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Abstract

Redox flow batteries are attractive technologies for grid energy storage since they use solutions
of redox-active molecules that enable a superior scalability and the decoupling of power and
energy density. However, the reaction mechanisms of the redox active components at RFB
electrodes are complex, and there is currently a pressing need to understand how interfacial
processes impact the kinetics and operational reversibility of RFB systems. Here, we developed a
combined electrochemical imaging methodology rooted in scanning electrochemical microscopy
(SECM) and atomic force microscopy (AFM) for exploring the impact of electrode structure and
conditioning on the electron transfer properties of model redox-active dialkoxybenzene
derivatives, 2,5-di-fert-butyl-1,4-bis(2-methoxyethoxy)benzene (C1) and 2,3-dimethyl-1,4-
dialkoxybenzene (C7). Using AFM and secondary-ion mass spectrometry (SIMS), we observed
the formation of interfacial films with distinct mechanical properties compared to those of cleaved
graphitic surfaces, and exclusively during reduction of electrogenerated radical cations. These
films had an impact on the median rate and distribution of the electron transfer rate constant at the
basal plane of multilayer and single layer graphene electrodes, displaying kinetically-limited
values that did not yield the activation expected per the Butler-Volmer model with a transfer
coefficient ~0.5. These changes were dependent on redoxmer structure: SECM showed strong
attenuation of C7 kinetics by a surface layer on MLG and SLG, while C1 kinetics were only
affected by SLG. SECM and AFM results together show that these limiting films operate
exclusively on the basal plane of graphite, with the edge plane showing a relative insensitivity to
cycling and operation potential. This integrated electrochemical imaging methodology creates new
opportunities to understand the unique role of interfacial processes on the heterogeneous reactivity
of redoxmers at electrodes for RFBs, with a future role in elucidating phenomena at high active
concentrations and spatiotemporal variations in electrode dynamics.

Introduction
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Redox flow batteries (RFBs) are a promising technology for integrating renewable energy
sources into the electrical grid at a large scale.!? In a RFB, soluble redox-active species (i.e.
redoxmers) placed in a flow field engage in electron transfer (ET) reactions with current collectors,
typically made out of carbon.? Graphitic carbons are one of the more cost-effective materials for
redox flow battery electrodes, an essential aspect of scalability in these systems;*> therefore, we
are motivated to understand the reactivity of the various features of graphitic electrodes towards
redoxmers. Ideally, reactions with redoxmers only involve outer-sphere ET via electron tunneling
to and from the electrode, observations of higher chemical and electrochemical complexity are
pervasive in the field. These range from a strong sensitivity of ET kinetics to the presence of
surface functional groups,® to the concentration of electrolyte and the redox active components,’
and the charge-mediating properties of adsorbed redoxmer films,? and are further exacerbated by
homogeneous reaction mechanisms.?!%!! Consequently, there is a pressing need to develop
methodologies that address these complicating factors, especially in emerging technologies!?!3
such as non-aqueous redox flow batteries (NRFBs). NRFBs maximize the potential of the synthetic
organic toolbox for molecular design!®!" and device engineering!4,!5,!¢ by utilizing organic
solvents to access higher redox potential active species, thus increasing the battery’s energy
density.!” However, in comparison to aqueous technologies, NRFBs are incipient, and the
interfacial reaction mechanisms underpinning the high redox potential redoxmers used in them
remain largely unexplored. Understanding these mechanisms could provide additional insight to
improve the efficiency of NRFBs!3:1920 through identifying processes that hinder heterogeneous
electron transfer (ET).

Film formation at the electrode/electrolyte interface is a common factor impacting ET since it
results from several mechanisms, including precipitation driven by solute solubility,?! interactions
between electrolyte and redox components,?? adsorption due to n—m stacking,?>?* or complex
homogeneous mechanisms occurring in the diffusion layer.?’> These mechanisms depend on the
chemistry of the catholyte or anolyte, the positive- and negative-side redox couples, respectively,
that store charge in RFBs. For example, in a recent study of dialkoxybenzene (DAB) catholytes, it
was observed that sterically protected molecules were able to cycle longer in RFBs than
asymmetric, less-protected analogues.”® The degradation of 2,3-dimethyl-1,4-dialkoxybenzene
(also called C7) radical cations was proposed via a dimerization pathway where subsequent
homogeneous reactions generated a dimer species (Scheme 1), which was argued as responsible
for the decay of the coulombic efficiency over time.?6?7 We postulate that in addition to deleterious
homogeneous reactions, reactions occurring at the electrode surface also influence the battery
lifetime in this system and other NRFBs. These heterogeneous processes may include assisting
dimerization reactions, catalyzing catholyte or electrolyte decomposition to form blocking films,
or a combination of mechanisms (Scheme 1).

