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O ne of Wolfgang Pauli’s, 1945 Nobel Prize in Physics, most
popular quotes reads “God made the bulk; the surface was
invented by the devil”' When it comes to energy storage,
interfaces, structures created between dissimilar media, such as
liquids and solids, and interphases, structures arising in between
these dissimilar media, inherit this notorious reputation. This is
because the high-energy density chemical systems comprising
the most attractive energy storage technologies are host to a
plethora of dynamic processes,” including electron transfer, ion
transfer and migration, nucleation and dissolution, side
reactions, and solvation/desolvation processes, to name a few,
that significantly alter their landscape. This presents a fascinating
challenge to the analysis of the interfacial region, increasing its
complexity from a problem of surface sensitivity to one of
transient, electrochemically-driven behavior and requiring
measurement across scales and through materials. It is precisely
these demanding characteristics that have made the creation of
analytical tools and methods a priority direction in the
assessment of needs for energy storage.”

The great diversity of energy technologies spans multifarious
phenomena involving chemical transformations, ion intercala-
tion, adsorption, and metal plating, all of which enable the
functioning of batteries and supercapacitors. Despite this
diversity, the interface between the electrode and electrolyte is
a common structure that plays an indispensable role for enabling
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Figure 1. Classical electroanalytical methods for the investigation of emerging energy storage interfaces. (a) Study of the influence of SEI conditioning
on alkali-ion intercalation explored via CV. K* intercalation is only achieved with the full passivation of Li*-based SEI, whereas a K*-based SEI leads to
irreversible deposition. (b) Conformal coating of graphene around Si nanoparticles leads to high cycling life and efficiency compared to bare Si
nanoparticles, as observed through galvanostatic cycling. (c) LiF coating on Li metal decreased charge transfer resistance, as observed through EIS. (d)
EQCM shows deviation from monotonic mass loss upon oxidation and vice versa upon reduction when LiFePO, was cycled in aqueous media (left).
No such deviations from the expected behavior were observed when LiFePO, was cycled in organic media (right). Part (a) reproduced from Hui, J.;
Schorr, N. B,; Pakhira, S; Qu, Z.; Mendoza-Cortes, J. L; Rodrlguez-Lopez,J J. Am. Chem. Soc. 2018, 140, 13599—13603 (ref 23). Copyright 2018
American Chen'ucal Society. Part (b) reprinted bypen'msmon from Macmillan Publishers Ltd.: Nature Energy, Li, Y.; Yan, K; Lee, H-W,; Lu, Z,; Liu,
N.; Cui, Y. Nat. Energy 2016, 1, 15029 (ref27). Copyright 2016. Part (c) reproduced from Fan, L.; Zhuang, H. L.; Gao, L.; Lu, Y.; Archer, L. A. |. Mater.
Chem. A 2017, §, 3483—3492 (ref 28), with permission of The Royal Society of Chemistry. Part (d) reprinted from Song, X.; Liu, T.; Amine, J.; Duan,
Y.; Zheng, J; Lin, Y.; Pan, F. Nano Energy 2017, 37, 90—97 (ref 29). Copyright 2017, with permission from Elsevier.

efficient electronic and ionic mobility.* Therefore, fundamental
studies at both model systems and at real devices are desirable
and complementary. For an operating energy storage system, it
is important to keep a balance between dimension, morphology,
porosity, tortuosity, and chemicall ?' specific electronic inter-
actions at the dominating interfaces.” Ion diffusion/intercalation
and reactivity mechanisms in solid-state materials are often
multistep and rely on the structure, overpotential, and any
modification at the material surface.® With these characteristics
in mind, it is important to highlight the value of new
electroanalytical approaches designed to study fluxes of
electrons and ions, reactivity, and structural changes and
heterogeneity at operating interfaces. All these directions
constitute the main focus points of this Review.

We will discuss three major categories of electrochemical
techniques: classical electrochemical methods, advanced scan-
ning probe microscopy, and multimodal characterization
techniques. Classical amperometric and potentiometric electro-
chemical analyses provide indirect information on the electrode
materials’ response toward external changes of solvent, electro-
lyte, and surface modification. Combining these techniques with
electrochemistry-based scanning probe microscopy, spectros-
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copy, X-ray, and electron microscopy provides a powerful
method for understanding the interfacial chemistry on an in situ
platform. For example, electrochemical imaging gives unprece-
dented insights into the distribution of site reactivity that leads
to the observed macroscopic performance of electrode
interfaces. In addition, electronic probes obtain local redox
activity, electronic conductivity, and ionic permeability of the
energy storage interface, while in situ spectroscopic techniques
can acquire molecular- and atomic-level information. The
progress in analytical techniques for bulk electrode materials
and electrolyte assessment is summarized in previously
published reviews.””~'" Numerous works related to interfacial
structure, components, and reactivity of battery and super-
capacitor systems were published in the last two years. This
Review highly focuses on the recent developments between the
years 2016—2018.

B CLASSICAL ELECTROCHEMISTRY FOR MATERIALS
ANALYSIS

Electrochemical techniques, including cyclic voltammetry
(cv),"! galvanostatic charge— dlscharge, electrochemical im-
pedance spectroscopy (EIS),'> potentiostatic intermittent
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titration technique (PITT), galvanostatic intermittent titration
technique (GITT) ,"* and electrochemical quartz crystal micro-
balance (EQCM),'* are the most widely used methods for
energy related applications. These techniques are typically used
directly on the bulk energy storage materials to obtain
information about their charge storage mechanisms, charge
diffusion, capacity, cyclability, and stability." In this Review, we
focused on pertinent works of interfaces in electrochemical
energy storage.

Cyclic Voltammetry. CV provides information about the
current—time—potential behavior of the electrode—electrolyte
system under consideration'® and, therefore, is an extremely
versatile electroanalytical technique.'” Typical CV responses
depend on the ability of a species to exchange charge at the
electrode—electrolyte interface. By adding specific redox
mediators as probes, the interfacial properties of energy storage
systems can be analyzed. CV has been used to understand and
characterize the solid-elec:trol?vm interphase (SEI) related
surface deposition processes'* ~ and interfacial activities,”'
as well as electron, ion, and molecule transport properties across
interfaces.”*”

SEI formation consists of an irreversible deposition process of
solvent and electrolyte decomposition products that occur at
negatively biased electrode surfaces.”’ The voltage and stability
in which the SEI forms highly depend on the choice of solvent,”!
scan rate,”’ and electrolyte concentration.”” SEI formation in
alloy-based anodes has been demonstrated to have a crystal
orientation-controlled behavior.”” The use of coupled techni-
ques such as FT-IR and contact angle measurements with CV
increased our knowledge of SEI formation across different Si
crystal faces and different electrolytes. For example, an
electrolyte decomposition product (LiF) was observed to be
present in lesser quantities on the 110 face, when compared to
the other crystalline faces. A similar study was performed at the
Si (100) surface by Haregewoin et al,, where they found the
coverage of a 25 nm-thick binder has a selective influence of
solvent transport properties, which alters the interfacial process
formed at the Si surface.’> CV was also used to probe the
electrochemical accessibility of surface-modified electrodes.
Nicolau et al. demonstrated that alkylphosphonic acid self-
assembled monolayers (SAMs) controlled the wettability of
solvent at the LiMn,0, cathode surface, which influenced the
molecule and ion mobility at the vicinity of the electrode.** This
SAMs modification also helped prevent Mn>* leaching from the
cathode.

CV characterization of ultrathin electrodes provides direct
information about interfacial processes and mechanisms. Unlike
Li* intercalation in bulk graphite material,”* Hui et al. identified
that the limited number of graphene sheets resulted in a lower
order of intercalation stages.” * In another study of a similar few
layer graphene (FLG) system, Hui et al. demonstrated that, by
conditioning the interface of the graphitic material with a Li*-
containing SEI, reversible K* intercalation was obtained at scan
rates of up to 100 mV s'. The improved ion intercalation
kinetics allowed CV exploration at scan rates at least three orders
larger than anything reported for K* intercalation.”> As shown in
the CV data in Figure 1a, the well-defined K* staging peaks can
only be obtained in the presence of a Li-based SEI The
usefulness of CV is that it clearly distinguishes the well-defined
staging peaks from the irreversible deposition of K*-based
inactive SEI (Figure 1a). This work highlights the importance of
forming a suitable alkali-ion-based SEI for the intercalation of
alkali metals. The micrometer-sized structure and ultrathin
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thickness of FLG provides a network that allows fast charge/
discharge processes, making this material an ideal platform for
future alkali-ion storage studies. The restricted dimension
facilitated ion diffusion approach is not unique to carbon-
based material; Clancy and Rohan demonstrated a rapid CV
cycling up to a scan rate of 100 mV s™" ata binder free ultrathin
LiCoO, film.”® A pseudocapacitive charge storage mechanism at
fast scans was suggested, which might serve as new design
principles for lithium-ion battery (LIB) electrodes with
improved performance and rate capabilities.

