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Potassium ion batteries (KIBs) are gaining attention as attractive, low-cost alternatives to lithium ion
batteries (LIBs). Emerging KIB materials are not yet fully understood, so in situ characterization
techniques are being developed to address the similarities and differences to the operation of LIB
materials, including aspects of interfacial ion transfer and solid electrolyte interphase (SEI) formation.
Here, we introduce the use of Hg disc-well microelectrodes as probes in scanning electrochemical
microscopy (SECM) for the detection of K* gradients on an operating graphitic material. Electrochemi-
cally controlled amalgamation and stripping reactions on these probes permit their accurate positioning
near a conductive surface, and the detection of local concentration changes once the substrate is biased to
intercalate K*. K* reduction into the Hg phase follows a behavior similar to that of Li* and Na* and yields
an electrochemical response that is used to evaluate local substrate reactivity. Using these probes in situ,
we demonstrate the reversible intercalation of K* on a surface site of patterned highly oriented pyrolytic
graphite (HOPG), a model interface for carbonaceous KIB materials. Qur method affords a direct
measurement of localized K* fluxes, which are not resolvable through bulk electroanalytical techniques,
thus making our approach potentially informative about reaction mechanisms for nascent KIB-based
energy storage technologies.
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1. Introduction

The field of portable energy storage is dominated by Li*
batteries (LIBs), which operate by the reversible insertion and
extraction of Li* at anode and cathode host materials [1]. Though
LIBs meet present portable energy storage needs, the rising cost
and material shortage of lithium sources pose challenges to the
long-term sustainability of LIB technologies [2,3]. K-ion batteries
(KIBs) are an attractive alternative to LIBs since potassium is ~1000
times more abundant than lithium in the Earth’s crust [4,5]. In
addition, the theoretical voltage limits for KIBs and LIBs are similar
(—=2.925V vs. NHE for K/K* and —3.045V vs. NHE for Li/Li*) [6], so
sustained technological developments may be able to bring
commercially competitive KIBs to the market. Preliminary studies
suggest that carbonaceous materials such as hard carbon [7],
graphite [8-10], graphene oxide [10], and nitrogen-doped gra-
phene [11] may be good candidates for a KIB anode. Diversifying
the materials pool for high performance energy storage requires a
deeper understanding of the similarities and differences between
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LIBs and emerging ion insertion technologies. Building on our
previous investigations of interfacial Li* fluxes [12] and ionic
staging mechanisms in multi-layer graphene [13], here we turn our
attention to K* fluxes.

Scanned probe methods are often employed for surface
investigations at energy storage materials, but few methods of
in situ chemical imaging of ionic reactions at the battery-
electrolyte interface exist [14-17]. Recently, we reported the use
of Hg-based scanning electrochemical microscopy (SECM) probes
for the detection of alkali ions via anodic stripping voltammetry
[18]. In this technique, the reduction of the metal ion and
subsequent diffusion of the metal into the Hg phase creates a
steady-state amalgamation current, which upon reversal of the
potential scan direction yields a stripping peak. Both of these
signals can be used for quantitative detection of differences in the
local concentrations of various ions as a function of electrode
activation, as well as for accurate positioning of the SECM probe.
Furthermore, we recently reported the fabrication and stripping
voltammetry of Hg disc-wells, which consist of a level pool of Hg
confined to the glass-walled cavity before a recessed Pt microdisc
[19-21]. These probes demonstrated their superior performance as
SECM probes for the detection of Li* and Na*, as compared to
traditional Hg sphere-caps. The K*/K(Hg) redox pair shares similar
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electrochemical attributes with Li*/Li(Hg) and Na*/Na(Hg), so the
same types of probes are able to detect this species [22-24]. Due to
their chemical and mechanical robustness as well as their unique
ability to directly access ion-specific information, Hg disc-wells
enable SECM to pursue answers connecting chemical structures to
their electrochemical performance in systems involving ionic
gradients. Here, we demonstrate the measurement of ionic
gradients on a model material for a KIB anode—highly oriented
pyrolytic graphite (HOPG). While insertion of K* on this material is
not ideal, the detection of ionic gradients over surface features
upon activation is accurately tracked, independently from the
activity measured at the substrate electrode. The application of
SECM techniques for the chemical measurement of ion fluxes at
KIB electrodes will enable further understanding of the impact of
solid-electrolyte interphase (SEI) formation and electrode struc-
ture on the reactivity of emerging materials.