Herein, we establish a first step towards detecting changes in the ET rate constant for model
DAB redoxmers as a function of electrode potential cycling history, electrode structure, and
(preliminarily) electrolyte composition. We introduce scanning electrochemical microscopy
(SECM) methodology to characterize spatiotemporally-resolved changes in the electron transfer
(ET) behavior during electrode operation. In contrast to previous SECM studies of film and
interphase formation on lithium-ion type systems, including those regarding cathodic or anodic
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solid-electrolytes and those using DAB species as innocent mediators,?®2%-30-3132 we are concerned
with changes in the chemistry and electrochemistry of DAB redoxmers themselves at pristine
carbon interfaces, as this is the relevant case for their use in RFBs. Complementing SECM, in situ
atomic force microscopy (AFM) provides evidence about the formation of interfacial nano-
structures that impact, and ultimately control, the ET process. To unravel interfacial mechanisms
in the DAB catholyte class, C1 (2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene, also known
as DBBB)?? and C7 were compared due to their steric differences and proven cycling efficiencies
(Scheme 2).2627 Highly ordered pyrolytic graphite (HOPG) and single- and multilayer graphene
(SLG, MLG) were used as model graphitic electrodes that enabled probing the reactivity of
relevant surface structural motifs.3#333¢ The complementarity of these two scanning probe
techniques to diagnose electrode health in relation to mechanical and morphological changes at
the interface will create new opportunities to understand what is (and what is not) consequential
to cycle and/or shelf life in NRFB systems.

Homogeneous Reaction of DAB
Catholytes
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Scheme 1. Decomposition of Dialkoxybenzene (DAB) Catholytes. (A) The dimerization of charged DAB molecules
via homogeneous reaction as proposed in Ref. 24. (B) The role of the electrode in interfacial degradation has not been
thoroughly explored.
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Scheme 2. Interrogating Electrode Degradation during Catholyte Cycling. (Left, Top Right) SECM in the feedback
mode was used to quantify changes in ET kinetics between different graphitic electrode structures and during cycling
over time. (Bottom Right) /n situ AFM was used to map morphological changes at the interface during catholyte
cycling.

Materials and Methods
Materials

All chemicals were purchased from commercial sources and used as received. Propylene
carbonate (PC, anhydrous, 99.7%), lithium tetrafluoroborate (LiBF,4, >98%), ferrocene (98%),
Li4Tis04, (LTO, >99% Sigma Aldrich), and LiFePO, (LFP, >97%) were purchased from Sigma-
Aldrich. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.99%) was purchased from
Ossila. Polyvinylidene fluoride (PVDF, High Purity) was purchased from Solvay. Ketjen black
(KB, <30 ppm metal impurity) was purchased from Alibaba. Propylene carbonate was used as the
solvent here due to its low volatility in such a way that electrolyte and redoxmer concentrations
during SECM and AFM testing were consistent over many hours of testing. C1 and C7 were
synthesized via previously established procedures.?6-*’

Multilayer graphene (MLG) was synthesized in house via chemical vapor deposition;
details can be found in the Supporting Information (Section 1B). Single layer graphene (SLG) was
purchased from GrollTex. Transfer of graphene onto SiO,-coated Si wafers and characterization
of samples by Raman, transmittance, and SEM can be found in the SI. Highly oriented pyrolytic
graphite (HOPG, brand grade SPI-2, SPI) and solid slabs of flexible low-density polyethylene
(LDPE, 12" x 12" x 1/4"sheet, McMaster-Carr) were used for edge plane HOPG preparation,
following previous work;3” more details can also be found in the SI.
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Scanning Electrochemical Microscopy

All SECM experiments were performed with CHI-920D scanning electrochemical
microscope inside of an argon-filled glovebox (O, < 0.1 ppm, H,O < 0.1 ppm) with substrates
mounted in a custom Teflon cell. An ultramicroelectrode probe (UME) with a platinum wire
electrode (radius of ca. 2 um) sealed in patch clamp glass was brought within 2 um (L ~ 1) of the
substrate surface using the catholyte as a redox mediator. A 0.5 mm platinum wire and 1 mm silver
wire were used as counter and quasi-reference electrode, respectively. All electrochemical
potentials are reported as reference to the Fc/Fc* couple in this electrolyte.