CV provided a straightforward, yet powerful, characterization
method for studies beyond ion intercalation at complex
interfaces. Current—potential curves were used to study the
effects of an interface consisting of a chemically deposited tin
(Sn) layer on Li metal.*® Derived from this data, a Tafel plot
confirmed that the Sn coated Li-metal electrodes exhibited a
lowered overpotential for Li plating/stripping compared to bare
Li-metal electrodes. A similar approach was carried out by using
an indium thin layer on a Li-metal substrate.”” In this study, the
CV showed that the indium was electrochemically active and
participated in the charge/discharge process by forming an alloy
with Li metal.”” In the case of magnesium batteries, CV was used
to study the intercalation of MgCI* into TiS, electrodes.” The
Randles-Sevcik analysis (i, vs the square root of scan rate)
indicated a diffusion-limited intercalation process with no
surface-limited adsorption.

CV analysis is useful at detecting the rate of soluble
intermediates that are formed during electrolysis; these
capabilities were used to inspect the reduction of Sz to Li,S, a
complex process that is plagued by poor Coulombic efficiency
and prolonged charging duration.’” Lei et al. demonstrated that
the surface modification of a carbon cloth electrode with TiO,
nanowires substantially suppressed the shuttle effect (diffusion
to the anode) of polysulfides and improved the capacity.'® The
strong binding between TiO, “feathers” and LiS, was identified
as the main reason for restrained dissolution and diffusion of the
soluble, reduced products. Wu et al. demonstrated a simple
surface treatment method on Li metal by the addition of 250
ppm water to the electrolyte, which successfully prevented the
shuttle effect.”” Here, a LiOH-rich SEI layer was proved to
protect Li anode from reacting with polysulfides.

In summary, CV provides information about electrochemical
systems in a rapid, reproducible, and efficient way. When
coupled insightfully with electrode design, it can be a great ally to
distinguish properties of interest. However, oftentimes, its use
on bulk electrodes with the intention of selectively gaining
information about the interface is limited. Another drawback of
CV is that is relies on deriving diffusion coeflicients through
Randles-Sevcik relations. The diffusion of intercalating cations is
well-known to depend on the state of the charge of the electrode
and the interface composition."” Therefore, the diffusivity
cannot be represented by a single value for an electrochemical
process. Despite these limitations, CV can be coupled with other
characterization techniques to provide detailed, mechanistic
descriptors of interfaces in the electrochemical system. Here, we
will present several examples in the section titled Electro-
chemical Coupled In Situ Characterization. Limitations on the
spatial resolution and surface sensitivity of electrochemical
methods can also be accomplished through techniques like
scanning probe microscopy, which will be discussed in later
sections of Advanced Electrochemical Scanning Probe Micros-

copy.
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Galvanostatic Charge—Discharge. Galvanostatic electro-
chemical methods involve passing a controlled current at the
working electrode and measuring its potential response over
time."” Galvanostatic cycling is a widely used method to quantify
parameters of practical importance in energy storage systems,
including the charge—discharge capacity, specific energy/power
density, and cycle life of a specific material.'>** It also provides
insights about mechanistic information such as intercalation
staging, conversion reactions, and transport limitations of
electrochemical processes via differential capacity curve analysis
(ie, 6Q/8V plots)."”® Note that the studies involving
galvanostatic charge—discharge are widespread throughout the
research community, with around 2000 publications being listed
for a search on Web of Science (Clarivate Analytics) using the
keywords “Galvanostatic charge discharge” since 2016. Here, we
only highlight several advancements and applications of these
techniques for interface related studies.

Most of the interface related studies center around developing
new electrode materials and tailoring interfaces for better
performing energy storage systems.” "' As an emerging high
capacity LIB anode, Si suffers from mechanical and interparticle
connection failure due to large volume expansion (~300%)
upon lithiation.** Encapsulation of Si in carbon-based structures
has been an elegant solution to overcome the volumetric
expansion.*’ For example, Li et al. suggested that, by using FLG
cage encapsulation of Si nanoparticles (Figure 1b), the
composite provided mechanical stability to the Si anodes during
cycling with enhanced electrical connectivity.” Sun et al.
explored the charge storage ability of packed thin graphite flakes
architecture as a hybrid graphite-Li-metal anode.” Anincreased
capacity of this artificial graphite microstructure beyond the
theoretical intercalation limit of 372 mAh/g was observed. In
addition to normal Li* intercalation within graphite, the
reversible entrapment of Li metal inside this microstructure
was identified as the main reason for extra capacity gain. In all
these studies, galvanostatic charge—discharge was used to prove
that these materials with tailored interfaces show significant
performance improvements over their original counterparts.

Galvanostatic methods have been used to understand the SEI
related interfacial processes, including additive effects on
SEL*>* artificial SEL,""~* and protective coatings.” Dahn
and co-workers demonstrated that Li,FeO,, when used as an
additive, reduced the impedance across the SEI, which
consequently decreased the tendency for pervasive side
reactions. For example, undesirable Li plating can lead to
dendrite formation and capacity losses in intercalation-type
batteries. Therefore, galvanostatic cycling can indicate bulk
improvements, such as the decrease in Li-plating, through
discharge capacity measurements over time.”' The effectiveness
of FLG as an artificial SEI on lithium nickel manganese cobalt
oxide (LINMC) cathodes was similarly evaluated by galvano-
static methods. The SEI was observed to improve capacity and
rate capability during rapid c:yn:]ing.52 The authors attributed
these benefits to the ability of Li* to migrate through defects in
the stacked graphene interface. In addition, they suggested that
the graphene coating preserved the local atomic structure of the
active cathode materials during delithiation.

Similar to CV, galvanostatic charge—discharge methods
provide indirect information about material cyclability upon
interface modulation. Other characterizations using interface-
sensitive techniques (such as synchrotron-based X-ray meth-
ods) are required to confirm these interfacial modifications.
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More detailed studies can be found in the section Electro-
chemical Coupled In Situ Characterization.

Electrochemical Impedance Spectroscopy. Both CV
and galvanostatic methods rely on the application of large
potential perturbations to the electrochemical system (voltage
or current) and then measurement of a transient response.
Conversely, EIS involves applying a small alternating signal
(typically the potential) to an electrochemical system at
equilibrium. The ability of EIS to decouple ohmic polarization,
charge transfer polarization (electron transfer kinetics), and
concentration lmlarization (mass transfer kinetics) induced
potential drops ° can be used to directly quantify parameters of
importance to energy storage systems such as charge transfer
resistance, double layer capacitance, and diffusion coefficients.”

Several electrode architectures have been designed to address
practical issues in batteries, such as capacity, cycling, and
charge/discharge rates.”* ~* Many of these studies have utilized
EIS measurements to directly characterize interface impedance.
For example, the Li-metal anode prepared within a reduced
graphene oxide scaffold” was characterized through EIS.
Dendrite formation led to increased charge transfer resistance
in the case of plain Li foil electrodes, whereas the resistance to
charge transfer was three times lower for Li-metal electrodes
encapsulated in graphene oxide. Such measurements verified the
stability of electrodes and enhanced Li plating/stripping
kinetics. Similar effects were found on graphene-MnO electro-
des.” More examples of similar studies employing EIS can be
found in the literature.”' ~**

Multiple strateges have been proposed to stabilize the SEI on
Li-metal anodes.”””**> One approach involves the addition of
In(TFSI); to form an indium layer on Li-metal anodes.”” EIS
showed that the interfacial resistance decreased by an order of
magnitude. EIS can also be combined with different theoretical
models, such as DFT simulations. Recently, DFT and EIS were
used to study artificial SEI layers, e.g., LiF on Li-metal anode™
(Figure 1c) and NaBr on Na metal anode.”” These artificial
layers helped in reducing the diffusion barrier and improving
stability. EIS measurements were compared with ex situ XPS ata
graphite electrode, identifying a two-step mechanism behind the
SEI formation.°® The approach uniquely assigned interface
impedances measured through EIS to chemical species
identified through XPS for the same state-of-charge.

