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Abstract Many modern energy storage technologies operate
via the nominally reversible shuttling of alkali ions between an
anode and a cathode capable of hosting them. The degradation
process that occurs with normal usage is not yet fully under-
stood, but emerging progress in analytical tools may help ad-
dress this knowledge gap. By interrogating ionic fluxes over
electrified surfaces, scanning probe methods may identify fea-
tures that impact the local cyclability of a material and subse-
quently help inform rational electrode design for future genera-
tions of batteries. Methods developed for identifying ion fluxes
for batteries show great promise for broader applications, in-
cluding biological interfaces, corrosion, and catalysis.
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Stripping analysis

Introduction to energy storage materials and ionic
gradients

Enormous research efforts are focused on developing better
battery electrode materials. Identifying connections between
the concerted movement of ions and exchange of electrons is a

fundamental challenge to battery technology development.
This challenge is not unique to the field of energy storage,
however, and methods developed for identifying ion fluxes
at biological [1–4] and metallurgical interfaces (Fig. 1) can
also be applied to energy storage. For example, a scanning
electrochemical microscope (SECM) equipped with an am-
perometric ion-selective electrode (ISE) made from a
nanopipette has been used to image K+ channels in living
kidney cells [5]. Similarly, an SECM equipped with a poten-
tiometric ISE has been implemented to compare corrosion
rates and pitting mechanisms of various Mg-containing auto-
motive alloys [6]. Modern Li-ion batteries deliver usable cur-
rent by shuttling Li+ from a Li+-rich anode (e.g., solid Li or
graphite preloaded with Li+) to a Li+-poor cathode (e.g.,
LiCoO2 or LiFePO4) [7], where the insertion of Li+ drives a
change in the charge state of a transition metal [8–10]. The
anode and cathode have different structures and chemical
properties, but they both depend on the interfacial structures
and spatially heterogeneous reactivity to cycle reversibly. Let
us first consider the anode.

Graphitic materials have captured the interest of much of
the scientific community looking for an inexpensive, light-
weight, and comparatively stable anode. However, a number
of obstacles stand in the way of accessing the full theoretical
capacity of graphitic anodes (Fig. 1). Each charge cycle causes
volumetric expansion in the anode as Li+ inserts. In fact, a full
charge can produce as much as a 10 % increase in volume [9].
The mechanical stress at the electrode surface associated with
Li+ insertion/de-insertion is exacerbated by the growth of the
solid electrolyte interphase (SEI) [11]. The SEI is a variegated
mix of solvent breakdown products and trapped metal cations
[12–14]. Its formation is unavoidable, so a great deal of effort
has gone into controlling its thickness [15], elasticity [16], and
electrical conductivity [17, 18] so as to maintain ionic perme-
ability [19] as well as to attenuate resistive heating, electrode
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damage, and capacity fade [20].When properly controlled, the
SEI performs an essential role in allowing anodes to operate
under conditions that would otherwise destroy them.

Likewise, the presence of defect sites in the anode mate-
rial is not inherently detrimental to battery performance. A
wealth of evidence suggests that specific defects not only
improve battery performance but also are essential to
sustained operation. The accessible power density, the long
term cyclability, and overall performance of a metal-ion
battery hinges on the properties inherent to localized struc-
tural and chemical defects. Elaborate structures are costly,
so striking a balance between engineered defects and fabri-
cation price is vital to producing cost-effective energy stor-
age solutions [21]. If we understood the relationships be-
tween various spatial heterogeneities and their activity, we
might also be able to optimize electrode materials by engi-
neering their microstructure. An attractive goal, then, is to
isolate particular defects and study their inherent properties.
However, these defects begin to appear in the first few cy-
cles of the battery and eventually reach a saturation point
[22]. The story of cycling stresses and SEI formation carries
the same consequences on the cathode side of Li-ion batte-
ries. A structural evolution of the electrode occurs during
operation, so the development of defects and the SEI is best
observed in situ.