For redox imaging, the feedback mode of SECM was employed, in which the redox
mediator was oxidized at the probe and re-reduced at the substrate electrode. This redox recycling
near the substrate electrode is known as positive feedback and leads to increased currents at the
probe (Scheme 2). At a set probe-substrate distance, the current levels depend on the electron
transfer rate of the carbon to the oxidized catholyte,’® so differences in rates due to substrate
heterogeneity will appear as higher or lower currents at the probe. Mass transfer limitations at the
high current end (positive feedback, PF) and at the low current end (negative feedback, NF) provide
an upper and lower bound for the rate constants that are measured; these bounds in all experimental
results are indicated with green and red lines for PF and NF, respectively. All SECM images are
presented as the probe current at each pixel, i, normalized to the probe current at semi-infinite
distance from the substrate, i, 1.e. in the bulk solution.

The nature of the electrode sample here is important in the calculation of kinetic rates. We
used samples of single- or multilayer graphene (SLG and MLG) on SiO,-coated Si wafers, or
HOPG sheets insulated in LDPE so that the sample exposed to solution was partially carbon (i.e.,
a conductor) and partially insulator (Figure S3). This allows approach of the SECM probe to the
insulator, leading to NF that does not depend on the kinetics of the mediator, so the exact distance
from the substrate is known in each trial. A part of each SECM image always contained some
insulator to ensure correct calibration of the probe-substrate distance for kinetic calculations.

Another important aspect of this sample geometry is the ability to perform open circuit
(OCP) feedback measurements.>*#%4! Since the probe electrode is orders of magnitude smaller
than the substrate, only a fraction of substrate is impinged with charged catholyte during the
imaging. When biased, electrons are forced through the circuit to reduce the DAB*". However, at
open circuit, an electron from a DAB or other species outside the probe range can be spontaneously
transferred, conducted through the carbon, and given to a DAB™ at the substrate underneath the
probe due to the potential difference between the two regions of the conductor, much like a bipolar
electrode.*? The kinetic rates calculated from OCP feedback estimate the innate ability of the
electrode to perform electron transfer, and these values are more indicative of changes compared
to an external substrate bias generating a mass transfer-limited potential to reduce DAB*". Thus,
OCP imaging is more sensitive to changes in substrate behavior, as blocking films hinder not only
the ability to re-reduce DAB™ underneath the probe but also the electrode’s ability to transfer
electrons everywhere in solution. OCP images only are shown here; the corresponding images
biased at high overpotential can be found in the SI.
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In situ Atomic Force Microscopy

In situ AFM was conducted using a Bruker Dimension Fast Scan Microscope housed in an
argon-filled glovebox (O, < 1 ppm, H,O < 1 ppm). Imaging was conducted with ScanAsyst Fluid+
probes operated in Peak Force Tapping mode at a force setpoint between 200 and 600 pN, where
variation is driven by differences in cantilever properties. Low force measurements are essential
to minimize disruption of any surface films that form. HOPG crystals and graphene films were
sealed with an O-ring in a bathtub style cell (430 pL of electrolyte) equipped with Li4Ti50,, (LTO)-
and LiFePO, (LFP)-coated Pt wires as counter and reference electrodes, respectively. Each active
material in the counter and reference electrodes comprised 50 wt% of a composite with other
constituents being 10 wt% PVDF and 40 wt% Ketjen black conductive carbon. LFP was pre-
activated with cycling in the electrolyte prior to initiating the imaging experiments. HOPG crystals
(grade ZYB, SPI Supplies) were tape cleaved within the glove box just prior the imaging
experiment.

Secondary lon Mass Spectrometry

SIMS analysis was performed on an ION-TOF TOF-SIMS.5 system using a Bi3*>* cluster
to obtain both surface spectra and imaging. Images represent spatially correlated secondary ion
emission determined by multivariate analysis of all spectra at all pixels.*3 The working electrodes
were extracted from the cell, rinsed in dimethylcarbonate (anhydrous, >99%, Sigma-Aldrich), and
allowed to dry in the glove box. Electrodes were transferred from glove box to SIMS spectrometer
under Ar using a sealed transfer pod that prevents air exposure.

