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Abstract
Spatially resolved characterization of electrode surfaces or electrode–electrolyte
interfaces is of fundamental interest in battery research to unravel the com-
plex underlying physicochemical processes. Scanning probe microscopy (SPM)
techniques and derived methods have recently gained importance in in situ or
operando studies of battery electrodes. This minireview provides an overview
on well-established and advanced SPM methods such as scanning electro-
chemical cell microscopy (SECCM) and hybrid atomic force microscopy–
scanning electrochemical microscopy (AFM-SECM) and their future potential
for in situ/operando studies providing correlated structure/reactivity informa-
tion. Although, most studies so far are focusing on lithium (Li)-ion batteries, the
potential for post-Li battery chemistries is clearly evident. Future approaches for
rapid performance assessment using scanning droplet cell electrochemistry in
combination with advanced scanning probe microscopy are proposed and con-
trasted with the emerging challenges in the characterization of novel battery
chemistries, as SPMmethods have not yet been much used in this research area.
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1 INTRODUCTION

Globally increasing energy consumption by a growing
world population paired with the threat of climate change
requires a transition away from fossil energy production.[1]
Research efforts in renewable energy topics including
light-driven water splitting (i.e., artificial photosynthesis),
fuel cells, and novel battery chemistries require a funda-
mental understanding of processes that occur at interfaces
and formed interphases. Future energy storage demands
related to, for example, electric vehicles and grid-scale
energy storage systems may need novel post-lithium

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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battery chemistries based on earth-abundant elements.
These battery chemistries include monovalent, bivalent,
or trivalent ions such as Na+, Mg2+, Ca2+, Zn2+, and Al3+
based systems offering improved safety and cycle life. This
topic is currently extensively studied for sustainable elec-
trical energy storage,[2–4] as concepts known from Li-ion
batteries cannot be directly transferred to post-Li systems,
even in the case of monovalent ions such as sodium and
potassium. For each of the listed and currently explored
battery chemistries, known challenges arise with phenom-
ena such as dendrite growth, degradation of electrolytes
and electrode materials, solid electrolyte interphase (SEI)
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formation, non-uniformity in stripping/plating processes,
and so on, all of these processes are currently investigated
with ex situ and in situ/operando spectroscopic and micro-
scopic methods,[5–7] as to date many of these processes
are still not well understood. Among the microscopic
characterization techniques, scanning probe microscopy
(SPM)—pioneered in the 1980s[8] with the introduction of
scanning tunnelingmicroscopy and shortly thereafterwith
the introduction of atomic force microscopy (AFM)[9]—
are highly suited to study processes that occur at interfaces
and interphases, as recently reviewed.[10–12] Although it
should be noted that their use is by far less compared
to electron microscopy or spectroscopic techniques,
as performing experiments at battery electrode and data
interpretationmight be challenging. AFM andAFM-based
derived techniques such as electrochemical (ec)-AFM,
Kelvin probe force microscopy (KPFM), electrochemical
strain microscopy (ESM), quantitative nanomechanical
AFM (QNM-AFM), and so on, provide information on
surface potentials, nanomechanical properties, but also on
changes in volume, the formation of cracks, phase transfor-
mations, electron transport, reactions at the interfaces, and
changes in surface morphology of electrodematerials with
nanoscale resolution.[6] To date, most AFM studies have
been performed at Li-ion batteries (LIBs). For example,
the effect of electrolyte additives such as fluoroethylene
carbonate was studied in respect to the SEI formation at
silicon oxide/carbon composite anodes[13] and Li precip-
itation and SEI evolution at all-solid-state batteries.[14]
The effect of electrolyte decomposition at various carbon
anodes for LIBs was recently reviewed.[15] With a future
focus on earth-abundant post-Li-ion battery chemistries,
SPM techniques may also play an important role in inves-
tigating interface phenomena at novel electrode materials.
Among the scanning electrochemical probe

microscopy (SEPM) techniques, scanning electro-
chemical microscopy (SECM),[16] scanning micropipette
contact method (SMCM), and scanning electrochemical
cell microscopy (SECCM), which are based on micro-
and nanopipettes,[17,18] have been employed to study
intercalation and deintercalation processes and factors
influencing SEI formation on LIB anodes, as recently
reviewed by Kumatani and Matsue.[19] AFM-derived
hybrid techniques[20] enable that morphological and
structural changes are correlated with electrochemical
information at the sub-micro- to nanoscale. With most
AFM instrumentation nanomechanical properties such
as elasticity, friction, and adhesion, as well electrical
properties can be recorded.[21] In recent years, AFM
manufactures provide installations of their instruments
in gloveboxes for operando studies, which is a major
advantage over vacuum-based imaging techniques such
as electron microscopy (scanning electron microscopy,

SEM and transmission electron microscopy, TEM), where
reports on operando studies are still limited and mainly
reported on all solid-state batteries[22,23]. High throughput
electrochemical techniques like scanning droplet cells
(SDCs), which were first introduced more than two
decades ago,[24] gain attention for automated surface
modification and screening of material libraries.[25] First
SDC high-throughput approaches in battery research
for pulsed Zn electroplating have been shown by Garcia
et al.[26]
This minireview focusses on AFM-based and SEPM

methods that are suitable for in situ/operando investiga-
tions of battery electrodesmay in the future provide insight
into electrochemical interface phenomena at novel battery
materials. Other AFM-derived methods providing infor-
mation on, for example, degradation of materials will be
briefly described. Most AFM studies so far are studies
on interfacial evolution in LIBs. Studies on other battery
chemistries are still limited but may emerge in the near
future. In the following, recent studies on battery materi-
als and future potentials of SEPM - mainly SECM - and in
particular of AFM-SECM will be reviewed and challenges
will be discussed. SEPMmay be used in combination with
the scanning droplet cell for screening experiments to opti-
mize and characterize novel battery electrode chemistries,
which may then be characterized in situ with the SPM
approaches discussed herein.