The essential common feature of all modern metal ion
batteries is that their operation is fundamentally tied to

the movement of ions. Not surprisingly, ionic gradients
are therefore a direct measure of the cyclability of a par-
ticular material. However, accessing ionic gradients in
situ is not something that many analytical techniques
can do. Most measurements, such as spectroscopic tech-
niques, attempt to access ionic information indirectly
through its effects. Raman spectroscopy can provide
qualitative reports on the presence of defects in graphitic
materials as well as changes in the plane-to-plane sepa-
ration in graphene caused by Li+ intercalation/de-
intercalation [22–24]. However, alkali ions themselves
are Raman-silent. X-ray powder diffraction (XRD) can
reveal the bulk phase composition and interplanar carbon
spacing in graphite and relate them to the lithiation stag-
ing mechanism [25]. This information is also available in
situ, as has been demonstrated with amorphous silicon
[26]. Together with bulk electrochemical measurements,
in situ XRD can provide phase diagrams of cathode ma-
terials to elucidate best practices for maximizing capacity
retention [27]. X-ray photoelectron spectroscopy (XPS)
can identify the presence of metals and map out their
abundances and charge states, but only in a high vacuum
(<10–8 mbar) sample chamber and not while the battery
is operating. Each analytical tool is useful for answering
specific questions about battery operation and perfor-
mance, but there are some questions that are better an-
swered by scanning probe methods.

Fig. 1 Surface-based ionic processes. (A) Biological systems rely on a
variety of ion transport systems to respond to external stimuli. (B)
Corrosion and pitting mechanisms are highly dependent on the
properties of the metal as well as the chemical environment. (C)

Schematic of some Li-ion battery reactive heterogeneities, including
volumetric strain-induced SEI damage, trapping of Li+ in the SEI, and
the formation of Bhot spots^ on individual particles. Exfoliation of the
graphitic anode can also occur
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Introduction to electrochemical scanning probe
methods

Electrochemical scanning probe methods are invaluable tools
because they provide access to localized measurements of
battery activity [28]. Information pertaining to the perfor-
mance of individual defects is lost in bulk measurements,
which average the impact of the entire electrode surface on
battery performance. For example, the potential-dependent
localization of Li+ at grain boundaries in silicon can be visu-
alized through atomic force microscopy (AFM) stress-strain
measurements coupled with conductance measurements [29].
Researchers hoping to understand how the SEI impacts Li+

diffusion [16] or how Bhot spots^ develop on anisotropic par-
ticles [30] need to access localized ionic measurements. Bulk
measurements are well suited to assessing the viability of any
particular battery as a whole but are not sufficient for design-
ing the next generation of batteries.

The SECM was introduced by Bard et al. in 1989 for the
purpose of obtaining surface maps of chemical reactivity
[31–33]. An SECM consists of a potentiostat operated in con-
junction with a micro- or nano-positioning system, which is
used to raster a probe electrode, often a Pt, Au, or Cmicrodisk,
embedded in an insulating sheath over a substrate and coordi-
nate reactivity to physical structures or chemically modified
surface features. Over the past decade, efforts to connect sur-
face topography to reactive heterogeneity have improved in
spatial resolution as well as chemical specificity [34–39].
These emerging methods include such prominent examples
as scanning ion conductance microscopy (SICM) [40, 41],
scanning electrochemical cell microscopy (SECCM)
[42–44], and Hg-based SECM [45–47]. General schematics
of each technique are included in Fig. 2 to highlight their
analytical differences as well as the rich information that can
be obtained through electrochemical methods. Each technique
fills its own analytical niche, and their combined progress is
helping to move the field of energy storage forward. We will
now consider each in turn.

Scanning ion conductance microscopy (SICM)

SICM was introduced in 1989 as a means of studying non-
conducting surfaces and particularly for imaging pores in soft
membranes [48]. It originally had two modes of operation:
constant height and constant distance. In constant height
mode, the probe was rastered through an XY plane at a
preselected Z position while collecting the ionic current. On
its own, constant height mode fails to decouple this ionic
information from topographic effects. For example, the ionic
current may decrease over a raised area of graphite even
though the reactivity is unchanged. Likewise, the ionic current
may decrease over a passivated area of graphite even though

the substrate is flat in that area. To isolate topographic effects,
SICM also had constant distance mode, wherein the probe is
rastered in an XYpattern while the Z-position is modulated by
a feedback loop based on the electrical conductance registered
at the tip. Raised areas impinge the flow of ions through the
tip’s orifice, resulting in a drop in electrical conductivity and a
subsequent increase in the Z-position (i.e., away from the
substrate).