Results and Discussion

We explored three NRFB components that may contribute to interfacial degradation: the
chemical structure of the catholyte, the structure of the electrode, and the composition of the
supporting electrolyte. Since molecule symmetry and sterics were shown to impact bulk
behavior,?%?” we explored this aspect first by comparing the behaviors of C1 and C7 (Scheme 2).
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Figure 1. SECM of CI and C7 on MLG Substrates. Normalized SECM images of an MLG electrode at open circuit
with 5 mM (A) C1 and (B) C7 as catholyte mediator in LiBF, electrolyte; image scale bars are 20 um. Images were
taken with the substrate electrode: (i) at the initial condition before substrate biasing, (ii) after 1 substrate CV, (iii)
after 25 more substrate CVs, and (iv) after 5 sets of oxidative then reductive chronoamperograms (see SI for more
information). (C) SEM images of MLG substrates used for (i) C1 and (ii) C7 imaging. UV-Vis transmittance imaging
(iii) reveals the graphitic layer number heterogeneity of these MLG electrodes. (D) Quantified kinetic values of C1**
(blue points) and C7°* (gold points) reduction at another MLG substrate as a function of substrate overpotential for
the redox species. Points represent k; values for a pixel over the substrate in SECM images, and the width of the
distribution shows the relative population of pixels with that value. (E) Quantified kinetic values from C1** reduction
following the data in (A). (F) Quantified kinetic values from C7** reduction following the data in (B). Green and red
lines indicate the limits of quantification for positive and negative feedback, respectively, with our given electrode
geometries. ky values were quantified at substrate open circuit (gray points) and biasing the substrate (red points) at -
0.2 V vs. Fc/Fc* which is ca. -0.75 V overpotential for the redox couples.
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Impact of catholyte chemical structure

Figure 1 shows SECM images of MLG electrodes using C1 and C7 as the catholyte in 0.1 M
LiBF,. The MLG electrodes presented a heterogeneous structure with a striped pattern displaying
different number of graphitic layers (Figure 1C); the rate of electron transfer has been shown to be
sensitive to the layer number,* so we used this structure to our advantage as it reveals changes in
the heterogeneity of reactive sites at the MLG basal plane. Qualitatively comparing Figures 1A
and 1B, it is clear that C1 and C7 exhibit different degrees of reactive heterogeneity on MLG, as
C1 reveals more of the underlying substrate structure than C7. However, MLG electrodes of
identical structure were used for both catholytes, as shown by SEM, transmittance, and Raman
characterization (Figures 1C, S1 and S2). This suggests that C1 and C7 present differences in their
electron transfer behavior at the interface. Thus, we turned to determining the distributions of rate
constants for ET from the SECM feedback images.

At a given tip-substrate distance, the kinetics of electron transfer in the feedback cycle
determine the current at the tip: extremely fast kinetics give a totally mass transport-limited current
known as positive feedback (PF), while extremely sluggish kinetics result in a lower limit known
as negative feedback (i.e., NF, dominated by hindered mass transport). In contrast, ET limited by
the chemistry or electrochemistry at the substrate will give mixed responses and currents in
between these two limits. Rate constants in the range of 10 to 103 m/s can be confidently
quantified using our probe geometry. Inspection of C7 rate constant plots versus overpotential
applied at the substrate show that the forward rate constant for ET (k) for reduction of tip-
generated C7°" at the substrate does not approach the mass transport-limited value (green
confidence interval) characteristic of positive feedback. At the overpotentials explored in Figure
1D, the rate constant for ET did not scale as predicted by the Butler-Volmer model with a
commonly assumed value for o ~ 0.5, as deduced from Egs. 1 and 2:

() ks= koe(i’;n)

@ Ink=Ink®—(37)n

Where k; is the forward rate constant for reducing the oxidized molecule, k° is the standard rate
constant intrinsic to the redox couple, a is the transmission coefficient, F' is Faraday’s constant, R
is the gas constant, 7' is the temperature, and 7 is the applied overpotential, here defined as # = E-
EY, where E is the electrode potential and E° is the standard redox potential of the molecule.