2 OVERVIEWON AFMAND SEPM
METHODS IN BATTERY RESEARCH

2.1 AFM-related methods

Figure 1 gives an overview on SECM, AFM- and pipette-
derived SPM methods, which are currently employed in
battery-related research. Methods based on conductive
AFM probes (i.e., metal coated or modified with a thin
conductive diamond layer such as boron-doped diamond)
are used in conductive atomic force microscopy (c-AFM)
and c-AFM derived techniques. At ambient conditions, c-
AFM,[27,28] Kelvin probe force microscopy (KPFM),[29,30]
scanning spreading resistancemicroscopy (SSRM),[31] and
electrochemical strain microscopy (ESM)[32] have been
employed mostly for all-solid-state battery systems.[6,33]
Post-mortem studies of LIB anodes have been performed in
ambient conditions and high vacuum (e.g., using SSRM).
Changes in conductivity, surface potentials, aging of elec-
trode materials, and surface deformation, for example,
due to intercalation with nanoscale resolution are acces-
sible via these techniques. Within the last decade, ESM
(Figure 1A) is gaining attention in this field. A high
frequency biased AFM tip—when in contact with the
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F IGURE 1 Schematics of the working principle of different SPM techniques housed in a glovebox for battery research. (A) ESM,
(B) ec-AFM, (C) AFM force spectroscopy, (D) SECM, (E) AFM-SECM, (F) SECCM. The background color in the schematics indicates if the
technique is suitable for measurements in solution (blue: measurements are only possible in solution; gradient: measurements are performed
in air or in solution (A), (C)); white only a small liquid cell shown in blue (F) is formed)

sample—induces interfacial electrochemical processes
and ionic currents through the solid leading to concen-
tration gradients in the locally probed area of the sample,
and thereby to surface displacements and strain. So far,
ESM has been employed to study Li-diffusion in inorganic
solid electrolytes for example in NASICON-type ceram-
ics and Li1.3Al0.3Ti1.7(PO4)3 as well as in Si and LiCoO2
as anode material where Li diffusion is dependent on
grain orientation.[34,35] ESM studies were also reported to
understand capacity fading and electrochemical degrada-
tion during galvanostatic cycling in a LiNi1/3Co1/3Mn1/3O2
thin film cathodes within an all-solid-state lithium-ion
battery.[28] SSRM provides high-resolution information of
change in conductivity by mapping the distribution of
resistivity. SSRM measurements for LIBs revealed that
capacity fading of layered Ni-rich cathode material could
be associated with variation in electronic conductivity.[36]
SSRM studies are mainly performed by comparing elec-
trodes before cycling and after via post-mortem analysis
of a cross-sectional area. For all AFM-derived methods,
known issues with artifacts related to the AFM tip, scan-

ners,mounting, and so on[37] should be carefully evaluated
in studies of complex samples like in battery research.
Among the in situAFM techniques, ec-AFM(Figure 1B),

where a potential is applied to a conductive sample,
inducing processes at the electrode/electrolyte interface
is attractive for battery-related research. Standard AFM
cantilevers made from silicon nitride or silicon have been
used to investigate anode or cathode materials cycled in
electrolyte.[38–40] Changes in surface morphology due to
SEI formation have been investigated.[41] For example, the
structural changes during the SEI formation on exfoliated
molybdenum disulfide flakes as anode material in sodium
ion batteries revealed that as effect of the sodiation pro-
cess permanent wrinkles were observed.[42] Also, dendrite
growth and SEI formation at graphite anodes in depen-
dence of ethylene carbonate (EC)-based and fluoroethy-
lene carbonate (FEC)-based electrolytes were investigated
via ec-AFM for Li-ion batteries.[38,43]
State-of-the-art AFM instruments provide the mapping

of nanomechanical properties such as Young’s modulus,
energy dissipation, and adhesion via force spectroscopy
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performed at each pixel. For example, PeakForce Tap-
ping™ was used to determine the elasticity module of the
SEI layer at a composite stable Li-anode with a protec-
tive layer composed of lithium fluoride and graphite flu-
oride for limiting the dendrite growth.[44] Alternatively,
force spectroscopic measurements (Figure 1C) using con-
ventional or colloidal AFM probes can provide quanti-
tative information on the Young’s modulus of battery
components. Nanomechanical properties of the SEI have
been determined at sodium-ion batteries using colloidal
AFM probes. Force spectroscopy measurements at copper
anodes gave evidence that softer layers are formed onmore
rigid layers with Young’s modulus variations across three
orders of magnitude.[45]

2.2 SEPMmethods

2.2.1 Scanning electrochemical microscopy

SECM (Figure 1D), initially derived from electrochemical
scanning tunneling microscopy (ec-STM)[46] and hybrid
SECM techniques like SECCM have gained attention
for studying battery processes.[19] The ability to perform
operando studies on evolving heterogeneities in respect to
electroactivity, surfacemodifications due to degradation of
electrolytes during cycling, and the influence on the elec-
trochemical performance of electrode materials and fluxes
towards and from electrodeswith high resolutionmay con-
tribute to address some major scientific challenges in Li-
ion batteries (LIBs).[47,48] So far, SECM has been used to
study both bulk[49,50] and surface processes[47,51] at anodes
and cathodes of LIBs. Local electron transfer kinetics cor-
relate to the effectiveness of the SEI in blocking electrons
and thus preventing further decomposition of the elec-
trolyte, yet at the same time ensures high stability (cycling)
for (de)intercalation. Using SECM, heterogeneities dur-
ing in situ SEI formation could be visualized[47,48,52–56] via
different redox mediators such as ferrocene or 2,5-di-tert-
butyl-1,4-dimethoxy benzene (DBDMB). The latter pro-
vides a stable response up to potentials of 4.1 V versus
Li/Li+.[48] Operando SECM at Si anodes revealed the for-
mation of electrical insulating SEI during (de)lithiation.[57]
SECM experiments in substrate generation/tip collection
mode were performed to map ionic transport, e.g., to
determine the transport of Li+ ions at the interface of a
LiCoO2 electrode.[50] The achievable resolution in SECM
is, among other factors, dependent on the size of the
SECM probe, which are usually micro-sized disc elec-
trodes. Hence, the achievable resolution is usually not
comparable to the AFM-based methods. Further chal-
lenges might be related to finding suitable redox media-
tors, which are stable in the required potential window.