In spite of its great prospects for decoupling bulk and
interfacial processes, data analysis and interpretation for EIS
measurements are challenging. The most common obstacle is to
model an equivalent circuit with physical validity for the choice
of elements (e.g., resistors, capacitors, Warburg impedances,
among others)." »53 Battery materials often involve a specialized
electrode microstructure and heterogeneous interfaces (e.g,
porous electrodes). These electrodes can involve multiple
electrochemical charge transfer processes making the selection
of a correct number of unknown elements in the equivalent
circuit diagram difficult. Three-electrode setups and small
electrode areas are preferred to reduce the difficulty factors of
these measurements.”> Recent studies have also discussed
typical circuit models for interpreting EIS data in batteries®”**
and the Warburg element in EIS model circuits,®” both of which
are key in the correct interpretation of EIS data.

Electrochemical Quartz Crystal Microbalance. The
quartz crystal microbalance (QCM) is a highly sensitive
gravimetric technique.”” The device detects changes in the
resonance frequency of a quartz crystal by virtue of the
deposition of small quantities of matter on itself. The decrease
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in resonant frequency of the crystal is directly proportional to
the thickness of the material deposited, which can be used to
obtain its mass. This technique has been extended to
electrochemical studies, known as EQCM, by utilizing a QCM
crystal as the working electrode where electroactive films can be
deposited on the crystal and mass changes in the film can be
studied.* More details about the working principles of EQCM
and its applicability in interfacial studies were described by
Buttry and Ward'* in their review article. Some examples of
EQCM applications described in their review include electro-
deposition of metals, self-assembly of monolayers, and electro-
valency measurements of anion adsorption. It should be noted
that EQCM applications involve thin-film deposition, so
interface effects dominate the EQCM response. Therefore,
EQCM can be considered to provide direct information about
interfaces in an electrochemical system.

With respect to energy storage materials, Song et al. ,29 have
published a classical gravimetric EQCM study involving
LiFePO, and NaFePQ, materials cycled in organic and aqueous
solvents. The EQCM response during oxidation (delithiation)
was characterized by a monotonous decrease in mass and vice
versa upon reduction (lithiation). However, this behavior was
not observed in the case of LiFePO, when cycled in aqueous
media, as shown in Figure 1d. This observation and subsequent
DET calculations revealed that the surface redox potential was
approximately 0.5 V less than the bulk electrode, which led to
readsorption of water during oxidation. Therefore, EQCM
studies can be used in combination with other techniques to
reveal useful mechanistic information about interfaces in
electrochemical storage systems.

A recent development in EQCM is the use of in situ
hydrodynamic spectroscopy.”””” The technique has been
utilized to study the structural changes at the mesoscale within
thin-film battery electrodes.”* The method successfully captured
the magnitude of mesoscopic deformations in LiMn,O,
particles, and the results correlated well to measurements
taken through a complementary in situ AFM measurement. In
another study by Dargel et al,”* two LiFePO, thin films were
prepared on QCM sensors with small and large particle sizes,
respectively. Smaller particles in a stiff binder experienced pure
intercalation-based deformations. On the other hand, results
with large particles indicated sliding friction and adhesion issues
between the binder and active material. Other studies have
utilized these hydrodynamic techniques’*’® to characterize
intercalation-induced gravimetric and viscoelastic changes in 2D
Ti;C,(OH), electrodes and to examine the influence of binder
stifiness in the cycling performance of LiFePQO, electrodes. The
associated technicalities of in situ hydrodynamic spectroscopy
have been reviewed previously.”"””*

Another development in the field of EQCM is that of AC-
electrogravimetry by Goubaa and co-workers.”” The technique
involves coupling standard EQCM and EIS measurements. AC-
electrogravimetry could differentiate and quantify ionic species
adsorbed on the surface of reduced graphene oxide when tested
in different aqueous electrolytes. It was revealed that the
solvation of cations controlled the ease of adsorption into
graphene oxide. This information was obtained because the
mass of each species adsorbing could be distinguished by QCM,
whereas EIS provided information about the kinetics of
adsorption through which the identity of the species (ions,
solvated ions, or water) was revealed. EQCM characterization
can yield a wide variety of surface-specific information within
electrochemical systems. However, the fundamentals behind the

topic are not straightforward, and many equations relevant to
EQCM measurements are based on the assumption that changes
of frequency translate into changes in mass; several other aspects
are involved in deposition processes and thus more complex
formulations are required.'* A detailed description of data
analysis and common errors involved in EQCM experiments is
presented in more detail in multiple review papers. *”*

Potentiostatic and Galvanostatic Intermittent Titra-
tion Techniques. PITT'® and GITT” are two powerful
electroanalytical techniques developed in the late 1970s to
measure the chemical diffusion coeflicients within metallic alloy
systems. Since their development, numerous studies have
utilized these methods to characterize the solid-state diffusion
of Li-ions into intercalation hosts. Recently, Levi and Aurbach"
have written a detailed review on the mathematical constructs
behind both techniques and their comparison with EIS. In
addition, they have reviewed several case studies utilizing EIS,
PITT, and GITT to measure state-of-charge (SOC) dependent
chemical diffusion coefficients of different electrode materials.
Talaie et al, also described GITT methodology in a recent
review."”

PITT and GITT experiments, as described by Levi and
Aurbach,”® involve the application of small increments of
potential or current (respectively) so as to titrate a small
quantity of charge at the electrode material. This incremental
charge is measured and used in equations derived from Fickian
diffusion relations, to yield the diffusion time constant (7).
Combined with the characteristic diffusion length (L) of the
electrode system, the chemical diffusion coeflicient can be
obtained by the relation Dg,,,, = L?/74 This equation is valid for
1D diffusion and can be modified appropriately for different
electrode systems.

PITT and GITT diffusion measurements are highly depend-
ent on interfacial properties, and provide an indirect means to
characterize them. Similar to other bulk methods (e.g.
galvanostatic testing), the changes at the electrode interface or
in its function lead to observable and quantifiable responses in
the PITT and GITT analysis. For example, Yoo et al.”' have
modified TiS, for Mg batteries in situ with an organic “pillar”
compound, to increase the interlayer spacing. The resulting
change in structure led to MgCIl* diffusion coefficients
(measured through GITT) an order of magnitude higher than
Mg2+ intercalation into MoS, and MogS,. A second study by
Richard Prabakar et al,”’ involving graphene/CoSn(OH),
composite electrodes, utilized PITT measurements to character-
ize the effect of graphene encapsulation of nanoparticulate
CoSn(OH),. PITT measurements indicated a significant
increase in the diffusion coefficient of Li-ions into CoSn(OH);
upon encapsulation, which led the authors to believe that
undesired structural changes in the active material were
restricted by the graphene stacks.