Analysis of the slopes (Eq. 2) using the median value for k;in Figure 1D shows that the
experimental values of a are 0.028 and 0.017 respectively for C1 and C7. For a typical outer-
sphere process, one would expect an a of 0.5; at overpotentials past 0.15 V, this would result in
higher SECM currents closer to the positive feedback mass transport limit, as has been seen on
debris-free graphitic electrodes.*> For standard redox couples, « in a range of 0.3 to 0.7 has been
observed on graphene.* However, ET behavior can be variable depending of the number of layers
of graphene.*’#%4% On single layer graphene, SECM showed that redox mediators with finite
kinetics (Ru(NH;)6*", ferrocenemethanol, etc.) display a values of 0.1 and 0.9, well outside the
expected range.’? In our case, the exceptionally low a values may extend beyond the attenuation
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of a from the graphene surface alone. These trends might arise from the presence of a pinhole or
porous film,3%3! the redox species being adsorbed to the electrode,’? or the presence of a redox-
active film mediating ET.3® This suggests that in the case of C7, and to a lesser extent C1, kinetic
control of the rate of ET originates from interfacial structures that are an interplay of the redox
active molecule and the graphitic electrode.

Cyclic voltammetry of an MLG electrode cycled in C1 or C7 and tested in blank electrolyte
after thorough rinsing showed evidence of a redox-active species remaining at the electrode
(Figures S11-S12, S14-S15). While C1 displayed trace amounts of this residual species (which
disappeared after cycling), C7 displayed a pronounced CV feature. The voltammetric profile for
this feature did not display the typical characteristics of a surface-confined redox species (i.e. no
peak-to-peak separation, and a Gaussian profile), but its resilience to rinsing and prolonged
cycling, as well as the absence of C7 in solution (as probed through an independent Pt UME placed
in the electrolyte) strongly suggest its association with the MLG surface. Multi-layer redox-active
films often display diffusional limitations in their charge transfer, leading to similar voltammetric
profiles even when surface bound.>**> We hypothesize that if a redox-active film is controlling
electron transfer rates, then the transfer properties would be determined by the reduced or oxidized
population of the film.>¢ At the probed potentials, all species based on the DAB core would be in
the reduced state, and assuming a uniform surface coverage, a similar rate across the entire
electrode regardless of overpotential is expected; this is consistent with Figure 1D and is indeed
observed in Figure 1F, where this effect is shown to be highly resilient to cycling. We cannot
discard that, in addition to this potential redox-active film, contributions from pinholes in a surface
film also play a role in controlling the rate of ET, as this would also give virtually potential-
independent k/ values.3®3! Further support for the presence of a film can be obtained from the
distribution of rate constants in Figures 1E and 1F: C1 shows a wider distribution of kinetics,
which speaks to the participation of the various surface features inherent to the MLG electrode on
the ET process, while C7 is very consistent, suggesting a more homogeneous interface as would
be expected for an abundant film covering the electrode.

Cycling the substrate with cyclic voltammetry (CV) perturbs the measured rates from the
pristine condition, as seen by the kyincrease from “Initial” to “1 CV” in Figures 1E and 1F and in
the SECM images in Figures 1A and 1B. This indicates that some initial thin film forms
spontaneously (at least on the order of time of our experiments) and continuously across the
electrode when assembled in the cell and solution is added. This initial film is perturbed only once
electrochemistry is performed with this substrate electrode, leading to the observed changes in k.
Further cycling, either through CV or alternating oxidative-reductive potential holds
(chronoamperometry, CA) show very little rate drop, which suggests a self-limiting film
mechanism if films are forming and controlling rates (Figures 1E and 1F) as opposed to continued
growth and passivation. Thus, to see how these films form and under what conditions, we turned
to in situ AFM.
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Figure 2. AFM Imaging of C1 and C7 on HOPG Electrodes. In situ AFM images of the HOPG surface: prior to any
electrochemistry at open circuit (Initial OCP), during an anodic potential step (oxidation), during a cathodic potential
step (reduction), and a subsequent oxidation step with S mM C1 (A-D) and C7 (E-H) catholytes in LiBF, electrolyte.
Points 1 and 2 in (G) refer to unfilmed and filmed HOPG, respectively, as discussed in the text.