Possible convolution of the electrochemical reactivity and
topographic effects when real battery electrodes are inves-
tigated may be an issue in constant height SECM.

2.2.2 Scanning electrochemical cell
microscopy

In SECCM (Figure 1F) or SMCM, a local (sub-)microscopic
electrochemical cell is formed that is defined by the area
of meniscus in contact with the substrate electrode, as
recently reviewed by Unwin et al.[58] A significant advan-
tage is that nanoelectrochemical measurements on con-
ductive materials show reduced background noise as well
as reduced capacitive contributions, as only a small region
is probed with the formed electrochemical cell at any
given time. SECCM was used to map the heterogeneity
of a LiFePO4 electrode in LiCl solution, which could be
correlated to topographical features.[59,60] Initially, stud-
ies on the heterogeneity of LiFePO4 particles using SMCM
were presented by the groups of Schougaard and Mauze-
roll in a collaborative effort.[61] The same groups studied
dispersed LiFePO4 particles in different electrolytes such
as propylene carbonate and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonaly)imide (EMI-TFSI) in respect
to the potential window.[62] More recently, SECCM in a
glovebox was employed to study the kinetics of polycrys-
talline LiCoO2,[63] Li4Ti5O12 thin-film electrodes,[47,48]
and single LiFePO4 particles to visualize the distribu-
tion of the diffusion coefficient at grain boundaries.[60]
SECCM was also utilized to study the effect of ZrO2-
coatings on LiCoO2 thin-film electrodes in respect to
inhomogeneities.[63] Moreover, single particles may be
studied, and their electrochemical behavior can be corre-
lated to the particle size, crystallinity, and structure using
ex situ electron microscopy methods, as recently shown
for individual LiMn2O4 particles, which are considered a
promising material for Li-ion cathodes.[64]

2.2.3 AFM-SECM

Nanopipette-based SPM techniques are advantageous
when imaging soft surfaces like living cells, lipid bilay-
ers, hydrogels, etc. as they operate in a “non-contact”
regime. Whereas, AFM has specific advantages for study-
ing hard samples, as physicochemical property maps with
nanoscopic resolution can be obtained. Using conduc-
tive AFM cantilevers coated with an electrically insu-
lating layer—expect the very tip—or recessed micro-
/nanoelectrodes integrated into an insulating AFM tip
leads to the concept of hybrid AFM-SECM, as illus-
trated in Figure 1E, which has been introduced about
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F IGURE 2 Schematics for combined AFM-SECMmeasurements. (A) (i) Tuning fork-based AFM-SECM; (ii) SEM images showing the
probe attached to the QFT, (iii) final nanoprobe electrically connected via focused ion beam (FIB) deposited platinum (scale bar: 100 µm).
Adapted with permission from Reference.[69] Copyright 2017, American Chemical Society. (B) (i) Illustration of a dynamic mode or PeakForce
Tapping™ SECM operation. (ii) AFM-SECM probe with recessed frame electrode, top view, and (iii) side view. (C) (i) Scheme of conductive
colloidal AFM-SECM for quantitative electrochemical force spectroscopy; (ii-iii), SEM images of a conductive colloidal AFM-SECM probe
bearing an Au-coated spherical electrode at an insulated AFM cantilever

20 years ago.[65–67] Hybrid AFM-SECM probes can be
fabricated either by standard microfabrication processes,
such probes are nowadays also commercially available[68]
or by lab-bench approaches using insulated etched
microwires.[66,67,69] Available probes can be grouped, for
example, according to their resulting shape into probes
with recessed (i.e., ring, disc, recessed disc and frame) or
protruding (i.e., conical, triangular, spherical, etc.) elec-
trodes, as recently reviewed and summarized by Patel and
Kranz and Shi et al.[20,70] Redox processes mapped with
the integrated electrode can now be directly correlated to
the recorded topography and nanomechanical properties.
AFM-SECM is nowadays also commercially available as

“add-on” module for AFM instruments. Although only a
few studies have been reported in the literature, an imple-
mentation of AFM-SECM to study battery chemistries
may enable unprecedented new insights, for example, for
understanding the formation of electrochemical inactive
regions during charging/discharging. A challenge for such
measurements is related to the electrolytes used in bat-
tery research and the fact that the full AFM-SECM probe
including the electrical contact is immersed in solution,
which requires reliable insulation of the contact. Simpli-

fied schematics for combined AFM-SECM measurements
using different AFMmodes, along with differently shaped
AFM-SECM probes are shown in Figure 2.
Non-contact AFM based on tuning forks with high