The first application of SICM to the nanoscale study of Li-
ion batteries came in 2011 from Mark Hersam’s laboratory at
Northwestern University [41]. This was performed using the
AC mode of SICM, in which a piezo oscillates the probe
vertically during the lateral raster scans. Since the resistance
between the tip and the substrate is distance-dependent, this
motion generates a corresponding oscillation in the probe cur-
rent. The amplitude of the oscillation serves as a feedback
mechanism to correct the vertical probe position. Monitoring
the ionic conductance current before and after lithiation of a
60-nm thick tin film on copper revealed the development of
nanoscopic spheroidal features (via the AC component) as
well as an overall boost in the ionic conductance current (via
the DC component) (Fig. 3). It is worth noting that while the
surface morphology changed, the contrast (relative change) in
the DC current images remained unchanged, though the abso-
lute values in the image were almost uniformly greater. This
indicated that (1) the surface activity was unchanged from
what it was, and (2) there were more ions present near the
substrate surface than prior to lithiation. Though it is possible
to speculate reasons for this, the end of the matter is that SICM
needs to be coupled with supporting analytical techniques to
pin down causes for the observed changes in conductivity.
Hersam’s group has since used SICM to confirm the success
of Al2O3 films in preventing SEI-induced surface roughening
at MnO electrodes after lithiation [49] though no attempt was
made to interpret the SICM data beyond a reference to topog-
raphy inferred from the AC signal.

There are now more advanced means of acquiring topo-
graphic and electrochemical information simultaneously.
With respect to methodology, the latest improvement has been
to approach the probe to the substrate at each XY position
rather than performing an uninterrupted raster image [2].
This method greatly improves SICM’s ability to track sharp
changes in surface morphology and is sufficiently different
from traditional SICM to warrant its own name: hopping
probe ion conductance microscopy (HPICM). The reported
resolution may be slightly overestimated, since recent work
indicates that the fundamental limit for the lateral resolution of
SICM-based methods is approximately three times the inner
radius of the pipette (3ri) [50]. An additional caution is the
sensitivity of SICM in solutions of low ionic strength to
substrate-induced charging of the nanopipette, which leads
to substantial ion current rectification [51]. However, since
most biological and battery environments include excess
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supporting electrolyte, substrate-induced ion current rectifica-
tion is often easily preventable.

In addition to improvements in methodology, there have
also emerged bifunctional probes made from dual-barrel theta
pipettes. These use a liquid channel to control position while
simultaneously performing amperometric experiments at a
carbon nanoelectrode in a SECM-SICM configuration [52,
53].

SICM is superbly equipped for resolving abrupt changes in
surface morphology, and its ability to provide three-
dimensional maps of ionic gradients through HPICM is an
underutilized tool that may prove to be useful in future
investigations.

Scanning electrochemical cell microscopy (SECCM)

More recently (2010), Patrick Unwin’s group at the University
of Warwick introduced SECCM as a tool for understanding
localized heterogeneous reactivity in the context of surface
features with minimal background noise [54]. The SECCM
is unique in the family of scanning probe methods in that the
probe contains the only electrolyte solution. Wherever the
probe is brought sufficiently close to a substrate, the meniscus
jumps down to contact the surface, forming a miniature elec-
trochemical cell. Retracting and performing a jump to contact
at each XY position produces a topographic map that is
completely decoupled from surface electrochemical activity.

Fig. 2 Schematics of scanning probe methods discussed in this article.
(A) The distance-dependent ionic current (i, Equation 1) observed at an
SICM probe shares relationships with the applied potential (E), the
internal resistance of pipette (Rp, Equation 2), and the access resistance
of the solution between the probe and the substrate (Rac, Equation 3). The
latter two depend on the length of the tip (h), the conductivity of the
solution (κ), the inner radius of the tip base (rp), the inner (ri), and outer
(ro) radius of the tip opening, and the tip-substrate gap (d). Topography is
obtained by either hopping or oscillating the probe to pinpoint the Z-
position at each XY coordinate that produces a particular preset current
between the two electrodes. (B) After jumping to contact, the meniscus
height is maintained by monitoring ionic current passing from one pipette
channel to the other. When maintaining a constant tip-substrate gap, the
steady-state current (iss, Equation 4) registered by the substrate working
electrode depends on the number of electrons transferred (n), Faraday’s
constant (F), the diffusion coefficient (D), and concentration (c) of the
analyte, the wetted electroactive substrate area (A, Equation 5), and the
equivalent spherical radius of the tip (rs, Equation 6). The electroactive