2. Experimental
2.1. Chemicals and Supplies

All chemicals were purchasedas A.C.S.reagentgrade orbetterand
used as received without further purification. Nitric acid and water
(ChromAr grade) were obtained from Avantor. Platinumwire (25 pm
and 0.5mm diameter) and silver wire (1 mm diameter) were
obtained from Goodfellow. Ethylene carbonate (EC,anhydrous, 99%),
mercury(ll) nitrate monohydrate (>99.99% trace metals basis),
potassium hexafluorophosphate (99.5%), propylene carbonate (PC,
anhydrous, 99.7%), tetrabutylammonium hexafluorophosphate
(NBu4PFg, 99.0%) and N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPD, 99%) were obtained from Sigma-Aldrich. Tetramethylam-
monium nitrate (NMeyNO3) was obtained from Southwestern
Analytical Chemicals.

Highly ordered pyrolytic graphic (HOPG, brand grade SPI-2) was
purchased from SPI supplies. 3M™ copper conductive tape with a
single conductive glue adhesive surface was purchased from Ted
Pella, Inc. Microposit 51813 photoresist was purchased from
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MicroChem.AZ 917 MIF developer was purchased from AZ Electronic
Materials. Ultra high purity (UHP) argon was obtained from Airgas.

2.2. Hg Disc-Well Electrode Fabrication

Hg disc-well probes were fabricated by etching Pt disc
ultramicroelectrodes (UMEs), electrodepositing Hg in the cavity,
and removing excess Hg with a flexible glass coverslip as
previously published [21]. Specifically, Pt UMEs with a Pt radius
(a;) of 12.5 pm and a glass ratio (Rg=az/ay, a2 =total probe radius)
smaller than 4 were etched in a solution of 30 v. % sat. CaCl, +10v. %
HCl in H,0 for 40s under ultrasonic agitation while applying a
peak-to-peak voltage (V,.p) of 2.70V at 60 Hz with a variac. This
gave an etched cylindrical cavity with a normalized depth (H> = h,/
ay, h2 =depth of cavity) of 1.1. Hg was deposited potentiostatically at
+0.2V vs. Ag/AgCl in 20 mM Hg(NOs),-H,0 +0.2 M NMe4NO3 and
0.5v. % HNOs in H>0 until the deposition current reached 0.3 pA,
indicating the growth of a Hg sphere-cap protruding from the
overfilled cavity. The Hg deposit was then leveled and rinsed with
H>0 to remove displaced Hg droplets, resulting in a Hg disc-well
with a flat, mirror-like surface having a normalized height (H; = h;/
ay, h;=Hg sphere-cap height) of 0 (Fig. 1).

2.3. Substrate Fabrication and Patterning

Cu tape was used to mechanically exfoliate thin HOPG samples
from a larger HOPG block. Following our previously published
graphene patterning method [13], the thin HOPG samples were
treated with photolithography to create patterned windows to
expose selected areas of the HOPG surface using a mask. The
exposed HOPG was then etched by a Plasma Lab Freon/O, reactive
ion etching (RIE) system with 37 mW RF energy under a pressure of
40 mTorr while flowing 20sccm O, for 1min. After RIE, the
remaining photoresist was removed by rinsing with acetone and
isopropanol. The resulting regular array of holes measured
~43 pm wide and ~1.4 pm deep (Figure Al). Neighboring holes
were separated by 500 pm, measured from their centers.

With Hg
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Fig. 1. Hg Disc-Well Probe Fabrication Process. Electrochemical etching with sonication produces an evenly etched surface. Electrodeposition of Hg is terminated after over-
filling the etched cavity. After leveling, the Hg disc-well is evenly filled and has a flat, mirror-like surface. The Hg disc-well shown here has a; =12.5 pm, Rz=2.5,H; =0, and

Hz=11.
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2.4. Ex Situ Optical and Spectroscopic Measurements

Hg disc-well probe dimensions were verified though optical
microscopy (Zeiss AxioLab.A1). In addition to optical microscopy,
HOPG samples were characterized through scanning electron
microscopy (SEM, Hitachi 5-4800 high resolution SEM), Raman
spectroscopy and imaging (Nanophoton Laser Raman Microscope
RAMAN-11) (Fig. 2).