stiffness allowing small oscillation amplitudes was
demonstrated for AFM-SECM experiments.[69] Fig-
ure 2A(i) shows the simplified setup using an oscillating
quartz tuning fork (QTF) without optical feedback, which
has the advantage that photoexcitation experiments can
be performed eliminating interferences. Probe fabrication
is more laborious, as a pulled insulated wire is attached
to a QTF using focused ion beam (FIB) via a series of
Pt depositions,[69] as depicted in Figure 2A(ii) prior to
FIB-induced Pt probe exposition. Electrochemical reso-
lution of features down to 150 nm in size was reported.
Tuning fork-based AFM-SECM has been reported for
AFM-SECM in battery research.[71] For high-resolution
imaging in contact mode, probe designs with protruding
electrodes, whereby the AFM tip-integrated electrode
is in direct contact with the sample surface may be
problematic, as this may affect the electrode area due to
wear or short-circuiting in case a bias is applied to the
sample. To avoid such problems, topography and current
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images are typically collected sequentially, first record-
ing topography and nanomechanical data, e.g., in PFT
mode, and then recording the electrochemical response
in lift-mode without sinusoidal oscillation of the probe.
Recessed AFM-SECM probes (Figure 2B(i)) have been
used in PeakForce Tapping™ SECM,[72] as schematically
shown in Figure 2B at soft patterned electrodes[73] and
single gold particles.[74] Figure 2C(i) shows a simplified
setup for measurements denoted as conductive colloidal
AFM-SECM force spectroscopy.[75] Force spectroscopy
measurements on SEI have been performed at molyb-
denum disulfide anodes in sodium-ion batteries[42] and
LiFePO4 electrode during aging.[76]

3 SELECTED SEPMAPPLICATIONS

In battery research, most electrochemical experiments
including but not limited to cyclic voltammetry, electro-
chemical quartz microbalance (EQCM), electrochemical
impedance spectroscopy (EIS), and so on are carried out
in bulk solution. SEPM techniques offer unique ways in
emerging battery chemistries to reveal the relationship
between evolving structure and electrochemical activity.
Sequential imaging approaches involving AFM and

SECM have already been demonstrated in the past for
studying SEI formation on glassy carbon electrodes,[47]
and to map interfacial processes at redox flow batteries.[77]
Ventosa et al. used SECM to detect changes due to
intercalation during a cycling experiment at the TiO2
electrode.[55] Cararelli et al. used intermittent contact
alternating current scanning electrochemical microscopy
(ic-ac-SECM) to characterize solid electrolytes in all-solid-
state LIBs, which showed significant variation in resis-
tances and allowed the simultaneous observation of both
topography and impedance, respectively.[78] Wittstock and
co-workers performed SECM studies on various electrodes
for LIBs investigating in situ SEI formation.[48,52,53,79]
Mass transport processes at porous LiFePO4/carbon com-
posite electrodes for LIBs have been investigated using
anthracene as redox active species rather than Li-ions
to avoid complications related to Li electroplating.[80]
Figure 3A(ii-v) shows a sequence of SECM feedback
images of the evolution of the SEI on Li metal electrode
in lithium perchlorate/propylene carbonate electrolyte[81]
(please note the corrigendum to Figure 4[82]). Images have
been recorded at (ii) the pristine Li metal and then at
different charging cycles, (iii) after one charging cycle,
(iv) after additional five cycles, and (v) after 11 charg-
ing cycles. By mapping the local current density distri-
bution, the heterogeneity of the evolving SEI is evident.
Only recently, SECCM inside a glovebox for the inves-
tigation of battery materials in non-aqueous electrolytes

was reported.[60] Besides facet-dependent diffusion coef-
ficient on a Li4Ti5O12 thin-film electrode, which cannot
be evaluated using conventional electrochemicalmeasure-
ments LiFePO4 particles were imaged (Figure 3B). SECCM
was also used during (de)intercalation of Li to map the
morphology of a LiFePO4 cathode in an aqueous elec-
trolyte. The authors could show that the electrochemical
properties are strongly dependent on local structure and
composition.[59] Local charging/discharging experiments
can be performed at single particles at in situ conditions
without the influence of neighboring particles which is
highly interesting for composite electrode materials. Stud-
ies correlating structural changes mapped to local electro-
chemical phenomena are still scarce. Recently, Mahankali
et al. used AFM-SECM to study Li−S interfacial redox
reactions with nanoscale spatial resolution in real time.[71]
Deconvoluted images of Li2S/Li2S2 particles revealed both
conducting and insulating regions. The authorsmonitored
the contribution of the Li2S/Li2S2 particles toward the
overall electrochemical activity during the oxidation pro-
cess as depicted in Figure 3C(ii)-(ix). Changes in height
and current along with phase images were recorded (not
shown), which revealed a size-dependent oxidation pro-
cess with smaller particles being oxidized at initial stages
at lower overpotential.

4 SCANNING DROPLET CELL

For rapid screening and characterization of composite
electrode materials, the use of SEPM techniques in combi-
nation with a SDC,[24,83] which offers higher throughputs
at excellent repeatability without compromising precision,
is highly interesting. Fundamental to any SDC is, that
the reference electrode (RE), counter electrode (CE), and
electrolyte inlet are miniaturized and fit into a small stage
mounted housing. All SDC designs shown in Figure 4 have
in common that only a small measurement area (MA)
of the working electrode (WE) (or substrate) is exposed.
This allows for the investigation of different MAs across a
substrate, that is, if the WE has a composition gradient or
different electrochemical protocols are employed.
The no-flow (NF)-type[84] design shown in Figure 4A