AFM of HOPG shows clear basal planes and step edges that are relatively clean before any
electrochemistry is performed (Figures 2A and 2E). When oxidizing either C1 or C7, virtually no
debris or filming is seen (Figures 2B and 2F). After reducing the radical cations, present in the
diffusion layer after an oxidation step, surface products begin to form. In the case of C1 (Figure
2C), some particulate debris forms on step edges. In the case of C7 (Figure 2F), small islands of
film, nominally 0.5 nm thick (Figure S18), form on the basal plane and grow the longer the
reducing potential is held until reaching the limiting sizes observed in Figure 2G.

To help identify the origin of these films, nanomechanical mapping was employed to determine
film properties. Comparison of the maximum force required to remove the silicon nitride cantilever
tip from the surface shows that the adhesive force for the film is ~300 pN lower than the graphite
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basal plane (Figure S18). Reduced tip-film adhesion relative to graphite could be a result of tip-
induced removal of the outer weakly adherent molecular layer. We note that low adhesion forces
are reported for polycyclic aromatic hydrocarbons (e.g. 55 pN for pyrene) on the graphite basal
plane in aqueous media.”’” We also find that the films are more mechanically compliant as
measured from cantilever retraction curves using a DMT-based analysis.’® A map of effective
elastic modulus (Figure S18) yields a discernable, uniform decrease in magnitude for the filmed
regions relative to the basal plane. A more mechanically compliant response is reasonable for 7t-
stacked DAB molecules on the basal plane given the absence of extended lateral bonding of
aromatic rings. We emphasize that this modulus comparison is qualitative as the limiting thickness
of these films (0.5 nm) is below the typical extent of surface deformation (~2 nm) required for
quantitative measurements of elastic modulus. Together, these mechanical properties support the
notion that an organically derived film builds on the basal planes of graphitic carbon during
reductive conditions. Additionally, C1 does not show these basal plane deposits (Figure 2C),
indicating that the chemistry of catholyte might determine the surface products. Indeed, as pointed
out in Scheme 1, product analysis of bulk electrolysis of related DAB molecules have shown that
dimerization processes are observed for sterically unhindered species.?627 This is a process that
potentially occurs in the diffusion layer at the vicinity of the MLG electrode, although it would
likely lead to the formation of a chemically irreversible dimer that may precipitate or adsorb on
the electrode surface.

Nonetheless, re-oxidation of the catholyte quickly refreshes the electrode surface, with most
films and edge deposits disappearing in subsequent AFM images (Figures 2D and 2H). The
application of a potential bias may electrostatically desorb these films, but it is also possible that
these potentials change the redox state of the films (i.e., neutral to positively charged) and thus
increase their solubility. This result indicates that interfacial reactivity is mostly reversible and
helps explain why little passivation is seen over the course of SECM experiments while cycling
the electrodes. We note that the SECM experiments are always performed under conditions where
the oxidized products of C1 and C7 are generated above the MLG plane, so any mechanisms
resulting from radical cation reactions would be operating during all experiments and the
consequences apparent in all results. The adsorption of the reduced form of a redox couple
inhibiting electron transfer to the oxidized form on carbon surfaces has been observed for cobalt
phenanthroline complexes;* it is likely that a similar phenomenon with C7 or C7-based products
is taking place here.
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Figure 3. Comparison of SLG and HOPG Edge Electrodes. Normalized SECM images with 5 mM C1 catholyte
mediator in LiBF, electrolyte on (A) SLG and (D) HOPG edge substrates at open circuit. Image scale bars are 20 um;
images were taken (i) at the initial condition before substrate biasing and (ii) after 26 substrate CVs and 5 CAs.
Quantified kinetic values for C1** reduction on (B) SLG and (E) HOPG edge electrodes at OCP (gray points) and
biased at -0.2 V for SLG and 0.0 V for HOPG edge (red points). Quantified kinetic values for C7** reduction on (C)
SLG and (F) HOPG edge electrodes at OCP (gray points) and biased at -0.2 V for SLG and -0.3 V for HOPG edge
(red points). Green and red lines indicate the limits of quantification for positive and negative feedback, respectively,
with our given electrode geometries.

Impact of electrode structure

AFM images showed different surface structures at step edges and basal planes. To determine
the impact of these electrode structures on catholyte reactivity, we “deconstructed” multilayer
graphitic carbon to pure basal plane (SLG) and edge plane (HOPG edge) electrodes.