2.5. Electrochemical Experiments

All electrochemical measurements were performed with a CHI
920D SECM under oxygen- and water-free conditions in an
MBRAUN UnilLab glovebox filled with UHP argon. All solutions
were made in a PC and EC solvent mixture with 1:1 ratio (vol./vol.),
which is hereafter referred to as PC-EC. The Teflon SECM cell was
fitted with a patterned HOPG substrate (19.6 mm?), a Pt wire
counter electrode (CE), and a Ag wire quasi-reference electrode
(QRE). Substrate CVs and CV-SECM used a Ag/Ag* (0.1M AgNOs in
PC-EC) reference electrode (RE) instead of the Ag QRE to poise the
cell potential. Potentials referenced against a 01 M Ag/Ag" RE
(3.604V vs. 0.1 MK/K") are reported vs. 01 MK/K"* for clarity.

Prior to SECM investigations, the patterned HOPG electrode was
cycled in 0.1 M KPFg in PC-EC for 6 cycles between 0.604 to 0.004V
vs. 0.1 MK/K" at 1mVs~! to form a stable SEI layer. In order to
better observe K' intercalation and deintercalation processes,
additional CVs with HOPG were acquired at 50 uVs~! in 1mM
KPFg in PC-EC after SECM experiments (Fig. 3).

A Hg disc-well UME performing TMPD oxidationin a solution of
2mM TMPD and 0.1 M KPFg in PC-EC was used to collect an SECM
feedback image (Fig. 4) to find the approximate locations of etched
holes. To avoid interference from oxidized TMPD generated at the
CE, the cell was rinsed with PC and refilled with 1 mM KPFg in PC-
EC. The Ag QRE was also swapped for a Ag/Ag" RE after the removal
of TMPD from the cell. The same Hg disc-well probe was then
approached to the substrate with a cyclic voltammetry probe scan
surface (CV-PSS) in the Z direction (Fig. 5). After reaching the HOPG
surface, the probe was positioned directly over an etched hole and
used to record a series of CVs with regular sequential incrementing
(and then decrementing) of the substrate potential.

3. Results and Discussion
3.1. Ex Situ Optical and Spectroscopic Measurements

An SEM image of patterned HOPG shows aregular array of holes
measuring ~43 pm in diameter and separated from their nearest
neighbors by 500 pum (Fig. 2A). The holes’ size and center-to-center
distance match with the designed pattern.

Raman spectra (Fig. 2B) show the clear presence of a D band for
etched holes but not for pristine HOPG. The D band corresponds to
carbon ring “breathing” modes and is indicative of structural
disorder, such as exposed graphitic edge planes [25]. In LIBs,
uptake of Li* is greater at graphitic edge planes than at the basal
plane [26], so we expected to find similar ionic activity for K* in the
present system. Following electrochemical cycling and SECM
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Fig. 2. SEM and Raman Characterization of Patterned HOPG. (A) An SEM image shows the pattern etched holes on HOPG. The holes are ~43 pum wide, ~1.4 um deep, and
500 pm from their nearest neighbors, measured from their centers. (B) Raman spectra before and after electrochemical experiments exhibit a D band signal only over the
etched holes. (C) Raman mapping of the D band intensity before and after electrochemical experimentation shows an increase in D band signal limited to the etched holes.
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Fig. 3. Cyclic Voltammetry of K* Intercalation and Deintercalation at Patterned HOPG. (A) Initially observed broad, irreversible peaks diminished with cycling number,
eventually resulting in a clean, stable background signal. (B) After forming the SEI, a K-ion de-intercalation process was observed at 0.52V (vs.K/K").
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Fig. 4. Identification of Etched Hole. (A) Optical micrograph of an etched hole in HOPG. The scale bar represents 25 pum. (B) SECM feedback image of the region shown in A

taken with a Hg disc-well in 2mM TMPD + 0.1 M KPFg in PC-EC.
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Fig. 5. CV-SECM Stripping-Based Approach. (A) CV-PAS based on K" + e~ = K(Hg) ending with L=1.28 + 0,02 at [X, Y] =[0 pum, 0 um] in Fig. 4B. (B) Extracted CV-PACs and fits
based on COMSOL simulations. Key simulation conditions include: a;=12.5pm, Rg=25, H;=0, H2=11,Co*=1molm 3 Dy.pcec=2 x107°m?s™", and Dyug),

ug=79x10""m?s7", AE=0295V, v=02Vs ', «=05, and ¥"=1 x10?ms™".

experiments, the D band remained nearly unchanged over un-
etched areas but showed a marked increase over etched holes
(Fig. 2B). The increase in D band intensity is consistent with the
evolution of structural disorder expected from the repeated K*
insertion and extraction. The localization of this increase in D band
intensity to the etched holes (Fig. 2C) suggests that exposed edge
planes serve as primary sites for potassium ion intercalation.