uses a semi-soft PTFE tip that exposes a round 1-mm
diameter area of the WE. The NF-type requires that the
electrolyte needs to be exchanged after every experiment.
In the future, this design may be beneficial for battery-
related experiments. Before each experiment, the tip is
lowered until a predefined force is reached to ensure a
good seal. A similar approach is used in the interrupt
flow IF-type[85,86] cell where an O-ring seals off the rest
of the working electrode (Figure 4B) but a continuous
electrolyte flow is maintained. Like for the NF-type cell,
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F IGURE 3 Schemes and applications of different SEPM techniques on battery materials. (A) SECM: (i) SECMmodes used in
battery-related studies: (a) negative (left) and positive feedback mode; (b) generation mode (substrate generation/tip collection, SG/TC (left)
and tip generation/sample collection, TG/SC (right) mode); (c) redox competition mode. Lower panel: SECM feedback images before and
after different charging-discharging sequences at a Li metal electrode: (ii) pristine, prior to cycling; (iii) after one charging cycle, (iv) after
additional 5 cycles, and (v) after 11 cycles. Adapted with permission from Reference.[81,82] Copyright 2020, Wiley-VCH. (B) SECCM:
(i) scheme, (ii) topography, and (iii) and current images of a LiFePO4 particle. The nanopipette was filled with 1.0 M LiClO4.The image was
acquired by applying a constant voltage of 4.2 V versus Li/Li+. Adapted with permission from Reference.[60] Copyright 2020, American
Chemical Society. (C) AFM−SECM: (i) scheme of setup using a tapered platinum wire sealed into a glass nanopipette as AFM-SECM probe as
shown in the SEM image. (ii)-(ix) Imaging of Li2S/Li2S2 on carbon surface during oxidation: simultaneous height and current mappings of the
Li2S/Li2S2 surface. (ii, iv) correspond to Li2S/Li2S2 on glassy carbon before oxidation, (iii,v) at a potential of 2.5 V, (vi, viii) at 2.6 V and (vii, ix)
2.7 V versus Li/Li+, respectively; Etip = 2.6 V, Adapted with permission from Reference 71. Copyright 2019, American Chemical Society

F IGURE 4 Schematic drawings of the three major types of scanning droplet cells with conceptual electrolyte flow indicated by yellow
dashed arrows. All designs have in common that only a small WE area under the (A) tip bore hole opening (no flow, NF-type), (B) O-ring (the
interruptible flow, IF-type), or (C) body opening is exposed to the electrolyte (continuous flow, CF-type). (D) Photograph of an SDC indicating
the electrodes
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sealing between the working electrode and the O-ring is
achieved by a force-controlled touchdown. The contin-
uous flow CF-type[86,87] design shown in Figure 4C also
has a continuous flow, but the flow cannot be stopped
between experiments. There is no sealing of the cell
and overflowing the working electrode is prevented via
siphons around the cell opening. Only a few examples
using SDC have been demonstrated so far in battery
research. Schuhmann and co-workers employed SDC
with pulsed charging protocols to improve the number of
charging cycles in LiFePO4/Li metal electrodes[88] and to
prevent dendrite formation in Zn-metal anodes.[26] The
same group recently reported pulsed SDC experiments
for Li plating/stripping in non-aqueous electrolytes.[89] A
major benefit of the use of SDCs is their potential to be
fully autonomous due to facile full automation.[90]

5 CONCLUSIONS AND OUTLOOK

This minireview provides a brief overview on the current
state-of-progress in scanning (electrochemical) probe
microscopy techniques suitable for in situ/operando
studies of LIB and post-Li battery materials. Emblematic
to SPM and SEPM methods is their capability to provide
scientists with insights into physical and electrochemical
properties at the nanoscale. This enables a fundamental
understanding of processes at the electrode/electrolyte
interface. Significant improvements with respect to probe
fabrication and novel SPM operation modes have been
made, which will foster a more rapid understanding of
complex interfacial processes at battery electrodes and
next-generation materials. In this context, given the
achievable spatial resolution in topographical and elec-
trochemical information, SECCM and AFM-SECM are
certainly at the forefront contributing to future advance-
ments in understanding and tailoring interfacial processes
such as electron transfer, and so on. We anticipate that
the combination with SEPM techniques such as SECM
located inside the same glovebox may in the future allow
for rapid high-throughput screening and characteri-
zation/evaluation of active materials accelerating the
development toward the design of appropriate materials
or material combinations in battery research.

ACKNOWLEDGMENTS
This work contributes to the research performed at
CELEST (Center for Electrochemical Energy Storage Ulm-
Karlsruhe) andwas funded by theGermanResearch Foun-
dation (DFG) under Project ID 390874152 (POLiS Cluster of
Excellence). F.R. andH.S.S have received funding from the
European Union’s Horizon 2020 research and innovation
program under grant agreement No 957189.

CONFL ICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILAB IL ITY STATEMENT
Data sharing not applicable to this article as no datasets
were generated or analyzed during the current study.

REFERENCES
1. B. Looney, Stat. Rev. World Energy 2020, 1.
2. F.Maroni, S. Dongmo, C. Gauckler,M.Marinaro,M.Wohlfahrt-

Mehrens, Batter. Supercaps 2021, batt.202000330.
3. Y. Liang, H. Dong, D. Aurbach, Y. Yao, Nat. Energy 2020, 5, 646.
4. A. Ponrouch, J. Bitenc, R. Dominko, N. Lindahl, P. Johansson,

M. R. Palacin, Energy Storage Mater. 2019, 20, 253.
5. Y. Wu, N. Liu, Chem 2018, 4, 438.
6. W. Zhao,W. Song, L. Z. Cheong, D.Wang, H. Li, F. Besenbacher,

F. Huang, C. Shen, Ultramicroscopy 2019, 204, 34.
7. F. Yang, X. Feng, Y.-S. Liu, L. C. Kao, P. -A. Glans, W. Yang, J.

Guo, ENERGY Environ. Mater. 2021, 4, 139.
8. G. Binnig,H. Rohrer, C.Gerber, E.Weibel,Appl. Phys. Lett. 1982,

40, 178.
9. G. Binnig, C. F. Quate, C. Gerber, Phys. Rev. Lett. 1986, 56, 930.
10. L. Danis, S.M.Gateman, C. Kuss, S. B. Schougaard, J.Mauzeroll,