Therefore, PITT and GITT experiments are excellent for
quantifying chemical diffusion coefficients of Li-intercalation in
solid-state electrodes. One advantage of utilizing PITT/GITT
over EIS lies in the fact that EIS results have to be interpreted
after constructing an equivalent circuit, which makes the data
analysis difficult. On the other hand, PITT/GITT does not
provide any other information different from diffusion
coeflicients, unlike EIS which provides several parameters
directly related to the interface. Also, PITT/GITT does not
provide direct information about interfaces, and the time for
such experiments can span over days.">
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Figure 2. SECM modes to study the electrochemical interface. (a) Schematics of SECM setup and its different operation modes. Data shown in (b)
and (c) represent stability studies of a formed SEI layer on graphite. (b) Determination of short-term SEI stability by comparing consequent forward
and backwardline scans. The mismatched location in the trace—retrace indicates the local SEI fluctuation within several minutes. (c) Determination of
long-term SEI variation by a series of SECM feedback images taken at different times. (d, ) SECM feedback images at various FLG potentials listed in
each panel; the current changes reflect the changes in substrate kinetics following SEI formation. (f) Determination of Si anode surface kinetics via
SECM approach curves: 1, pure positive feedback; 2—3, Si surface with intact native oxide layer; 4, pure negative feedback; 5—6, Si surface with
damaged native oxide layer. (g) Schematics of Hg disk-well ionic probe and its working principle. (h) CV—SECM data collected at Hg disk-well UME;
the integrated stripping charge is extracted and plotted here. UME, ultramicroelectrode; RE, reference electrode; CE, counter electrode; ME,
microelectrode. Parts (b) and (c) reproduced from Spatiotemporal Changes of the Solid Electrolyte Interphase in Lithium-Ion Batteries Detected by
Scanning Electrochemical Microscopy, Biilter, H.; Peters, F.; Schwenzel, J.; Wittstock, G. Angew. Chem,, Int. Ed. 2014, 53, 10531—10535 (ref 90).

Copyright 2014 Wiley. Parts (d) and (e) reproduced from Hui, J.; Burgess, M.; Zhang, J.; Rodnguez-Lope'z,] ACS Nano 2016, 10, 4248—4257 (ref
35). Copyright 2016 American Chemical Society. Part (f) reprinted with permission from J. Electrochem. Soc. 2016, 163, AS04—AS12 (ref 91).

Copyright 2016, The Electrochemical Society. Parts (g) and (h) reproduced from Barton, Z. J.; Rodriguez-Lopez, J. Anal. Chem. 2017, 89,2716—2723
(ref 92). Copyright 2017 American Chemical Society.

B ADVANCED ELECTROCHEMICAL SCANNING understand surface properties and interfacial reactions of energy
PROBE MICROSCOPY storage materials.
Scanning electrochemical probe microscopy (SEPM) is another Scanning Electrglchemlcal Microscopy. Ever since its
large family of analytical tools for energy storage material introduction in 1989, SECM has gained tremendous attention
interfaces, including scanning electrochemical microscopy as a powerful electrochemical scanning probe technique to study
(SECM), scanning ion conductance microscopy (SICM), interfacial processes for energy storage systems,sz’33 electro-
scanning micropipette contact method (SMCM), and scanning n:atalysis,m’85 charge transfer kjnetics,%’m and biological
electrochemical cell microscopy (SECCM) Other in situ systms_ss’gg In SECM studies, an ultramicroelectrode (UME)
scanning probe microscopy (SPM) tools, such as atomic force is positioned close to a substrate surface immersed in solution to
microscopy (AFM), electrochemical strain microscopy (ESM), characterize the electrochemical processes and structural

and scan tunneling microscopy (STM), have also been applied
in energy storage studies. Compared to the bulk electrochemical
analysis techniques discussed in the previous section, scanning
probe techniques provide specific electrochemical information
with high temporal and spatial resolution over the substrate of

differences (Figure 2a). The measured current at UME usually
depends on the rate of active component fluxes (electrons or
ions), tip—substrate distances, and substrate reactivity. While
the tip can be approached to the substrate in the z-direction to

interest. These techniques quantify the highly localized obtain local electron transfer kinetics, it can be also scanned
information about substrate heterogeneity, electron transfer along x- and y-directions at constant z-location to obtain areal
kinetics, redox species generation and uptake, morphological mapping of specific electrochemical information at the substrate

changes, and ionic fluxes (Figure 2), which help us better surface and the topographical changes.
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SECM Operation Modes. SECM can be operated in multiple
modes to collect information of interest at emergy storage
interfaces, as described in Figure 2a. These modes highly depend
on the tip—substrate potential and their distances. To simplify
the schematic representation of SECM, we assume that only the
reduced species “R” initially exist in solution, and “R” can
provide an electron to generate oxidized species “O”. Note that
there is already a comprehensive review discussing the worlcing
principles and experimental design of SECM by Polcari et al.”
Herein, we only focus on detailed applications for interfacial
processes of energy storage systems and the specific information
that can be gained from these SECM modes. Important
operational modes and concepts of SECM are summarized
below.

(i) Approach Curve. The approach curve is performed by
holding a constant potential (or open circuit) at the UME while
approaching the substrate surface and tracking the current—
distance relationship. Often, highly reversible species with fast
kinetics (e.g, Ferrocene) are used as a source of current. By
fitting the approach curve, information such as tip—substrate
distance and localized heterogeneous electron transfer rates of
substrate underneath the UME can be obtained.”* Hence, useful
information such as changes in sample thickness™ or surface
kinetics™ can be monitored with this method. Alternatively,
approach curves can be used for making soft contact with micro-
and nanosized particles for single particle electrochemical
measurements.”’

(ii) Feedback Mode. Once approached to the surface, the UME
is raster-scanned over the sample surface at a constant z-
position. Generally, a bias is applied to the probe to activate an
electrochemical reaction of a selected redox mediator. The
collected faradaic current at the tip directly correlates with the
topography of a substrate and its ability to activate reversed
reactions of the tip-generated redox mediators. Hence, this
method is commonly used to study the short- and long-term
stability of the SEI’*”” and the effects of electrode material,'"’
solvent, electrolyte,’”" and additives, as well as substrate
tn:q:n:rgreq:’hy.w2

(iii) Substrate-Generation/Tip-Collection Mode. In substrate-
generation/tip-collection (SG/TC) mode, the redox active
species are generated at the substrate and collected at the tip
amperometrically or potentiometrically. In this mode, tip
current depends on the chemical profile and concentration of
species generated at the substrate. This method can be used to
identify the intermediate formation at different substrate
conditions, as well as quantify its generation rate.'

(iv) Competition Mode. In competition mode, both tip and
substrate are activated to consume the same electrochemically
active species. The tip current depends on the tip—substrate
distance, collection efficiency, and rate of competition reactions
at the substrate. This method can be used to observe the active
species consumption at the substrate.'**

(v) Surface Interrogation-SECM Mode. In surface inter-
rogation-SECM (SI-SECM) mode, the tip is biased to generate
the electroactive mediator which is used to titrate bound
interfacial species at an unbiased or insulating substrate. This
method can be used to quantify the charge and reaction kinetics
of those species'” and even thin-film charge storage entities.””

(vi) Ionic Detection. This is a newly developed operation mode
utilizing Hg-based ionic sensitive probes to quantify local ionic
flux changes. The localized ion uptake and release can be
monitored with this method without the need of a redox active
mediator.' %

Redox Reactivity. SECM has a broad applicability to explore
the formation and properties of the SEI for alkali-ion battery
systems. As mentioned previously, the SEI is an electronically
passivating layer formed on an anode surface during the initial
cycling of the battery.*® The distinct activity differences between
the conductive electrode surface and the insulating SEI deposits
makes the SECM a compelling tool to study the SEI formation
and stability. Biilter et al. demonstrated the use of feedback
mode SECM to investigate the spatiotemporal properties of SEI
formed on graphite composite electrodes.”” In their study, they
used forward and backward line scans (Figure 2b) to evaluate
short-term fluctuations in the SEI and SECM feedback images at
different times to evaluate long-term changes (Figure 2c). They
observed SEl instability and considered graphite particle volume
expansion, binder swelling, and mechanical stress relaxation as
potential suspects. Conversely, the SEI formed on a charged
graphite anode after rinsing exhibited a nonuniform and
destabilized behavior in an SECM feedback study.”® This
emphasized the need of a properly designed transfer procedure
for ex situ studies of SEI properties. Using similar strategies,
Biilter et al. studied the local variation of SEI formed on Li-metal
anode.'®” Compared to previous work on lithiated graphite,” a
similar range of electron transfer rates of the SEI layer was found
on Li with a lower frequency of short-term fluctuations. The
effect of carbon materials on SEI properties was also studied by
Biilter et al as well.” Highly oriented pyrolytic graphite
(HOPG) demonstrated a more stable SEI passivation over a
time scale of hours compared to graphite composite electrode.
They suggested the effect of particle—particle interaction and
electrolyte—binder interaction might have a negative effect on
the SEI stability. Using the SECM approach curve mode, Biilter
et al. obtained the local kinetics and thickness changes of soaked
graphite electrode.” An 11% swelling ratio was observed for the
graphite composite, and the majority of the swelling was proved
to be polyvinylidene fluoride binder contribution.