3.2. Substrate Cycling and SEI Formation

The HOPG substrate was first cycled at 1mV s™' in 0.1 M KPFg in
PC-EC for 6 cycles to form a stable SEI layer. Initial cycles showed
broad, irreversible peaks that are likely attributable to solvent and
electrolyte decomposition processes, such as those found in LIB
systems (Fig. 3A) [13,27,28|. The intensity of these peaks
diminished with cycling, eventually resulting in a clean back-
ground signal. Following SEI formation, cycling more slowly at
50 wVs~! allowed the identification of K* intercalation behavior at
E< 054V (vs.K/K"), in addition to various unknown processes
from ~1.10V to 0.54V (vs.K/K"), and a de-intercalation event at
0.52V (vs.K/K*) on the return sweep (Fig. 3B).

3.3. Identification of Region of Interest

A Hg disc-well UME (a;=12.5 pm, Rg=2.5) was positioned
approximately one probe radius (L=d/a; ~1, d=tip-substrate gap)
above the HOPG surface through a probe scan curve (PSC) in the Z
direction using TMPD as the redox mediator and with the substrate
left at open circuit. After rapidly imaging a large area to identify a

region of interest (Fig. A2), an area containing a single etched hole
(Fig. 4A) was slowly imaged at 2.5 pm s~ ! (Fig. 4B). This speed was
selected to prevent distortions based on forced convective
transport [29]. Initial SECM images exhibited negative feedback
consistent with the insulating nature of SEls observed for other
alkali ions [13]. However, over time we observed a shift towards
partial positive feedback. We believe this could be a result of some
SEI degradation process or the incorporation of TMPD in the SEL
Though positive feedback is observed at all points in the image,
even greater positive feedback occurs over the etched hole
centered at [X, Y]=[45 pum, 45 pm]. If the reactivity of the holes
and the basal plane were equal, the SECM feedback current
observed over holes would be less than over the basal plane due to
the increased tip-substrate gap over holes. The possibility of
electron transfer at the HOPG basal plane [30], the susceptibility of
HOPG to adventitious contaminants [31], and the large number of
exposed edge sites on this sample do not allow a straightforward
quantification of the contributions from basal and edge planes.
However, the observed increase in feedback current over the
etched hole is supported by Raman spectra (Fig. 2B), which suggest
far greater planar disorder in the etched holes in comparison to the
pristine basal plane, and is consistent with the increased
electrochemical activity observed at electronic structure distortion
sites in carbonaceous materials, such as graphene [32-35].

3.4. Stripping-Based Approach to HOPG

After switching to a 1 mM KPF; solution in PC-EC, the Hg disc-
well UME was re-approached to the origin in Fig. 4 by recording
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stripping CVs between Z motor increments (Fig. 5) with the HOPG
left unbiased at its open circuit potential. Because ions are
regularly stripped from the Hg probe, this method of approaching a
surface avoids the risk of damaging the Hg probe by saturation of
the amalgam phase. The amalgamation current (igma), peak
stripping current (iswip), and stripping charge (Qswip) were each
extracted from the CV-PAS dataset to give three CV-PACs [18]. Of
these, Qsp exhibited the least noise, which is consistent with the
general insensitivity of integrated values to temporal fluctuations
in a source signal. The negative feedback stripping charge CV-PAC
was fit with an analytical model derived from COMSOL finite-
element simulations [21] to obtain the final approach distance of
L=128+0.02 (Xreq>=4.0401 x10°), Though smaller gaps are
possible, wrinkles in the HOPG surface (Fig. 2A) warranted caution
to avoid mechanical damage to either the probe or the substrate.
The final approach distance is consistent with the normalized
timescale (Tgma=Dox*AE/(v*a;%)) 0of 1.9 + 0.2, for which the average
Nernstian diffusion layer thickness (8y) is 7.7 £0.1 pm [36]. This
timescale ensures that the depletion volume expanding from the
SECM probe during amalgamation propagates far enough into
solution to overlap with ionic gradients emanating from the
substrate. The overlap between the probe and substrate diffusion
fields is the source of informational probe signal perturbations.
Negative feedback was observed for all three signals due to the
increasingly hindered diffusion field with decreasing tip-substrate
gap. The observation of positive feedback from TMPD redox signals
and negative feedback from K(Hg) amalgamation and stripping
signals demonstrates one of the key benefits of Hg disc-well SECM
probes, namely, that amalgamation and stripping signals allow
negative feedback SECM probe positioning over any substrate
regardless of the substrate’s electrical conductivity [18]. Further-
more, since stripping signals afford potential-based ionic specific-
ity, Hg-based CV-SECM signals may provide accurate
measurements even in concentrated solutions that are tradition-
ally challenging for methods lacking this specificity, such as those
based on resistance, conductance, or impedance [16].