Extended cycling of C1 on SLG shows a distinct lowering of feedback current at substrate
open circuit, corresponding to an order of magnitude drop in median &, values (Figures 3A and
3B). The distribution of ks values also shrinks, suggesting a film has formed that controls the
electron transfer rate as in the case of C7 on MLG (Figure 1F). Figures 3B and 3C for C1 and C7
on SLG show a slight improvement in kinetics when biasing the electrode at -0.2 V vs. the case
for OCP, consistent with the reversible reactivity of these filmed interfaces and the redox
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mediating role of the films. This result highlights the power of open circuit feedback imaging,
where subtle changes in reactivity in biased imaging are exacerbated at open circuit due to the
mechanism of electron shuttling.384

C7 kinetics on SLG decrease slightly with cumulative redox cycling, but not nearly as much
as C1. The C7-SLG behavior is more similar to MLG, indicating that the C7-based film is more
ubiquitous on basal planes than C1. We speculate a Cl-based film requires the more reactive
surface of SLG on SiO, to form, as the underlying support greatly influences the electronic
properties of SLG electrodes,?*%? or through the natural corrugation of SLG surfaces.*®

HOPG edge electrodes with the prismatic planes of HOPG exposed to solution show relatively
slow kinetics and wide distributions with both catholytes (Figures 3D-F). These attributes likely
result from the uneven nature of the sample, which complicates the fitting procedure (Figure S5).
Nonetheless, no passivation is seen for C1 or C7 on HOPG edges; if anything, the feedback current
actually increases over time. This indicates that little to no decomposition and byproduct
accumulation takes place at step edges and is inconsequential for electron transfer. This is a
surprising finding, since edges have higher surface energy compared to basal planes®' and would
be expected to affect more decomposition; HOPG step edges have been known to show increased
redox mediator activity.5> From this, we infer that the films discussed above form on basal panes
aided by m—r interactions,®-646> coming from the catholyte or catholyte-derived species, which is
plausible given the structure of C1 and C7.
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Figure 4. Comparing Behavior with LiTFSI Electrolyte. Normalized SECM images of MLG substrates at open circuit
with 5 mM (A) C1 and (D) C7 catholyte mediators in 0.1 M LiTFSI electrolyte. Image scale bars are 20 pm; images
were taken (i) at the initial condition before substrate biasing and (ii) after 26 substrate CVs and 5 CAs. Quantified
kinetic values for (E) C1* and (F) C7** reduction at OCP (gray points) and biased (red points) at -0.5 V for C1 and -
0.1V for C7. Green and red lines indicate the limits of quantification for positive and negative feedback, respectively,
with our given electrode geometries. In situ AFM images of HOPG electrodes with (C) C1 and (F) C7 catholytes in
LiTFSI electrolyte following reductive holds to reduce oxidized catholyte. Inset shows a magnified image of a filmed
region displaying a porous structure.

Impact of electrolyte composition

We next wanted to understand if these film-forming mechanisms are generalized across
electrolytes given the testing conditions used here with C1 and C7 catholytes. Electrolyte effects
may impact the solubility and adsorption properties of the radical cations and any newly formed
species. In addition, different mechanisms at highly polarized electrodes could take place due to
differences in the structure of the double layer. We compared LiBF, and LiTFSI electrolytes to
determine if and how anions impact catholyte stability at the interface.
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For C1 in LiTFSI, similar long-term trends are seen as with C1 on MLG with LiBF, electrolyte,
where an initial increase in kinetics at OCP levels off after CV and CA cycles (Figures 4A and
4B). However, no striations with different kinetic values are seen in the images, and the &,
distributions are smaller, indicating that a film is obscuring the heterogeneity of the substrate seen
in the case of C1-MLG-LiBF, (Figure 1A). Additionally, biasing the electrode at reducing
potentials actually slightly decreases the kinetic values during imaging (Figure 4B). This may
indicate that reduction of catholyte radical species in the presence of TFSI- causes active film
formation that hinders electron transfer, though again the film dissipates after cycling (Figure S27).

