a flow rate of
30 mL min~', a very minimal shear force of 9.5 x 107" N is
sufficient to facilitate the removal of particles from the elec-
trode surface.

2.4. Demonstrating regeneration of electrode performance
via stimulus-induced electrode cleaning

To investigate if the electrode cleaning process is effective in
restoring the performance of the regenerated electrode, a
model test was performed to probe the electrochemical acces-
sibility of the ITO-coated electrode using a ferrocene-bearing
RAP (PVBC-Fc). PVBC-Fc particles were synthesized by functio-
nalizing poly(vinylbenzyl chloride) (PVBC) microparticles with
dimethylaminoferrocene, as reported by Montoto and co-
workers®® (Fig. 4a and Fig. S91). These tests were performed in
the presence of the pristine ITO-coated electrode, the ITO-
coated electrode artificially fouled with PMGA-ATDDS, and the
regenerated ITO-coated electrode after stimulus-controlled
cleaning. As seen in Fig. 4a, PVBC-Fc was selected as its
electrochemical window was sufficiently distinct from that of
PGMA-ATDDS. This allowed for a linear sweep voltammetry
(LSV) test from 0 to 0.6 V vs. Ag/Ag" for oxidative charging of Fc
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moieties to Fc" while not electrochemically activating the oxi-
dation or reduction of PGMA-ATDDS.

Fig. 4b highlights the key steps in the experiments to
demonstrate the regeneration of electrode performance via
stimulus-induced electrode cleaning (a more detailed scheme
is shown in Fig. $10%). In step 1, a 5 mg mL™" dispersion of
PVBC-Fc particles in ACN with 100 mM TBAPF, supporting
electrolyte was injected into a custom static electrochemical
cell consisting of a pristine ITO-coated WE and a stainless-
steel CE (Fig. 4b Step 1) and the PVBC-Fc suspension was oxi-
datively charged as shown in the LSV profile on the lower right
side. Note that the inclusion of the Ag/Ag" reference electrode
allows for precise control over the potential of the ITO elec-
trode during the LSV measurement. In step 2, the same ITO
electrode was artificially fouled with PGMA-ATDDS particles
and the LSV measurement was performed on the PVBC-Fc sus-
pension. As seen in the LSV profile, the measured current
density (i) across the sweep is lower compared to the pristine
ITO WE on account of the adsorbed PGMA-ATDDS particles
limiting PVBC-Fc particles’ accessibility to the WE (Fig. 4b
Step 2). In step 3, the electrochemical cell was reconfigured to
a cleaning flow cell and the same fouled electrode was put
through the cleaning procedure using an electrochemical
stimulus as described earlier (Fig. 4b Step 3). Finally, in step 4,

_____________________________ 1
a) o6 b)I : -
)  OMAATODS = )I v Step 1: Step 2: I
—— PVBC-Fc e | PVBC-Fc accessibility on PVBC-Fc accessibility on |
0.4F R-S-S-R < 1 I pristine ITO electrode PGMA-ATDDS coated ITO |
electrode
NE b I 020 0.20 ;
5} | ’ ) |
E 0.0 I ~ 015 ‘ ~0.15 |
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~ -0.2 o . | 2 0.10 3 2 0.10 !
@ | € £ |
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04r . 9.x ; I |
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+
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\g: | v :
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® 0.4 Blep 2 | ~ 005 > § I
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Fig. 4 Examining the impact of fouling and electrode cleaning on regenerated ITO electrode accessibility. (a) CVs of PGMA-ATDDS and PVBC-Fc
demonstrating no overlap in redox active regions (20 mV s™%, 1 cm? carbon paper WE, carbon felt CE, Ag/AgNOs RE, 0.1 M TBAPFg in ACN as the sup-
porting electrolyte). (b) Process of flow electrode regeneration experiments (Fig. S101 for more details). Step 1: Schematic of the custom static 3
probe cell and LSV testing of PVBC—Fc accessibility on pristine ITO; Step 2: schematic of the custom static 3 probe cell and LSV testing of PVBC—-Fc
accessibility on a PGMA-ATDDS coated ITO electrode; Step 3: schematic of the custom flow cell connected to the electrolyte reservoir and pump
for the electrochemical stimulus cleaning procedure; Step 4: schematic of the custom static 3 probe cell and LSV testing of PVBC-Fc accessibility
on a cleaned ITO electrode. (c) Integrated charge density (expressed in C cm™2) of PVBC—Fc from the LSV profiles averaged across electrode regen-