3.5. CVs with Substrate Competition

To show that Hg-based electrodes can directly probe changing
ionic gradients, the Hg disc-well UME was positioned over
unmodified HOPG at [X, Y]=[0 pm, 45 pm] and programmed to
record a series of CVs with the substrate following a sequential
staircase potential sweep. Scanning the potential at 0.2 Vs~ under
the tested conditions gave Tg,,=24+02. As the substrate
potential increased (Fig. 6A), activating K" intercalation, all three
Hg disc-well signals decreased (Fig. 6C) while the substrate current
increased (Fig. 6D). Then, as the substrate potential was stepped
anodically to allow K" deintercalation (Fig. 6B), the Hg disc-well
signals increased in kind as the substrate current decreased,
indicating the restoration of the local K* concentration. The total
decrease in probe signal between inactive and fully active substrate
potentials was 3.71 nA (56%) for iama, 17.6 nA (90%) for iswip, and
3.29 nC (89%) for Qsrip. After testing over a pristine region of HOPG,
the Hg disc-well UME was positioned directly over an etched hole
at [X, Y]=[45pm, 45 pm] and made to repeat the same test
sequence. As before, all three Hg disc-well signals decreased and
then recovered in response to substrate activation then deactiva-
tion towards K* intercalation, The total decrease in probe signal
between inactive and fully active substrate potentials was 2.06 nA
(30%) for igmar, 17.7 A (77%) for isp, and 3.24 nC (77%) for Qserip.

We hypothesize that the probe signal discrepancies, specifical-
ly, the larger changes in istrp and Qsgip in comparison to igmar, are
due to cross-talk between the probe and the substrate in this low
K" concentration regime [37]. Such low K" concentrations were
used in order to safely access timescales allowing good ionic

resolution and avoid saturating the ionic capacity of the thin HOPG
sample but led to larger than ideal shared resistance between the
two working electrodes. In the interest of avoiding co-intercalation
phenomena [38-40], no additional supporting electrolyte was
present. isgip and Qsmip are typically valuable for their ionic
specificity and enhanced sensitivity due to pre-concentration of
the amalgam phase, but the observed potential shifts compro-
mised their usefulness in this particular system.

Nevertheless, igmq remained a reliable metric of the local K*
concentration since it reached a quasi-steady-state and does not
depend on the accumulation of K* within the Hg probe over time.
In both sites explored, the relatively stable i,ny signal for
Eqp>0.5V suggests that the cathodic peaks observed in the
HOPG voltammetry (Fig. 3B) are not associated with K" uptake. It is
reasonable to suspect that these peaks may be associated with
changes in the SEl ignq{Esp) is described well by a simple
exponential function of the form i, =A+ B*exp(C'E;,»), where A,
B, and C are freely varying constants, for both the activation
(X%rea = 1.62 x 1072° for pristine HOPG and ¥?;eq.=2.26 x 1072! for
etched holes) and deactivation (x’red.=2.13 x 1072 for pristine
HOPG and ¥2.q = 2.26 x 10~2! for etched holes) substrate potential
sequences (Fig. A3), which suggests that the Hg disc-well closely
followed the electrochemical uptake of K* by the substrate.
Therefore, despite challenges unique to the system under study,
these results demonstrate the ability of Hg disc-well SECM probes
to track dynamic ionic fluxes at operating KIB interfaces.