Other than the stationary evolution of SEI studied above, it is
important to monitor the kinetic changes and intermediates
generation during the SEI formation process. Zampardi et al.
tracked the normalized feedback current changes at the UME
while performing CV on glassy carbon electrodes where the SEI
was formed in an ethylene carbonate (EC) and diethyl
carbonate (DEC) mixture.'”” They determined the formation
onset potential of SEI at 0.8 V vs Li*/Li and found the use of
different cations (Li*, TBA®, and Na*) had no impact on the
insulating properties of the SEL In contrast, the addition of 2—
5% vinylene carbonate (VC) shifted the onset of SEI formation
on the graphite composite electrode to 0.5 V positive.'”!
However, the formation of the early VC-based SEI layer did not
suppress further electrolyte decomposition at more negative
potentials, and a final product of SEI insulating layer formed on
the graphite anode.

Typically, graphite composite electrodes undergo large
topography changes at the tens of micrometers scale. This
large variation in topography makes higher resolution, nanoscale
SECM difficult with traditional methods. Patterned, planar FLG
can be used as a model platform to simulate SEI formation
processes on graphite with improved contrast and resolution.
As shown in Figure 2d,e, a gradual passivation of the FLG
occurred as it was biased more negative during SECM feedback
imaging. A complete SEI layer eventually covered the FLG
surface to totally block the electron transfer as observed by
SECM.
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Other than determining the surface activity changes during
SEI formation, SECM SG/T C mode can be used to analyze SEI
species formation at different potential regions. Qian et al.
demonstrated the use of propylene carbonate for artificial SEI
formation for Li-metal anode. The radical anion and
alkylcarbonate formation was observed at high and low potential
stages, respectively. 103 During the LIB cycling, a cathode
elec:l:rolxrte interphase (CEI) layer was found at the cathode
surface. * The proper CEI passivation is critical for imgroving
the long-term cyclability of high voltage cathodes."”® The
properties of the CEI have been studied via SECM feedback
mode as well.'” Unlike the insulating SEI layer formed on
anodes, conductive CEI can be found on cathodes. With SECM
imaging before/after cycling, Zampardi et al. confirmed that a
conductive CEI had formed at the lithium metal oxide cathode
as indicated by the positive feedback behaviors.'” While similar
components were discovered for both SEI and CE] e.g, LiF,
alkylcarbonate, and Li,CO;,'” future studies are required to
unravel the origin of different electronic properties between
them.

The SEI properties of other LIB anodes, e.g, Si and TiO,,
have been explored with SECM as well. The existence of a native
SiO, layer passivation on a Si surface has been verified.”'
Mechanical or chemical removal of the native oxide to expose
underlying Si results in strongly enhanced kinetics (Figure 2f).
The SEI formed on the Si anode is also an electronic insulating
layer.'” However, the large volume expansion of Si during
lithiation causes crack formation and results in discontinuity to
the SEI and increased reactivity at the defect areas. Recently, SEI
development was evaluated on an anatase TiO, anode at various
potentials using SECM feedback. The positive feedback results
revealed the apparent SEI had no effect on the electron transfer
properties of the TiO,, in contrast with traditional carbon-type
LIB anodes."'’

SECM approach curves have been used to determine
heterogeneous charge transfer kinetics for other energy storage
interfaces. This method can potentially be applied to analyze and
screen suitable redox mediator additives for redox-active
electrolyte supercapacitors with improved energy densities,'''
as well as proper homogeneous oxidizing agents to recycle Li,O,
and sustain its high cycling rate in Li—O, batteries.”® Pulsed
amperometric detection methods can be used to study soluble
reactive oxygen species above gas-diffusion electrode.”® The
tip—substrate distance correlation of O, and O,"~ concentration
was previously investigated as well.''?

Mapping lonic Processes. Proper design of redox mediator
or probe material grants access to ionic measurements at the
UME. Matching the Nernst potential of redox mediator and
Fermi level of active electrode material has been used to monitor
the (de)intercalation kinetics at LIB cathode.'' Using SECM
feedback mode with FcBr,” and Fc as Li*-coupled redox shuttle
mediators, Yan et al.''> demonstrated reaction coordinate
dependent, interfacial charge transfer kinetics upon (de)-
lithiation on LiFePO,/FePO, While this method provides
only indirect information on Li* changes, replacing the
traditional UME with a Hg-based ionic sensitive probe provides
more direct determination of alkali-ion fluxes at a functioning
electrode (Figure 2g).''" This Hg-based probe utilizes the
amalgamation and stripping processes of Hg to quantify ion
specific information of alkali-ions, including flux changes, and
they are compatible for high concentrations and long time scales
operation without sacrificing the image resolution.””' "> A CV—
SECM method is typically applied when using Hg-based UMEs,
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where the individual CVs are obtained at each pixel of the SECM
image. Changes in amalgamation (stripping) current and
stripping charge can be used to extrapolate the localized ionic
flux upon substrate reactions or topography differences (Figure
2h). Through the use of a Hg-based UME and the CV—SECM
method, Hui et al. recognized the preferred ionic channel for Li*
intercalation at a patterned FLG edge plane under constant bias
of 0.07 V vs Li*/Li.** After further positioning the Hg-based
UME at locations above both basal and edge planes, they
distinguished the two regions through an observed decrease in
both amalgamation and stripping peaks at only the edge planes
when applying progressively negative potentials where inter-
calation occurs. This study verified the Li* intercalation process
occurs only at the edge plane of graphitic materials. Barton et al.
applied the Hg disk-well probe to measure the reversible K
(de)intercalation at HOPG edge planes. They were able to track
the substrate’s electronic response after initial SEI formation and
the ionic response during substrate intercalation with this
technique.'’® Aside from intercalation materials, redox active
polymers are novel materials for energy storage in redox active
flow batteries (RAFB). Elucidating the interaction between
electrolyte and redox active polymers in these systems is a
complex but important issue. Using SI-SECM, Burgess et al.
observed a 40 times enhancement in redox kinetics induced by
strong poly(para-nitrostyrene) and K* interactions compared to
TBA* and Li* cations. This K* uptake by the polymer film was
later confirmed by Hg probe SECM as well.'™

In addition to the traditional methods, SECM can be coupled
with other techniques for multifunctional tnasting.m’llts Claus-
meyer et al. coupled SECM with surface-enhanced Raman
scattering to characterize local modifications of the electrified
interface by a self-assembled monolayer.''” Simultaneous
SECM-Raman analysis has been employed to determine FLG
heterogeneities and interfacial reactions with high temporal rate
and sub-10 pm resolution.''® Upon FLG oxidation, the
exfoliation and passivation layer formation were tracked via
Raman signatures, along with surface activity changes monitored
with SECM. This method is a powerful candidate for energy
storage purposes with spatiotemporally correlated electro-
chemical and spectroscopic information.''® Gossage et al.
applied contact mode SECM and Raman coupled surface
interrogation SECM (SI-SECM) to elucidate the capacity, redox
active motif concentration, interparticle diffusion coefficient,
and reaction mechanism of a single flowable energy storage
entity—redox active colloid for RAFB.””

Limitations and Future Directions. Improvements in SECM
methodology and capabilities are needed for analyzing complex
battery interfaces. As we mentioned above, SECM tip current
depends on both tip—substrate distance and substrate activity.
For typical SECM images operated at constant z-location, the
collected feedback currents are convoluted results from both
substrate heterogeneous activity and topography. The lack of
monotonous signal for tip—substrate distance responses makes
potentiometric SECM imaging difficult to operate at a constant
tip—substrate distance. However, a couple of approaches can be
used to solve this problem including coupling with other SEPM
techniques to delineate distance from electronic/ionic proper-
ties and obtain simultaneous electronic and ionic information at
a controlled tip—substrate distance. More detailed information
can be found in the SICM section below. Tilting the substrate to
make the entire surface perpendicular to the UME is another
limitation with SECM because it can be tedious and time-
consuming, Recently, Barforoush et al. demonstrated a new
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Figure 3. SICM modes to study the electrochemical interface. (a) Schematics of SICM setup. (b) SICM topography and DC current images of a 60
nm-thick Sn thin film before and after lithiation. (c) Schematic representation of the AFM—SICM setup and operation principle over a charged feature
on the substrate. (d) AFM—SICM simultaneous topographical andion current imaging of a partial polystyrene film on glass. The current is normalized
to the current on the glass at contact. Part (b) reproduced from Nanoscale In Situ Characterization of Li-ion Battery Electrochemistry Via Scanning Ion
Conductance Microscopy, Lipson, A. L.; Ginder, R. S.; Hersam, M. C. Adv. Mater. 2011, 23, 5613—5617 (ref 128). Copyright 2011 Wiley. Parts (c)
and (d) reproduced from Dorwling-Carter, L.; Aramesh, M.; Han, H.; Zambelli, T.; Momotenko, D. Anal. Chem. 2018, 90, 11453—11460 (ref 129).