ChemElectroChem 2017, 4, 6.
11. R. Kempaiah, G. Vasudevamurthy, A. Subramanian, Nano

Energy 2019, 65, 103925.
12. D. Liu, Z. Shadike, R. Lin, K. Qian, H. Li, K. Li, S. Wang, Q. Yu,

M. Liu, S. Ganapathy, X. Qin, Q. Yang, M. Wagemaker, F. Kang,
X. Yang, B. Li, Adv. Mater. 2019, 31, 1806620.

13. R. Zhao, S. Wang, D. Liu, Y. Liu, X. Lv, X. Zeng, B. Li, ACS Appl.
Energy Mater. 2021, 4, 492.

14. J. Wan, Y.-X. Song, W.-P. Chen, H.-J. Guo, Y. Shi, Y.-J. Guo, J.-L.
Shi, Y.-G. Guo, F.-F. Jia, F.-Y. Wang, R. Wen, L.-J. Wan, J. Am.
Chem. Soc. 2021, 143, 839.

15. R. Ding, Y. Huang, G. Li, Q. Liao, T. Wei, Y. Liu, Y. Huang, H.
He, Front. Chem. 2020, 8, 607504.

16. D. Polcari, P. Dauphin-Ducharme, J. Mauzeroll, Chem. Rev.
2016, 116, 13234.

17. C. G. Williams, M. A. Edwards, A. L. Colley, J. V. Macpherson,
P. R. Unwin, Anal. Chem. 2009, 81, 2486.

18. N. Ebejer, A. G. Güell, S. C. S. Lai, K. McKelvey, M. E. Snowden,
P. R. Unwin, Annu. Rev. Anal. Chem. 2013, 6, 329.

19. A. Kumatani, T. Matsue, Curr. Opin. Electrochem. 2020, 22, 228.
20. X. Shi, W. Qing, T. Marhaba, W. Zhang, Electrochim. Acta 2020,

332, 135472.
21. J. Zhong, J. Yan, RSC Adv. 2016, 6, 1103.
22. J. Li, G. Johnson, S. Zhang, D. Su, Joule 2019, 3, 4.
23. S. Basak, V. Migunov, A. H. Tavabi, C. George, Q. Lee, P. Rosi,

V. Arszelewska, S. Ganapathy, A. Vijay, F. Ooms, R. Schierholz,
H. Tempel, H. Kungl, J. Mayer, R. E. Dunin-Borkowski, R. A.
Eichel, M. Wagemaker, E. M. Kelder, ACS Appl. Energy Mater.
2020, 3, 5101.

24. A. W. Hassel, M. M. Lohrengel, Electrochim. Acta 1997, 42, 3327.
25. Y. Yao, Z. Huang, T. Li, H. Wang, Y. Liu, H. S. Stein, Y. Mao,

J. Gao, M. Jiao, Q. Dong, J. Dai, P. Xie, H. Xie, S. D. Lacey, I.
Takeuchi, J. M. Gregoire, R. Jiang, C. Wang, A. D. Taylor, R.
Shahbazian-Yassar, L. Hu, Proc. Natl. Acad. Sci. 2020, 117, 6316.

26. G. Garcia, E. Ventosa, W. Schuhmann, ACS Appl. Mater. Inter-
faces 2017, 9, 18691.

 26985977, 2022, 4, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.202100122 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [18/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9 of 10 Electrochemical Science Advances
Mini Review
doi.org/10.1002/elsa.202100122

27. R. Kostecki, F. McLarnon, Electrochem. Solid-State Lett. 2002, 5,
164.

28. J. Zhu, L. Lu, K. Zeng, ACS Nano 2013, 7, 1666.
29. S. C. Nagpure, B. Bhushan, S. S. Babu, J. Power Sources 2011, 196,

1508.
30. H.Masuda, N. Ishida, Y. Ogata, D. Ito, D. Fujita,Nanoscale 2017,

9, 893.
31. S. Yong,W. Joong, S. Yeon, J. Ah, Y.Kang,M.Koh, S.Heon,Nano

Energy 2018, 49, 1.
32. S. Kalinin, N. Balke, S. Jesse, A. Tselev, A. Kumar, T. M. Arruda,

S. Guo, R. Proksch,Mater. Today 2011, 14, 548.
33. C. Chen, T. Zhou, D. L. Danilov, L. Gao, S. Benning, N. Schön,

S. Tardif, H. Simons, F. Hausen, T. U. Schülli, R.-A. Eichel, P. H.
L. Notten, Nat. Commun. 2020, 11, 3283.

34. L. Seidl, S.Martens, J.Ma,U. Stimming,O. Schneider,Nanoscale
2016, 8, 14004.

35. S. Yang, B. Yan, J.Wu, L. Lu, K. Zeng,ACSAppl.Mater. Interfaces
2017, 9, 13999.

36. J.-H. Kim, S. J. Kim, T. Yuk, J. Kim, C. S. Yoon, Y.-K. Sun, ACS
Energy Lett. 2018, 3, 3002.

37. F. Gołek, P. Mazur, Z. Ryszka, S. Zuber, Appl. Surf. Sci. 2014,
304, 11.

38. C. Shen, G. Hu, L. Z. Cheong, S. Huang, J. G. Zhang, D. Wang,
Small Methods 2018, 2, 1.

39. S. Wang, W. Zhang, Y. Chen, Z. Dai, C. Zhao, D. Wang, C. Shen,
Appl. Surf. Sci. 2017, 426, 217.

40. S. Y. Luchkin, S. A. Lipovskikh, N. S. Katorova, A. A. Savina, A.
M. Abakumov, K. J. Stevenson, Sci. Rep. 2020, 10, 1.