Considering the enhanced positive feedback current in the
SECM image (Fig. 4B) and the pronounced D band in the Raman
spectra (Fig. 2B) over etched holes, we expected to observe a clear
increase in K* uptake over etched holes in comparison to pristine
sites due to the greater concentration of exposed edge planes at
etched sites. Contrary to expectations, a greater proportional
decrease in iyn, was observed over the pristine HOPG than over
the etched hole. However, microscopic inspection of the pristine
surface does indicate a large density of steps (Fig. 4A), exposing
edge sites at which the ionic flux could rival that of artificially-
defective holes. Another possible explanation for the small
differences observed between the pristine and hole sites is that
the SEI formed on this KIB electrode strongly controls the flux of K*,
thus decreasing contrast between neighboring surface sites.
Furthermore, the consistent iy,q registered at Eg,, = 1.604 V, where
the substrate is electrochemically inactive, is evidence that the
bulk K" concentration was not significantly affected. Despite this,
the average substrate current decreased with each cycle
(Figs. Fig. 66D and A4). Therefore, we conclude that the substrate’s
activity towards K* uptake and release decreased with use and/or
time. Regardless of the cause, this overall decrease in substrate
activity was sufficiently large to obscure whatever differences in K
uptake and release may have been originally present over the
pristine HOPG and etched holes. The decrease in K* uptake by the
substrate with each cycle was also a contributing factor to the
smaller distortions of i and Qyqp when a test sequence was
subsequently repeated at the same locations with a longer
normalized timescale—obtained by increasing the overpotential
and decreasing the potential scan rate (Fig. A4).

While the measurement of K" fluxes at the activated KIB
electrode-electrolyte interface was successful, this first explora-
tion did not show significant differences in ionic uptake between
two sites with different redox reactivity. Rather than a lack of
contrast, the absence of meaningful differences at the two location
types actually demonstrates the sensitivity of Hg disc-wells to local
ionic fluxes, which can distinguish between various degrees of
substrate uptake of a particular ionic species in situ. The probes
accurately reported the changing ionic fluxes, but differences in K*
uptake over pristine and etched regions were overwhelmed by the
much larger impact of substrate aging. While HOPG is certainly not
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Fig. 6. Competition for K* over Etched Hole. (A) Select Hg disc-well CV's taken with increasing substrate activation towards K* intercalation. v=0.2Vs ™, Tyna=2.4+02,
By=79210.1, and wy=0.633 + 0.007.(B) Select Hg disc-well CVs taken with decreasing substrate activation, giving way to K deintercalation. (C) Hg disc-well amalgamation
currents extracted from A and B. (D) Average chronoamperometric signal at the substrate at various activation potentials.

an ideal electrode material under the tested conditions, the
methodology shown here might be useful to distinguish the
different K'-consuming processes that underlie the complex
response observed on KIB electrodes.

4. Conclusions

We have used a novel electrochemical probe to obtain direct
measurements of K" uptake by a representative graphitic anode
material for KIBs. Our SECM investigations with a Hg disc-well
UME revealed increased electronic conductivity as well as

reversible K" intercalation and deintercalation over exposed HOPG
edge planes. When positioned over an electrochemically active
feature in HOPG, a Hg disc-well UME responded to activation of the
substrate towards K* uptake. HOPG CVs confirmed the process
under investigation was K intercalation/deintercalation and not
plating/stripping. However, the complex electrochemical response
observed on the substrate electrode at potentials where the SEl is
expected to form was chemically resolved by the probe, which did
not identify a significant steady-state flux of K* towards the
interface until potentials well into the expected intercalation
range.
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We compared the activity towards K* intercalation on two
structurally different sites on the HOPG surface. Despite contrast in
their Raman signatures, indicating a different degree of disorder,
and differences in their redox reactivity as assessed by the use of
the feedback mode of SECM, few differences were detected on their
K* flux activity. While HOPG is likely not a top candidate for KIBs,
the new capabilities brought by these probes make them of
interest to further understand the role of heterogeneities on ion
insertion mechanisms in energy materials. Hg disc-well UMEs can
acquire localized, chemically specific measurements of ionic flux
over operating battery electrode materials. This information is
inaccessible to existing analytical methods and will help inform
the rational design of future alkali ion battery anodes and cathodes.
CV-SECM imaging studies of multiple alkali ion intercalation and
de-intercalation processes at target energy storage materials are in
progress and planned for future publications.
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