eration experiments using electrochemical stimulus.
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the cell containing the cleaned ITO electrode was returned to
the static electrochemical cell with fresh PVBC-Fc suspension
injected to determine the recovery of electrode performance
(Fig. 4b Step 4). Notably, a substantial increase in i was
observed in the LSV profile, which closely resembled the LSV
result of the pristine ITO electrode, thus providing clear evi-
dence of the effective regeneration of the electrode after the
cleaning process. To quantitatively illustrate the PVBC-Fc
accessibility, Fig. 4c provides the integrated charge density
(expressed in C em™>) from the LSV profiles averaged across
multiple electrode regeneration experiments. Note that the
electrode generation demonstration was also performed with
the UV cleaning procedure and yielded results similar to those
of the electrochemical cleaning (Fig. S117). Overall, this collec-
tive analysis highlights the consistent restoration of electrode
performance subsequent to the stimulus-triggered cleaning of
the PGMA-ATDDS-fouled ITO electrode.

3. Conclusions

In summary, this study presents a new and effective electrode
cleaning strategy employing redox-active poly(glycidyl meth-
acrylate) particles crosslinked with 2-amino-1,3,4-thiadiazole
disulfide (PGMA-ATDDS). These RAP particles exhibit the
ability to undergo de-crosslinking by breaking the disulfide
bond upon exposure to either electrochemical reduction or UV
photoexcitation. The application of these stimuli to an ITO
electrode fouled with PGMA-ATDDS within a customized flow
cell resulted in a significant 80% removal of particles, an over
six-fold enhancement compared to non-stimulated conditions.
Importantly, the investigation employing confocal fluorescence
imaging post electrochemical stimulation revealed targeted di-
sulfide reduction in particles near the electrode surface. This
phenomenon is believed to result from electrolyte swelling
selectively at the particle/electrode interface, thereby promot-
ing effective particle removal in the presence of a fluid flow.
Moreover, the successful regeneration of electrode perform-
ance post-cleaning was exemplified by testing the charge acces-
sibility of poly(vinylbenzyl chloride) functionalized with di-
methylaminoferrocene (PVBC-Fc). Following the electro-
chemical cleaning of the fouled ITO electrode, the attainable
charge of PVBC-Fc closely matched the charge observed on a
pristine ITO electrode. A similar result was achieved through
UV cleaning as well. In essence, this investigation introduces a
new approach that harnesses stimulus-responsive chemistries
within RAPs to endow them with the inherent functionality to
facilitate real-time electrode cleaning in electrochemical flow
cells such as redox flow batteries.

4. Materials and methods
4.1. Materials

Glycidyl methacrylate (GMA) containing inhibitor, hydrogen
peroxide solution (30% w/w) in an aqueous solution contain-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

ing an inhibitor, polyvinylpyrrolidone (PVP) (with a number
average molecular weight M, of 40 000 ¢ mol™'), HMDA, (di-
methylaminomethyl)ferrocene, 4-vinyl benzyl chloride, divinyl
benzene, ammonium hexafluorophosphate, and TBAPF, were
purchased from Sigma-Aldrich. All other reagents, including
DMSO, ACN, methanol, tetrahydrofuran (THF) and 200 proof
ethanol, were purchased from Fisher Scientific. BrMePyr was
purchased from Ambeed, Inc. All reagents were used without
further purification unless mentioned otherwise. ITO cover-
slips were sourced from SPI Supplies (06480-AB, #1.5 thick-
ness, 15-30 ohms).

4.2. Synthesis of P1 and P2 particles

P1 and P2 particles were synthesized following the same pro-
cedure previously reported by the same authors.?” The inhibi-
tor in the GMA monomer was removed by running through an
alumina basic column. In a 250 mL round bottom flask, 2.1 g
of PVP was dissolved in 83 g of ethanol and 7.7 g of DI water.
The reaction vessel was heated to 70 °C with a stir bar rotating
at a speed of 165 rpm while purging with argon gas for
20 min. 0.24 g of AIBN was dissolved in 12 g of purified GMA
monomer. The monomer and initiator were added dropwise
into the reaction vessel. The system was continued to be
purged with argon for 15 min to ensure thorough removal of
oxygen and then allowed to react for 12 hours. The product
was centrifuged at 4000 rpm for 10 minutes, decanted, and
then washed three times with methanol prior to drying in a
vacuum oven at 55 °C. 10.2 g of P1 particles was obtained with
ayield of 85%.