substrate area is defined in terms of rs and the half-cone angle of the tip
(α), whereas rs shares additional dependencies with the height of the
meniscus (mh) and the internal width of each pipette channel opening
(rtip); mh is identical to the tip-substrate gap (d) only when the meniscus
in contact with both the tip and the substrate. By using a dual-channel
pipette, topography can be obtained by monitoring the current flowing
between the two channels in the same way used for SICM. However, a
major inherent benefit of SECCM is the ability to quickly relocate the
substrate surface during hopping due to the absence of current before the
meniscus contacts the substrate and completes the electrical circuit. (C)
The tip-substrate gap can be monitored through negative feedback as
described by Equation 7, where i∞ is the steady-state current observed
in bulk solution, d is the magnitude of the tip-substrate gap, and all four kn
are parameters derived from simulations. The steady-state current
observed at a Hg sphere-cap SECM probe is given by Equation 8. Hg-
based SECM is distinguished from SICM and SECCM by the ability to
carry out stripping reactions (Equation 9) to isolate analyte signals and
improve sensitivity (see inset)
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However, the true power of SECCM is revealed in studies
of electroactive substrates. When connected as the working
electrode, the substrate current is inherently free from much
of the background noise and capacitance associated with large
electrodes because only a small region is activated at any
given time. This was demonstrated over a cathode material
(LiFePO4) for aqueous Li-ion batteries in 2014, when a col-
laborative effort reported by Takahashi et al. [43] created maps
of topography combined with surface deintercalation activity

(Fig. 4). The greatly improved signal-to-noise ratio of
SECCM compared with SICM allows for the execution of
localized charge and discharge curves as well as galvanostatic
time-resolved potential mapping.

Unwin’s group has gone on to report the development of
quad-barrel SECCM-SECM probes [55]. Though these
probes have yet to be applied to energy storage materials or
used in organic solvents, they show great promise as aqueous
probes.

Fig. 3 SICM (a, c) topography
and (b, d) DC current images of a
60 nm thick tin thin film
deposited on a 60 nm thick copper
thin film on glass (a, b) before
lithiation and (c, d) after 24 μAh
cm−2 lithiation. Reproduced from
Lipson et al. [41] with permission

Fig. 4 (a) Simultaneous SECCM
topography (left) and current
(right) images. Scan ranges are
20× 20 μm. The substrate
potential was +0.65 V versus Ag/
AgCl QRCE (Li+ deintercalation;
scale bar, 5 μm). (b) CVs at
different points on a LiFePO4

electrode surface, corresponding
to the blue and red arrow of a.
Scan rate is 0.1 V s−1. (c) Local
charge (deintercalation) and
discharge (intercalation)
characteristics applying current
magnitudes of 200 pA in each
case via SECCM. Reproduced
from Takahashi et al. [43] with
permission
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Though the absence of bulk solvent contact with the sub-
strate provides localized measurements with superb signal-
to-noise ratios, a possible criticism of SECCM is that this
very same absence prevents representative operating condi-
tions. The composition of the SEI is dependent on cycling
history, both for electrochemical and physical reasons. The
depth to which the electrode is cycled impacts the staging
mechanism for Li intercalation. For example, some Li is
consumed by solvent breakdown products at the electrode
surface in ways that change over time and with each cycle.
Furthermore, the mechanical surface strains placed on the
electrode by changes in volume may have a lateral compo-
nent [30]. There may be many things worth learning from
SECCM, but representative SEI behavior may be difficult to
access in a traveling cell method. Nevertheless, the unprec-
edented signal-to-noise ratios gained from miniaturization
of the electrochemical cell and the inherent separation of
topography and electrochemical activity through jump-to-
contact positioning of the probe ensure that SECCM will
remain at the forefront of future investigations of ionic
fluxes.