41. S. Wang, Q. Liu, C. Zhao, F. Lv, X. Qin, H. Du, F. Kang, B. Li,
Energy Environ. Mater. 2018, 1, 28.

42. S. D. Lacey, J. Wan, A. V.W. Cresce, S. M. Russell, J. Dai, W. Bao,
K. Xu, L. Hu, Nano Lett. 2015, 15, 1018.

43. H. Zhang, D. Wang, C. Shen, Appl. Surf. Sci. 2020, 507, 145059.
44. X. Shen, Y. Li, T. Qian, J. Liu, J. Zhou, C. Yan, J. B. Goodenough,

Nat. Commun. 2019, 10, 900.
45. N. Weadock, N. Varongchayakul, J. Wan, S. Lee, J. Seog, L. Hu,

Nano Energy 2013, 2, 713.
46. A. J. Bard, F. R. F. Fan, J. Kwak, O. Lev, Anal. Chem. 1989, 61,

132.
47. G. Zampardi, S. Klink, V.Kuznetsov, T. Erichsen,A.Maljusch, F.

LaMantia,W. Schuhmann, E. Ventosa,ChemElectroChem 2015,
2, 1607.

48. H. Bülter, F. Peters, J. Schwenzel, G. Wittstock, Angew. Chemie
Int. Ed. 2014, 53, 10531.

49. Z. J. Barton, J. Rodríguez-López, Anal. Chem. 2014, 86, 10660.
50. F. Xu, B. Beak, C. Jung, J. Solid State Electrochem. 2012, 16, 305.
51. G. Zampardi, L.Mantia,W. Schuhmann,RSCAdv. 5, 2015, 31166.
52. H. Bülter, F. Peters, G. Wittstock, Energy Technol. 2016, 4, 1486.
53. E. dos Santos Sardinha,M. Sternad, H.M. R.Wilkening, G.Witt-

stock, ACS Appl. Energy Mater. 2019, 2, 1388.
54. D. Liu, Q. Yu, S. Liu, K. Qian, S. Wang, W. Sun, X.-Q. Yang, F.

Kang, B. Li, J. Phys. Chem. C 2019, 123, 12797.
55. E. Ventosa, E. Madej, G. Zampardi, B. Mei, P. Weide, H. Antoni,

F. La Mantia, M. Muhler, W. Schuhmann, ACS Appl. Mater.
Interfaces 2017, 9, 3123.

56. X. Zeng, D. Liu, S. Wang, S. Liu, X. Cai, L. Zhang, R. Zhao, B. Li,
F. Kang, ACS Appl. Mater. Interfaces 2020, 12, 37047.

57. E. Ventosa, P. Wilde, A.-H. Zinn, M. Trautmann, A. Ludwig, W.
Schuhmann, Chem. Commun. 2016, 52, 6825.

58. C. L. Bentley, M. Kang, P. R. Unwin, Curr. Opin. Electrochem.
2017, 6, 23.

59. Y. Takahashi, A. Kumatani, H. Munakata, H. Inomata, K. Ito,
K. Ino, H. Shiku, P. R. Unwin, Y. E. Korchev, K. Kanamura, T.
Matsue, Nat. Commun. 2014, 5, 1.

60. Y. Takahashi, T. Yamashita, D. Takamatsu, A. Kumatanid, T.
Fukuma, Chem. Commun. 2020, 56, 9324.

61. M. E. Snowden, M. Dayeh, N. A. Payne, S. Gervais, J. Mauzeroll,
S. B. Schougaard, J. Power Sources 2016, 325, 682.

62. M. Dayeh, M. R. Z. Ghavidel, J. Mauzeroll, S. B. Schougaard,
ChemElectroChem 2019, 6, 195.

63. H. Inomata, Y. Takahashi, D. Takamatsu, A. Kumatani, H. Ida,
H. Shiku, T. Matsue, Chem. Commun. 2019, 55, 545.

64. B. Tao, L. C. Yule, E. Daviddi, C. L. Bentley, P. R. Unwin,Angew.
Chemie 2019, 131, 4654.

65. J. Abbou, C. Demaille, M. Druet, J. Moiroux, Anal. Chem. 2002,
74, 6355.

66. C. Kranz, G. Friedbacher, B. Mizaikoff, A. Lugstein, J. Smoliner,
E. Bertagnolli, Anal. Chem. 2001, 73, 2491.

67. J. V. Macpherson, P. R. Unwin, Anal. Chem. 2000, 72, 276.
68. Z. Huang, P. De Wolf, R. Poddar, C. Li, A. Mark, M. R. Nellist,

Y. Chen, J. Jiang, G. Papastavrou, S. W. Boettcher, C. Xiang, B.
S. Brunschwig,Micros. Today 2016, 24, 18.

69. J. Velmurugan, A. Agrawal, S. An, E. Choudhary, V. A. Szalai,
Anal. Chem. 2017, 89, 2687.

70. A. N. Patel, C. Kranz, Annu. Rev. Anal. Chem. 2018, 11, 329.
71. K. Mahankali, N. K. Thangavel, L. M. Reddy Arava, Nano Lett.

2019, 19, 5229.
72. P. Knittel, B. Mizaikoff, C. Kranz, Anal. Chem. 2016, 88, 6174.
73. S. K. Guin, P. Knittel, S. Daboss, A. Breusow, C. Kranz, Chem. -

An Asian J. 2017, 12, 1615.
74. P. Knittel, O. Bibikova, C. Kranz, FaradayDiscuss. 2016, 193, 353.
75. S. Daboss, J. Lin, M. Godejohann, C. Kranz, Anal. Chem. 2020,

92, 8404.
76. S. Ramdon, B. Bhushan, J. Power Sources 2014, 246, 219.
77. T. S. Watkins, D. Sarbapalli, M. J. Counihan, A. S. Danis, J.

Zhang, L. Zhang, K. R. Zavadil, J. Rodríguez-López, J. Mater.
Chem. A 2020, 8, 15734.