A total of 4 g of P1 particles were re-distributed in 50 mL of
ethanol using a bath sonicator. Following this, 1% by weight
(40 mg) of HMDA was added to the dispersion. This addition
was made by injecting 10 mg mL™' of HMDA dissolved in
ethanol. The reaction was proceeded at a temperature of 50 °C
for 24 hours to yield lightly crosslinked P2 particles. P2 par-
ticles were centrifuged at 4000 rpm for 10 minutes, decanted,
and washed three times with methanol. Subsequently, P2 par-
ticles were dried under vacuum at 55 °C overnight.

4.3. Functionalization of P2 with ATDDS to produce PGMA-
ATDDS particles

The PGMA-ATDDS particles were synthesized following the
same procedure previously reported by the same authors.?”
0.5 g (~3.5 mmol of GMA repeating units) of P2 particles were
dispersed in 25 mL of THF via bath sonication, followed by
ATDDS (4.65 g, 17.5 mmol) dissolved in DMSO (100 mL). The
reaction vessel was purged with argon gas and heated to 66 °C
at 300 rpm for 6 days. Post functionalization, the particles
were centrifuged at 4000 rpm for 10 minutes, decanted, and
washed three times with DMSO. The particles were then centri-
fuged at 4000 rpm for 10 minutes, decanted, and washed three
times with methanol. The particles were then dispersed in
DMSO and irradiated with a UV source (320 nm to 500 nm
filter) at 350 mw cm™> for three hours as described in the pre-
vious work to remove mono-functionalized ATDDS to produce
PGMA-ATDDS.?” The particle dispersion was centrifuged at
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4000 rpm for 10 minutes, decanted, and washed three times
with a methanol and DMSO co-solvent (mix ratio 1:1 by
volume). The particles were dried under vacuum at 55 °C
overnight.

4.4. Synthesis of PGMA-HMDA particles

0.5 g of P2 particles (~3.5 mmol of GMA repeating units) were
dispersed in 40 mL of ethanol via bath sonication. 200 mg
(1.75 mmol) of HMDA dissolved in 10 mL of ethanol was
added to the reaction vessel. The reaction was carried out at
50 °C with stirring for 2 days. The particles were centrifuged at
4000 rpm for 10 minutes, decanted, and washed three times
with methanol. The PGMA-HMDA particles were then dried
under vacuum at 55 °C overnight.

4.5. Synthesis of PVBC-Fc particles

The PVBC particles were synthesized following the procedure
reported by Montoto and coworkers.>® PVP was dissolved in
95 mL of ethanol with a magnetic stir bar at 165 rpm.
Inhibitors were removed from vinyl benzyl chloride and divinyl
benzene monomers by passing through a basic alumina
column, separately. 0.1 g of AIBN was dissolved in 4.9 mL of
4-vinyl benzyl chloride and 0.1 mL of divinylbenzene. The
monomer mixture with AIBN was added into the reaction
vessel. The reaction vessel was sealed and purged with (filtered
dry) Ar for 30 min before being heated up to 70 °C and left to
react for 12 h. The resulting particles were centrifuged at 4000
rpm for 10 minutes, decanted, and washed three times with
methanol prior to drying in a vacuum oven at 55 °C for 1 day.

1 g of dried PVBC particles (~6.5 mmol of 4-vinyl benzyl
chloride repeating unit) was redispersed in 30 mL DMF and
30 mL THF solvent mixture using a bath sonicator for one
hour. 10 mL (33.5 mmol) of (dimethylaminomethyl)ferrocene
was added to the reaction vessel followed by 30 min purging
with filtered Ar. The reaction vessel was heated to 50 °C and
the reaction was carried out for 5 days. 12 g of ammonium
hexafluorophosphate was dissolved in 30 mL of water and
added into the reaction vessel to conduct the ion-exchange
reaction. The ion-exchange reaction was carried out for 1 day
at RT with stirring. The resulting particles were centrifuged at
4000 rpm for 10 minutes, decanted, and washed three times
with THF and three times with methanol prior to drying in a
vacuum oven at 50 °C for 1 day.

4.6. Dynamic light scattering (DLS)

DLS measurements were performed using a Brookhaven
Instruments BI-200SM. The dry particle samples were dis-
persed in ACN to 1 mg mL™" concentration using bath soni-
cation for a minimum of 1 hour and then diluted to 0.1 mg
mL ™" dispersion prior to the measurement.

4.7. Scanning electron microscopy (SEM)

Silicon substrates measuring 1 cm x 1 cm were sectioned and
subjected to a cleaning process involving sonication in acetone
followed by methanol. Subsequently, 50 microliters of particle
dispersions at a concentration of 1 mg mL™" in ethanol were
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applied onto the silicon substrates and left to air dry. Before
performing SEM imaging, a thin layer of platinum/palladium
measuring 8 nm in thickness was applied to the samples
using a sputter coater (Cressington 208HR).