Hg-based scanning electrochemical microscopy
(SECM)

Hg-functionalized microelectrodes surfaced in the 1980s [56],
predating even the birth of SECM. However, their use as
SECM probes was not reported until the early 2000s [57,
58]. Hg-based SECM allows for multiple working electrodes
and has been shown to operate in both aqueous [46] and non-
aqueous conditions, unlike SICM,which has only been shown
to operate under aqueous conditions. SECCMhas been shown
to operate also in an ionic liquid [59] but has yet to be
employed in a typical energy storage environment. Recently,
Hg-based SECM was used in the redox competition mode to
differentiate between a Au electrode and PTFE on the basis of
Li+ gradients in propylene carbonate as a proxy for battery
environments (Fig. 5) [47]. In this configuration, both the
Hg-based probe and the conductive substrate are poised at
potentials to reduce Li+ from solution. This platform differs
from SICM and SECCM in that the current registered by the
probe is a direct measure of the local Li+ concentration and not
of other ions.

a b

c d

Fig. 5 Stripping voltammetry (A, C) of alkali ions in PC by Hg-capped
Pt UMEs and SECM images (B,D) over a 120 μm diameter Au electrode
(outlined in black).A: Experimental CVof 150μMLi+, 200μMNa+, and
100 mM TBAP in PC. The current is offset by –400 pA to account for
background current. C: Representative CVs of LiClO4 and 100 mM
TBAP in PC. Integration of the peak stripping current gives the
stripping charge. All ν = 100 mV s–1. B: SECM image of ethyl

viologen feedback. An increase in redness indicates an increase in
substrate activity. D: SECM image of Li+ consumption using redox
competition mode. Lithium flux at the tip (ETip = –2.87 V) responded to
activation of the substrate toward lithium reduction (ESub = –3.0 V). An
increase in blueness indicates a decrease in free Li+ concentration.
Adapted from Barton and Rodríguez-López [47]
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In fact, a further benefit of Hg-based probes is the ability to
perform stripping voltammetry. The stripping signal is useful
because (1) the ability to preconcentrate ions and increase
signal strength allows rapid measurements and promotes high
signal-to-noise ratios, which are a distinct concern with nano-
scale SICM current measurements [4], and (2) many metal
ions can be differentiated by their signature stripping poten-
tial, thereby allowing the simultaneous analysis of multiple
metal ions (Fig. 5). This may become useful in studies of
cathode materials, since leaching of metals from the cathode
is a known issue [60]. The stripping signal from Hg-based
probes has been used for rapid, multi-ion-specific imaging
of heavy metals in aqueous solutions before [45], and will
soon be reported for alkali metals in nonaqueous solvents by
our own laboratory. SICM and SECCM are readily able to
decouple topographical and electrochemical information, but
they lack the inherent chemical specificity available to Hg-
based SECM.

Hg-based SECM investigations are reported with resolu-
tions (3 μm [45] and 10 μm [47]) that do not yet match those
offered by SICM (30 nm [41]) or SECCM (100 nm [43]), but
this does not mean that nanoscale resolution is unattainable
with these probes. In fact, we have already demonstrated [47]
the feasibility of miniaturization through Hg-functionalized
pyrolyzed carbon-based nanopipettes [61, 62].

Though most SECM experiments are still executed in con-
stant height mode, which does not differentiate between
changes in the current caused by topography or by electro-
chemical activity, there are already some reported methods for
operating in constant distance mode. These include shear
force [63], AC impedance [64], and hopping intermittent con-
tact [65]. As Hg-based SECM follows the inexorable march of
scanning probe techniques towards nanoscale measurements,
it may also adopt these or newer methods for separating sur-
face morphology from reactivity.

Outlook

Electrochemical microscopy draws from advanced concepts
in charge transfer and ionic conductivity to achieve the imag-
ing of ionic phenomena at battery interfaces. Coupling elec-
trode surface morphology to electrochemical information re-
veals important relationships that are otherwise difficult to
access. In this brief Trends article, we have highlighted three
emerging electrochemical scanning probe techniques that
achieve this. SICM is able to resolve abrupt changes in surface
topography, SECCM supports high signal-to-noise measure-
ments, and Hg-based SECM permits the collection of ionic
signals with chemical specificity. The story is well advanced
for Li-ion batteries, but many questions remain to be answered
for Na-ion and K-ion batteries [66]. Since we are just begin-
ning to understand what happens under sodiation and

desodiation [67, 68], ion-sensitive scanning probe methods
have the potential to make valuable contributions to the de-
velopment of the next generation of energy storage technolo-
gies. These developments will have a broad impact on our
ability to address a diversity of interfaces in other fields, such
as biology and corrosion science, where understanding ion
transport and reactivity at the nanoscale is also essential for
understanding function.
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