Copyright 2018 American Chemical Society.

fuzzy logic algorithm to automatically and accurately align tip—
substrate to generate constant height imagnas.“8

Another limitation of SECM is the relatively slow imaging
speed, which restricts the temporal resolution of SECM. Since
the SECM monitors the diffusion controlled feedback current, a
relatively slow imaging rate is usually applied to avoid
disturbance of the solution.''” Kuss et al. provided the numeric
modeling and experimental proof of kinetics information
extrapolated for high speed (50 um/s) scanning at constant
height with forced convection.'*’ Integrating several probes
together is a practical method to obtain multifunctional
electrochemical characterization with high speed. In this case,
the tip geometry determines the readout at each probe. Stephens
et al. provided 3D finite element modeling of dual-barrel UME
with various geometries and tip—substrate distances and
suggested suitable experimental conditions for each case as
well.””" Recently, 3D printing technology has been applied to
fabricate low-cost SECM instruments with adequate spatial
resolution.'” With these development in theory and instru-
mentation, we foresee the SECM will further expand its
applicability in energy storage systems and beyond.

Scanning lon Conductance Microscopy. Another
important technique of the SEPM family is SICM, which was
first discovered by Hansma et al. in 1989.">% In contrast to
SECM, SICM utilizes a micro- or nanopipette as a probe for the
detection of ionic current. A typical setup for SICM is shown in
Figure 3a, where both substrate and the nanopipette are
immersed in electrolyte solution. Two quasi-reference counter
electrodes (QRCE, e.g, Ag/AgCl) are used. One of them is

placed inside of the nanopipette probe, which back filled with
electrolyte, and the other one is placed in the bulk solution. The
ionic current flow between the two biased QRCEs is measured.
This ionic current is determined by the pipet pore and tip—
substrate distance.'”” More detailed instrumentation and
operation theory can be found in previous reviews.'”*'** The
nanopipette is usually fabricated with a laser puller to
dimensions of tens of nanometers, yielding nanometer-sized
SICM resolution. Hence, SICM is a powerful technique for high
resolution, noncontact detection of substrate topography and
local ionic flux. SICM has broad applications for noninvasive
imagin&grf living cells'*® and surface-interface charge determi-
nation.

Topography and lonic Conductance Detection. Ionic
processes are often important to operating energy storage
material interfaces, e.g, Li* uptake at LIB electrodes and ion
migration and adsorption at supercapacitor surfaces, making
SICM an important technique for these applications. The first
application of SICM to the LIB field was done by Hersam and
co-workers."” Two types of signals were collected in this
experiment, alternating current (AC) and direct current (DC).
The SICM tip was oscillated vertically to approach the substrate,
and the magnitude of the AC current depended on the tip—
substrate distance. Hence, the AC component provided
topography feedback, and the DC component could be used
for measuring localized electrochemical changes. With both AC
and DC signals, the authors studied a 60 nm deposited tin thin
film upon lithiation. Compared to the uncharged state, the
lithiated tin particles displayed increased height at certain active
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regions (Figure 3b). The AC—DC correlation also suggested a
rapid growing film formation at the tin surface during lithiation.
Later, Lipson et al. applied SICM to LIB MnO electrodes and
studied the SEI inhibition properties of atomic layer deposited
Al,O; thin film by tracking the topography change before/after
lithiation." *

Understanding the properties of Li* adsorption and transport
at nanostructured interfaces is beneficial for the modeling of
energy storage systems. Using SICM, Plett et al. studied the
ionic current rectification of polycarbonate nanopores in
commonly used LIB solutions with LiClO, in propylene
carbonate.'*" They attributed this rectification to the adsorption
of Li* at the pore surface, as well as the ion adsorption induced
finite dipole moment at nanopore walls. Utilizing the surface-
induced rectification phenomenon, Dorwling-Carter et al.
introduced an AFM—SICM coupled design for simultaneous
imaging of sample topography and surface charge (Figure
3¢).'# Taking advantages of the AFM feedback loop, the
authors were able to independently collect the surface charge of
a polystyrene/glass substrate at high speed (Figure 3d). In
principle, these studies open up possibilities of electrical double
layer characterization at supercapacitor interfaces.

Limitations and Future Direction. Despite the high
resolution topography imaging capability of SICM provided in
previous publications, none of them discussed an accurate
investigation of the chemical species and kinetics involved in the
surface processes. Although Kang et al. demonstrated the
application of SICM to visualize the topography and electro-

chemical activity of electrocatalytic nanoparticles, > this is still
an indirect and nonspecific measurement of sample kinetics.
One of the common solutions to the problem is the coupled
SICM—SECM technique. Combining the advantages of SECM
and SICM, the simultaneous detection of sample topography,
ion conductance, and charge transfer kinetics can be achieved.
There are several reported methods to fabricate different
geometries of SICM—SECM tips, including a metal nanoring
coating on the nanopipette,' % a crescent-shaped metal coating
on the nanopipette, * and dual- or quad-barrel geome-
tries.'>>'3% We foresee the coupling of SICM—-SECM
techniques will have more applications for interfacial electronic
and ionic processes at battery electrode—electrolyte interfaces.
Note that probes deviating from traditional disk-type geometries
might lead to complications and artifacts for the SECM
readout;'”" precautions and proper data analysis methods are
needed for future application of energy storage interfaces.
Scanning Micropipette Contact Method. SMCM was
developed by Unwin and co-workers in 2009."*” As shown in
Figure 4a, a micropipette filled with an electroactive mediator
and electrolyte solution is used as the probe in this system. When
the micropipette is brought close to the substrate surface, a
micrometer-thick liquid meniscus forms between tip and
substrate surface. The current is measured between the substrate
working electrode and the reference-counter electrode inside
the micropipette.'*” Compared to SECM and SICM where the
entire substrate is immersed in solution, SMCM characterizes
the confined electrochemical reactions limited by the contact
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area between droplet and substrate. The easy fabrication of
micropipettes via laser pulling and the ability to make individual
measurement of specific sample location make SMCM a
powerful tool for quantification of electrode activities. Using
SMCM, Snowden et al. was able to analyze the isolated LiFePO,
particles on a Au surface without binder and carbon additives’
interference at c.a. 10 um resolution (Figure 4b,c)."** Their
work investigated the variation in LiFePQ, particle sizes and the
heterogeneous activities via combined SEM and SMCM
analysis. Dayeh et al. introduced the use of 1-ethyl-3-
methylimidazolium ionic liquid to further expand the SMCM
operation Potential window for high redox potential cathode
materials.”” The lithiation/delithiation property of LiFePO,
and LINMC were characterized in this study with close to single
cluster detection (Figure 4d).

Scanning Electrochemical Cell Microscopy. In the
SMCM technique, it is difficult to maintain constant height
imaging with the same contact area meniscus. SECCM is an
advanced version of SMCM with the capability for high
resolution topography and electrochemical inmging.142 The
instrumentation and theory have been described in a previous
review. * In general, the SECCM setup consists of a dual-barrel
pipet and two QRCEs in each barrel; a voltage difference is
applied between two QRCEs, and the tip is modulated
sinusoidally normal to the substrate. Both DC component
(ionic current) and AC component (formed due to droplet
meniscus oscillation frequency) are collected during the
experiment (Figure 4e). Similar to SICM approaches, the
detection of AC current in SECCM leads to a precise control of
tip—substrate separation. The activation of substrate is not
required in SECCM,; hence, it further expands the application of
SMCM to insulator materials.