4.8. Cyclic voltammetry (CV)

A Biologic SP-200 potentiostat was used for all CV measure-
ments. The experiments were carried out using a conventional
3-electrode electrochemical cell in an Ar glovebox. To serve as
the WE, a porous carbon substrate called Sigracet GDL 39 AA
carbon paper (CP) with an area of 1 cm” was chosen. To attach
the CP to a Pt wire electrode (CH Instruments CHI115), the
wire was threaded through two small holes near opposing
edges of the CP sample. For particle measurement, the active
material was deposited onto CP electrodes through drop-
casting from an ethanol suspension, resulting in an active
material loading of 0.2 mg cm™>. The counter electrode was a
plain Pt wire, and a non-aqueous Ag/Ag" reference electrode
was used. The reference electrode consisted of a silver wire
immersed in 0.01 M AgNO; and 0.1 M TBAPFs in ACN. The
data were obtained using a scan rate of 20 mV s~'. For the
electrochemical experiments, the solvents were degassed using
Ar gas.

4.9. Drop-casting particles onto transparent ITO substrates

ITO substrates were sonicated in acetone and methanol
respectively for 5 minutes. The substrates were then blow-
dried with nitrogen. 5 mg mL™" of particles were dispersed in
ethanol via bath sonication for 30 min prior to drop-casting.
20 microliters of particle dispersion were drop-cast onto the
center of the substrate and allowed to dry overnight.

4.10. Process flow for the electrode cleaning procedure

The backing plate was positioned on a flat surface, followed by
placing the ITO-coated substrate with particles facing upwards
(Fig. S61). The 50 pm thick PTFE gasket, featuring a central
hollow opening measuring 17 mm x 15 mm, was then posi-
tioned atop the ITO substrate. The positioning of the ITO sub-
strate was adjusted to ensure that all the drop-cast particles
were contained within the hollow opening of the PTFE gasket.
Subsequently, a positive electrode was affixed along with flow
channels, followed by attaching a flow cell body complete with
connectors. As depicted in Fig. Séb,} the flow cell was sub-
sequently linked to an external reservoir and a volumetric flow
rate controlled Masterflex L/S Series peristaltic pump contain-
ing a liquid electrolyte (100 mM TBAPF, in ACN) through the
inlet/outlet connections. For the electrochemical stimulus, a 2
V (approximately —1.7 V vs. Ag/Ag’) constant potential was
applied to the ITO-coated substrate functioning as the WE,
with the stainless-steel CE plate connected via electrical con-
nections. For the UV stimulus, a UV fiber optic was secured
into the optical viewport on the reverse side of the stainless-
steel backing plate (Fig. S6b¥). Particle imaging and counting
were conducted both prior to and after the electrode cleaning
procedure, in accordance with the subsequent procedure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.11. Process flow for quantitative determination of particle
removal

The data presented in the manuscript were obtained from
experiments with 5 samples of substrates coated with particles
under various flow cell conditions. On each sample, 5 spots
were chosen within the yellow dashed circle shown in Fig. S5.t
Using an optical microscope, predefined spots were imaged at
10x and 50x magnification. Markers etched into the back
(uncoated) side of the substrates, as well as any visible land-
marks (specific particle arrangements, defects in the glass
surface, etc.) were used to ensure exact alignment of the image
field before and after cleaning. Landmarks were obtained and
aligned, and then the image was focused to bring particles
into view. Image]’s particle analysis tool was used to count the
number of particles visible in the field of view. On average,
approximately 400 particles were counted on each spot before
the cleaning procedure.

4.12. Sample preparation for confocal fluorescence
microscopy imaging

PGMA-ATDDS particles were dispersed in ethanol (1 mg mL™)
using a bath sonicator for 1 hour. 40 pL of the dispersion was
drop-cast onto ITO coverslips (SPI Supplies 06480-AB, #1.5
thickness, 15-30 ohms). The particles were dried in air and
then mounted onto the electrolytic PTFE electrode holder with
clip design. The electrode holder was used as a WE and a Pt
wire electrode (CH Instruments CHI115) was used as the CE.
The electrodes were then pre-soak in 100 mM TBAPF¢ in DMSO
electrolyte to swell the particles. This pre-soaking step helps
avoid the uptake of the fluorescence dye by absorption during
particle swelling. In the electrochemical cell, 3 mL of DMSO
electrolyte with 1 mM BrMePyr was added followed by the
attachment of the the custom-made electrode holder. A non-
aqueous Ag/Ag" reference electrode was used, consisting of an
Ag wire immersed in 0.01 M AgNO; and 0.1 M TBAPF, in ACN.
A constant voltage of —1 V was applied to the system for 5 min.
After the reaction, ITO was immersed in fresh DMSO for 1 day
to remove the unreacted BrMePyr from the particles. The par-
ticle-bearing ITO substrate was then washed with acetone to
remove residual DMSO prior to mounting onto a glass slide
with 5 microliters of Vectashield antifade mounting medium.