An opposite trend is seen for C7-MLG-LiTFSI (Figures 4D and 4E), where striations now
appear and kinetics are faster and more distributed compared to the LiBF, electrolyte (Figure 1B).
Perhaps in LiTFSI, C7-based films are less stable or less favorable to form and thus do not
uniformly cover the electrode, exposing its heterogeneity. AFM images (Figure 4F) show that C7
cycling in LiTFSI still forms films on the basal plane, but the films are more porous than those in
LiBF,4. More porous films in conjunction with a return of substrate heterogeneity in SECM lends
credence to one of our hypotheses about pinhole films controlling the kinetics of electron transfer
in the C7 catholyte system. C1 in LiTFSI electrolyte shows substantially more debris forming than
in LiBF,, though no films form like in the case of C7 (Figure 4C). This debris, if insulating, would
act in much the same way as a pinhole film where electrode sites are blocked, thus limiting overall
feedback. Overall, however, both LiBF, and LiTFSI seem to be compatible with both C1 and C7
catholytes, since no catastrophic irreversible passivation is seen on this scale of redox activity.
LiTFSI has actually been shown to be an optimal (co-)salt for C1 as it enables better solubility and
conductivity.33

A

Intensity

300 400 500 = -
m/z (amu) Height Sensor 1.0 um

Figure 5. Post-Cycling SIMS Analysis of Decomposition Products. (A) ToF-SIMS positive ion spectra and
composition maps of an HOPG surface sample after cycling in a C7-LiBF4-PC electrolyte (monomer C,oH;40,H* 167
amu; dimer CyHyO4H", 331 amu). Li F, and C,F, species and larger organic species are prevalent as indicated by
secondary ion generation in the low and high mass regions of the spectrum, respectively. Compositional maps (inset)
show the organic components uniformly distributed across the surface with isolated regions of high inorganic content.
(B) ) Post-rinse ex situ AFM image of same C7-derived film analyzed via SIMS.

Finally, to determine the chemical makeup of these surface decomposition products, we
employed SIMS ex situ on HOPG samples cycled in C7 (Figure 5). While the composition of the
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filmed electrode is complex and no distinct organic polymeric species can be distinguished (e.g,
the C7 dimer, Scheme 1), both inorganic and organic compounds were detected. The higher mass
ions could indicate polymerization reactions involving the PC solvent with itself or between the
solvent and the catholyte. An active role of the electrolyte is consistent with the formation of C-F
and Li-F species indicating electrolyte decomposition is taking place. Since both the redox species
and solvent contain C-O species, it is difficult to tell if solvent decomposition or catholyte
decomposition originate the species detected at high m/z ratios (Figure 5A, inset).

Additionally, these chemistries can be heterogeneous across the electrode, as shown in the
mapping of inorganic vs. organic products on this sample (Figure 5A, inset images). It appears that
small inorganic particulates are embedded in a more homogeneous organic film. It remains unclear
how much of the generated surface products are retained after the careful rinsing procedure, but
these preliminary experiments are a promising first step for understanding the chemical
mechanisms underlying structural evolution of the interface. We are currently developing in situ
spectroelectrochemical systems to identify specific product chemistries and directly correlate
electrode structure (i.e., graphene layer number, defect density) with local electrochemical
activity.%

Conclusions

We established a methodology using the advantages of both SECM and AFM to interrogate
the impact of interfacial processes on electron transfer for a model catholyte in NRFBs. SECM
enabled the quantification of ET kinetics as well as the heterogeneity in electrode behavior,
suggesting reactivity differences for similar dialkoxybenzene molecules C1 and C7. In most cases,
but certainly at the basal plane of MLG and SLG, C1 and C7 failed to reach mass-transfer limited
reactivity at high overpotential for reduction of the corresponding radical cations, suggesting the
formation of interfacial structures which controlled the reaction kinetics. AFM confirmed the
formation of surface films with distinct mechanical properties; these films formed conditionally
on electrodes and were correlated to the reactive changes observed in SECM experiments.
Voltammetric analysis revealed that these films are redox-active, although their kinetic stability
towards desorption on the MLG surface differs, with that formed with C7 being more persistent.
SIMS analysis on these films showed they contain both organic and inorganic components,
suggesting the participation of the supporting electrolyte in the film formation process, although
the mechanisms of formation seem complex. We further observed that electron transfer on the
edge plane was relatively insensitive to the formation of these surface products, while monolayer
graphene exhibited more pronounced decreases in reactivity as the electrode was cycled. These
rate-limiting films seem to affect primarily the basal plane of graphitic carbons, a likely indication
of m—m interactions, thus suggesting new directions in the fabrication or treatment of electrodes
with better resilience against these unwanted processes. Altogether, this integrated methodology
opens new opportunities in the characterization of redox processes for RFBs, including aqueous
and non-aqueous systems, where interfacial processes associated with adsorption and film
formation may become dominating at high active concentrations.
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