78. S. R. Catarelli, D. Lonsdale, L. Cheng, J. Syzdek,M. Doeff, Front.
Energy Res. 2016, 4, 1.

79. P. Schwager, H. Bülter, I. Plettenberg, G.Wittstock, Energy Tech-
nol. 2016, 4, 1472.

80. M. S.Hossain, L. I. Stephens,M.Hatami,M.Ghavidel, D. Chhin,
J. I. G. Dawkins, L. Savignac, J.Mauzeroll, S. B. Schougaard,ACS
Appl. Energy Mater. 2020, 3, 440.

81. B. Krueger, L. Balboa, J. F. Dohmann, M. Winter, P. Bieker, G.
Wittstock, ChemElectroChem 2020, 7, 3590.

82. B. Krueger, L. Balboa, J. F. Dohmann, M. Winter, P. Bieker, G.
Wittstock, ChemElectroChem 2021, 8, 377.

83. M. Pilaski, M. Lohrengel, A. Moehring, Fresenius J Anal Chem
2000, 367, 334.

84. K. Sliozberg,D. Schäfer, T. Erichsen, R.Meyer, C. Khare, A. Lud-
wig, W. Schuhmann, ChemSusChem 2015, 8, 1270.

85. J. Grote, A. R. Zeradjanin, S. Cherevko, K. J. J. Mayrhofer, Rev.
Sci. Instrum. 2014, 85, 104101.

86. Y. Lai, R. J. R. Jones, Y. Wang, L. Zhou, J. M. Gregoire, ACS
Comb. Sci. 2019, 21, 692.

87. J. M. Gregoire, C. Xiang, X. Liu, M. Marcin, J. Jin, Rev. Sci.
Instrum. 2013, 84, 024102.

 26985977, 2022, 4, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.202100122 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [18/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 10 Electrochemical Science Advances
Mini Review
doi.org/10.1002/elsa.202100122

88. G. García, S. Dieckhöfer, W. Schuhmann, E. Ventosa, J. Mater.
Chem. A 2018, 6, 4746.

89. S. Dieckhöfer, W. Schuhmann, E. Ventosa, ChemElectroChem
2021, celc.202100733.

90. H. S. Stein, J. M. Gregoire, Chem. Sci. 2019, 10, 9640.

AUTH OR BIOGRAPH IES

Dr. SvenDaboss obtained hisM.Sc.
and Ph.D. degrees in analytical
chemistry from Ulm University
in 2016 and 2020, respectively.
Currently, he is a postdoctoral
researcher working on the charac-
terization of new battery materials

and technology concepts based on post lithiummateri-
als at UlmUniversity in the group of Prof. Dr. Christine
Kranz.His research interests focus on the application of
scanning probe microscopy, prototyping using focused
ion beam microscopy, and miniaturized electrochemi-
cal sensors in energy-related topics.

Fuzhan Rahmanian studied
biomedical engineering at the
Amirkabir University of Tech-
nology in Tehran, where she was
granted a B.ENg in 2016. She then
moved to Germany, where she was
granted a double M.Sc. degree in

Biophysics (Major:Physics) and Advanced Materials
in 2019 at Ulm University. In 2019, she started a
third M.Sc. degree program in Artificial Intelligence
at the University of Huddersfield and in parallel in
2020 she joined the research Institute POLiS Cluster
of Excellence at Karlsruhe Institute of Technology
(KIT) as a doctoral researcher under the supervision
of Prof. Dr. Helge Stein. Her research focuses on
high-throughput experimentation and optimization
of electrolyte/electrode formulations for post lithium
batteries using active learning and machine learning
modeling.

Dr.-Ing. Helge Stein is a tenure-
track professor at the Karlsruhe
Institute of Technology where he
is teaching at the Institute of
Physical Chemistry and research-
ing at the Helmholtz Institute
Ulm. Research in the group of
applied electrochemistry is cen-

tered around the innovative use of combinatorial
and high-throughput methods accelerated by machine
learning, automatization, and data management for
rapid improvement of materials and processes for elec-
trochemical energy storage.

Dr. Christine Kranz received her
Diploma and Ph.D. degrees in
chemistry from Ludwig- Max-
imilian University in Munich
(1992) and Technical University of
Munich (1996), respectively. After
spending a year as postdoctoral
fellow at Vienna University of

Technology, Austria supported by a research fellow-
ship from DFG, she accepted a position at the School
of Chemistry and Biochemistry, Georgia Institute of
Technology, Atlanta, GA. Currently, she is apl. Pro-
fessor at the Institute of Analytical and Bioanalytical
Chemistry, Ulm University. Her research interests are
focused on scanning electrochemical probemicroscopy
and miniaturized sensor technology for applications in
biomedical research, light-driven photocatalysis, and
post-lithium battery research.

How to cite this article: S. Daboss, F.
Rahmanian, H. S. Stein, C. Kranz, Electrochem, Sci.
Adv. 2022, 2, e2100122.
https://doi.org/10.1002/elsa.202100122

 26985977, 2022, 4, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.202100122 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [18/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/elsa.202100122

	The potential of scanning electrochemical probe microscopy and scanning droplet cells in battery research
	Abstract
	1 | INTRODUCTION
	2 | OVERVIEW ON AFM AND SEPM METHODS IN BATTERY RESEARCH
	2.1 | AFM-related methods
	2.2 | SEPM methods
	2.2.1 | Scanning electrochemical microscopy
	2.2.2 | Scanning electrochemical cell microscopy
	2.2.3 | AFM-SECM


	3 | SELECTED SEPM APPLICATIONS
	4 | SCANNING DROPLET CELL
	5 | CONCLUSIONS AND OUTLOOK
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES
	AUTHOR BIOGRAPHIES