4.13. Confocal fluorescence imaging

An Olympus “fixed cell” DSU spinning disk confocal micro-
scope was used for confocal fluorescence imaging. An inverted
platform (model IX81) with a 100x/1.35 oil (UPlanApo) objec-
tive lens was used for imaging through slides with a Z-galvo
stage for Z-sectioning. The fluorescence of the thiadiazole
moiety was observed as blue emission using a 440/40 nm fluo-
rescence filter, and BrMePyr was observed as green emission
using a 525/30 nm fluorescence filter. 22 images were acquired
for each sample, ranging from the particle-electrode surface to
slightly above the uppermost point of the particles, with an
increment of 0.1 pm along the z-axis, covering a total span of
2.2 pm. Subsequently, the images underwent conversion into
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3D projections using Image]J, incorporating a total rotation
angle of 90 degrees to yield a side view from the XY plane. The
same procedure was replicated for the images obtained
through both the 440/40 nm fluorescence filter for the thiadia-
zole moiety and the 525/30 nm fluorescence filter for functio-
nalized MePyr. The superposition images, as shown in the
bottom figure of Fig. 3c, were generated by utilizing the ‘Merge
channels’ functionality within Image].

4.14. Electrode performance regeneration via stimulus-
induced surface electrode cleaning

4.14.1. Measuring electrochemical accessibility of PVBC-Fc
on a pristine ITO substrate via LSV. Using a custom static
electrochemical cell, a 1.2 mL aliquot of ACN containing
100 mM TBAPF, and 5 mg mL ™" Fc-PVBC particles was added
to the cell with a pristine ITO electrode. The cell was con-
nected to the potentiostat and potentio-electrochemical impe-
dance spectroscopy (PEIS) was used to determine cell resis-
tance. Next, a voltage hold of —0.1 V vs. Ag/Ag" for 5 minutes
was conducted to ensure a similar state of charge for each elec-
trode prior to testing. LSV with iR compensation was then per-
formed on the cell with ITO as the WE and stainless steel as
the CE (Fig. S97 Step 1).

4.14.2. Electrochemical electrode cleaning. The same ITO
that was previously used for measuring the electrochemical
response was cleaned by gently wiping it with methanol wetted
Kimwipes three times to ensure the removal of residual par-
ticles. Using the same ITO, the difference in electrochemical
response between different ITO substrates was excluded. To
mimic a fouled electrode, 80 pL of a 10 mg mL™' PGMA-
ATDDS ethanol dispersion was drop-cast onto the ITO sub-
strates and allowed to dry in open air. The drop-casting
process was repeated 8 times to ensure adequate coverage of
the electrode surface area. Once dry, the 2-probe cell was
assembled using the coated ITO electrode as the WE and stain-
less steel as the CE. The cell was then charged with a new
aliquot of the PVBC-Fc electrolyte dispersion used for the pris-
tine electrode. LSV was performed under the same conditions
as for the pristine electrode (Fig. S9t Step 2).

After performing LSV on the coated electrode, it was trans-
ferred to the cleaning flow cell and subjected to the previously
described electrode cleaning procedure: 30 mL min™" flow
under the applied 2 V (approximately —1.7 V vs. Ag/Ag’) for
30 min (Fig. S9T Step 3). After the cleaning procedure, the cell
was disconnected from the pump and charged with a new
aliquot of the PBVC-Fc electrolyte dispersion. The cell was
then connected to the potentiostat and tested with the same
LSV test using the cleaned electrode as the working electrode
(Fig. S97 Step 4).

4.14.3. UV electrode cleaning. The procedure for UV elec-
trode cleaning was nearly identical to that of the electro-
chemical tests. The only difference was the electrode cleaning
procedure. Here, instead of the previously described electro-
chemical cleaning procedure, the previously described UV
irradiation technique was used. The testing procedure using
LSV to determine the accessibility of PVBC-Fc was the same
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for all measurements as for the Electrochemical electrode
cleaning section above.
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