The SECCM technique has been previously used to image the
electrochemical activity of graphene and graphite materials at
100 nm spatial resolution. " This study identified the step edge
of HOPG as well as characterized the thickness-dependent
charge transfer kinetics of an exfoliated graphene sample. This
offers the opportunity to use SECCM for characterization of
carbon material surfaces used in energy related studies. Using
high resolution single channel SECCM, Takahashi et al.
visualized the topography and heterogeneous (de)intercalation
activity change of LiFePO, cathode down to single particle level
(Figure 4fg)."* Likewise, the charge-discharge activity of
toroidal and conformal layer Li,O, formed on Au electrode
using voltammetric SECCM for Li—QO, battery applications was
described recently.'* The toroidal Li,O, displayed higher
electrodissolution rate and activity toward a layered structure
(Figure 4h). This work also highlighted the use of a polymer gel
in organic solutions to control the wetting and contact of the
meniscus at the tip end, which makes future application of a
nonaqueous energy storage system plausible. SECCM has also
been applied in dye sensitized solar cells (DSSCs)."*'*¢
Aaronson et al.'*"'*° studied the charge transfer kinetics of an
I;~/I" DSSC redox shuttle at a polycrystalline Pt surface and
correlated an observed kinetics difference with the grain
orientation. Photoactivity mapping of TiO, aggregates (DSSC
photoanode) was demonstrated via SECCM as well. These
studies describe the wide applicability of SECCM for
comprehensive understanding of interfacial processes and
environments of batteries and DSSCs.

Advantages and Limitations. Compared to SECM and
SICM, where the detecting probes are immersed inside the
solution with the substrate, droplet-based SEPMs have a
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confined meniscus contact area forming a localized electro-
chemical cell. With this design, the unwanted detection from
surrounding areas can be eliminated, thus increasing the signal-
to-noise. Furthermore, Momotenko et al. introduced a high
speed SECCM imaging mode of 8000 image pixels per
second.'*” This was achieved using a preacquisition of
topography at an initial slow scan, followed by a series of
quick spiral-type retraces with recorded spatial coordinates. All
of these properties make SECCM an arising technology for
future perspectives of the energy storage interface. We should
mention that currently most of the SECCM studies are done by
filling a pipet with aqueous solutions. However, the majority of
energy storage systems, e.g., LIBs, operate in organic solutions
for their expanded potential windows. The overwetting of
organic solution to the substrate might be difficult to manage. A
few prol:’osed solutions are to use either ionic liquids as a
solvent™”” or polymer gel to enhance solvent viscosity. " Still,
none of these are perfect solutions for in situ SECCM study in
real battery conditions. Moreover, the limited solvent loading
inside the pipet and evaporation at micrometer-sized liquid
droplets makes SECCM difficult for long-term characterization
of interfacial processes.

Other Electrochemical Coupled Scanning Probe
Microscopy. Coupled with electrochemical setup, conven-
tional SPM techniques, e.g., AFM and STM, have been widely
applied for in situ characterization of the morphological,
electrical, and mechanical properties of LIB anode and cathode
materials."**'*” Here, we only highlighted several recent
developments of multifaceted SPM studies for LIB systems, as
well as emerging energy storage materials and systems beyond
LIB.

In Situ AFM for LIB Anode. AFM is generally accepted as a
powerful tool for diversified tip—substrate interactions detec-
tion, which has been aplplied to visualize and analyze the SEI
formation mechanism,”*” influences of additives on SEI

.. 154,155 - .y 156

passivation, new SEI design principles, ™" and solvent
cointercalation processes?'l at LIB anodes. Recently, multiple in
situ AFM studies were focused on the influence of fluoro-
ethylene carbonate (FEC) electrolyte additives on the SEI,
which were 1prn:n.red to enhance the stability and cyclability of the
LIB anode.””” Shen et al. found the top layer SEI on HOPG
formed in EC consisted mainly of alkyl carbonate-based
scattered islands, while in FEC this layer is LiF-based and
more thick and densely packed.'”® Similar compact structures
were found on an Fe;O, anode.””” The FEC electrolyte can
inhibit the surface decomposition on Si anode as well.'°” Haruta
et al. observed a uniform morphology and limited electrolyte
deposition at a LiF artificial SEI coated Si surface.'® This LiF-
rich SEI formed in FEC electrolyte was further proven to prevent
Li dendrites formation at a graphite surface.®’ NaF-rich SEI
formed in Na* containing electrolyte with FEC additives was
found to stabilize the Na dendrites formations on the Au current
collector as well, suggesting a suitable surface treatment for Na
metal anode.'®

Understanding the SEI properties on Si anodes provided
guidance for a new category of alloy-based LIB anode designs.
Tokranov et al. analyzed the SEI formation on patterned Si
anodes with a single lumped parameter-based model.'®> They
reported a scan rate-dependent initial SEI feature formed during
the first cycle, where fast scan rate leads to a thin and smooth SEI
formation. This new SEI typically forms at cracking and
delamination location of the initial SEI layer due to lithiation
induced Si expansion. With an Al,O; passivation layer coating
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topography changes of one Sn nanoparticle upon sodiation and desodiation. Parts (a—c) reproduced from Lu, W.; Zhang, J.; Xu, J.; Wu, X; Chen, L.
ACS Appl. Mater. Interfaces 2017, 9, 19313—19318 (ref 150). Copyright 2017 American Chemical Society. Parts (d—f) reproduced from Lacey, S. D.;
Wan, J.; Cresce, A. v. W.; Russell, S. M.; Dai, J.; Bao, W.; Xu, K_; Hu, L. Nano Lett. 2015, 15,1018—1024 (ref 151). Copyright 2015 American Chemical
Society. Parts (g) and (h) reproduced from Han, M.; Zhu, C.; Zhao, Q.; Chen, C; Tao, Z.; Xie, W.; Cheng, F.; Chen, J. ACS Appl. Mater. Interfaces
2017, 9, 28620—28626 (ref 152). Copyright 2017 American Chemical Society.

on the Si pattern, the authors were able to observe the clearly
discernible lithiation front moves in from the edge plane. Huang
et al. determined the morphology and Young’s modulus for the
SEI at Si anodes."®* They found a thick and soft SEI layer
formation at micrometer-sized Si particles, which undergoes
multiple expansion and contraction processes. In contrast to
that, no volume change was observed at nanosized Si particles
upon (de)lithiation; hence, its SEI is comparably thinner and
harder than its micrometer-sized counterpart.

In Situ AFM for LIB Cathodes. The multifunctional SPM
techniques are also engaged in LIB cathode characterization.
Using ex situ amplitude modulation and frequency modulation
(AM-FM) and kelvin probe force microscopy (KPFM), Wu et
al. were able to visualize the changes of LiCoQ, cathode upon
cycling, including irreversible size expansion, stiffness loss, and
surface potential reduction.'® The surface morphology changes
of Li-metal oxides during reversible CEI formation and
decomposition can also be monitored via in situ AFM."'** For
LiCo0Q,, a loose fibrillar structure CEI formed only at the edge
plane of the LiCoO, crystal but not the basal plane (Figure Sa—
c). The authors pointed out that the exposed cobalt-ion at the
edge plane might serve as a plausible CEI formation catalyst.
Yang et al. determined the temperature-dependent Li* diffusion
coefficient and corresponding activation energy of a Li-rich
LiNMC cathode via electrochemical strain microscopy
(ESM),"* which in magnitude is comparable with the diffusion
coefficient obtained through bulk analysis techniques, e.g,
PITT.167
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In Situ AFM Beyond LIBs. The Na-ion battery (NIB) is an
important next generation energy storage system beyond LIB.
Recently, in situ AFM was adapted to probe the sodiation
process on both alloy- and intercalation-type NB anodes.'*""'**
For example, Lacey et al. studied Na* intercalation on a planar
MoS, anode with in sita AFM (Figure 5d—f)."”" A wrinkling
effect at both the edge and basal planes was observed at the
sodiated MoS, flake, which was attributed to the mechanical
stress induced by intercalated Na®. The SEI formed in Na*
media was 2/3 times thinner than its Li* counterpart in the same
solution. Han et al. indicated a 420% initial volume expansion of
Sn nanoparticle after the first sodiation (Figure Sg,h).152
Compared to smaller Sn nanoparticles (70 nm), larger size Sn
(240 nm) exhibited irreversible volume expansion—contraction
during sodiation—desodiation cycles. A decrease in the Sn
particle size led to a substantial enhancement of their cyclability
and charge retention.

Future Directions. One of the recent developments is to
couple AFM with SECM to obtain locahzed topography and
electrochemical activity information."® Zampardl et al. have
previously demonstrated a AFM/SECM combined investigation
of SEI at a glassy carbon surface. 1% The SECM component can
be successfully integrated to the AFM cantilever via dl\rerse
probe fabrication methods'””'"”" or commercial products."”
We believe the concurrent quantification of morphological,
electrical, mechanical, and electrochemical maps using the
coupled AFM/SECM technique can provide comprehensive
understanding of surface and interface properties of diversified
energy storage systems,
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B ELECTROCHEMICAL COUPLED IN SITU
CHARACTERIZATION

Electrochemistry alone cannot provide extensive knowledge
about the atomic and molecular transformations underlying
interfacial reactivity. Nonetheless, electrochemical techniques
are amenable to coupling with powerful characterization
techniques to monitor the interfacial changes upon electro-
chemical reactions in situ. In this section, we discuss in situ
interfacial techniques including: Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, sum frequency
generation spectroscopy (SFG), X-ray absorption spectroscopy
(XAS), X-ray photoelectron spectroscopy (XPS), X-ray
reflectometry (XRR), and neutron reflectometry (NR), as well
as transmission electron microscopy (TEM).

Fourier Transform Infrared Spectroscopy. FT-IR
provides strong structural sigrlature5173 from the interaction
between a beam of IR radiation (14300—20 cm™') and changes
in the vibrational signatures of molecules. FT-IR methods
provide identification of chemical species at electrified
interfaces, including solvent molecule adsorption and inter-
calation, formation of electrode surface species, and breakdown
products.'® Improvements in the setup and methodologies have
greatly simplified sample preparation and reproducibility for in
situ interface studies.'” The development of data processing
methods including subtractively normalized interfacial FT-IR
(SNIFT-IR), electrochemically modulated infrared spectrosco-
py (EMIRS), and potential modulation differential reflectance
(PMDR) has improved analysis for sensitive and dynamic
surface analysis.'”* There are numerous publications using in
situ FT-IR to investigate the formation and stability of the SEI
through detection of potential-dependent molecule orientation,

electrolyte reaction/breakdown potentials, SEI stability with
cycling, and impact of additives.'””> Improved nanoscale
spatial resolution for IR microscopy/mapping of battery
interfaces can be achieved by multimodal methods including
AFM and synchrotron light sources.'”*'”® A development for in
situ analysis of ionic transport at graphitic capacitor interfaces
was also recently shown by Richey et al.'””"”® where they could
quantify and track ionic liquid cations and anions during
adsorption/desorption. However, in situ FT-IR studies on
capacitive systems are not common. FT-IR sensitivity for
identification and suitability for in situ analysis continue to make
it highly desirable for interfaces.

The majority of publications on in situ electrochemical
interfacial studies have relied on reflectance-based FT-IR
methods. In these methods, reflected IR reveals information
about surface processes in the cell. There are a few ways to
acquire the reflected signal, distinguished into three categories.
(1) Specular or external reflectance (SR), the most commonly
applied method, is appropriate for smooth and reflective samples
where a measurable signal returns from the interrogated sample
surface.'” (2) Attenuated total reflectance (ATR) is capable of
measurements on opaque samples because it utilizes an internal
reflection element that creates an evanescent wave that
penetrates the sample/cell with a depth from hundreds of
nanometers to micrometers (ca. 0.5 to § ,um).l82 (3) Diffuse
reflectance (DR) avoids the reflection element and, instead, uses
diffuse, or multiple, reflections from the sample and is suited for
rough sam]‘)les. However, DR has mostly been applied for ex situ
samples,'*"

These methods have been highly successful at detecting a
large variety of SEI species in an in situ manner'’ revealing the
extensive applicability for understanding interfacial elements
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during energy storage processes. Here, we try to deviate from based analysis continues to be highly relevant for tracking the

some of the other most recent reviews discussing in situ IR interface changes and stability in LIB technologies as new

methods for energy storage 19173 to the most recent applications materials, improved methodologies, and instrumentation are

and developments, including those for new LIB systems, other explored.

metal-ion batteries, and metal—oxygen batteries. Application for Beyond LIBs. IR methods have also found
Evaluation of the SEI. Recently, Kuwata and co-workers used applications for batteries beyond the LIB. For instance, Vivek et

ATR-FT-IR and SNIFT-IR to explore SEI formation and cycling al. used in situ attenuated total reflectance surface enhanced
performance (Figure 6a) on a Bi intermetallic electrode in infrared absorption spectroscopy (ATR SEIRAS) to detect

different electrolytes."”” Their methods followed suit to many metastable, solvated, and surface adsorbed species for metal—
previous studies'’ tracking species at the SEI. They found that oxygen batteries (Figure 6e,f)."*"'* ATR SEIRAS utilizes
traditional carbonate-based electrolytes resulted in capacity fade surface enhancement methods (e.g., nanoparticle assemblies), as

during the first few cycles and formation of decomposed shown in Figure 6e, to improve the FT-IR signal of molecules at
electrolyte as identified by the negative peaks at 1101 and 916 an electrified interface (within 5 nm of the electrode).'*” With

cm™' and other decomposition products (Figure 6a). In conventional IR techniques, it is difficult to detect the oxygen—
contrast, the intermetallic anode performed better in an oxygen stretching bands of superoxide species, greatly limiting
alternative electrolyte containing LiBH, in tetrahydrofuran their application for cathodes in metal—oxygen batteries. Vivek
where the spectra were stable with cycling. Shi et al. also used and co-workers showed the SEIRAS method was able to detect
ATR-FT-IR for evaluating SEI precursors at a Si electrode some of these species during cyclic voltammetry at the substrate
surface.'®” They provided an innovative setup where adjust- (Figure 6f) and could distinguish between different discharge
ments in the IR incidence angle (Figure 6b) led to changes in pathways.'®" In another recent study, degradation of an ionic

penetration depth helping to distinguish the interface from the liquid, N-butyl-N-methylpyrrolidinium bis-
bulk phases (Figure 6c). They were able to track the initial (trifluoromethanesulfonyl) amide-TESI or PYR,,TFSI, for

carbonate formation during the first half cycle and subsequent Li—air batteries was evaluated on a Au cathode with ATR-FT-
formation of Li-carbonate species after further cycling (Figure IR. PYR,,TFSI was stable until a charging voltage beyond 4.3V,
6d). A few groups have also been successful using in situ DRIFT where the PYR,," cation started to decompose and the anion
analysis on Si'** and Ni- and Li-rich metal oxides.'®™"*" IR- remained stable.'”” Likewise, in situ FT-IR methods are finding
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application for SEI studies in alternative metal-ion batteries
(e.g, Mg™", Na*, K*)."”" The versatility of this method is clearly
applicable for understanding the SEI formation and evolution in
a wide selection of energy storage systems.

Limitations and Future Directions. In spite of the broad
application and sensitivity of IR-based methods, there are still
limitations for evaluating interfaces relevant to energy storage.
The SEI is typically a thin surface layer that may have
components with weak vibration signals. Some inorganic
compounds and large molecules with similar moieties remain
elusive,'”"”* and the variability in signal intensities for certain
moieties makes quantitative analysis difficult. Further, the
composition of the SEI is often heterogeneous; thus, analysis
of various sites to understand the significance of results is
compromised by spatial and depth resolution. To date, there
have been very limited studies on energy storage systems that
provide localized information or mappinng and no published
work containing in situ mapping. Often, IR methods have been
limited to micrometer resolution (>10 pm) due to the
wavelength used and associated diffraction limit. Now, improved
imaging technology through combination with AFM and IR
sources of higher brightness (e.g, synchrotron) provides
submicrometer resolution down to 20 nm.'”>"” In the near
future, we expect to see in situ FT-IR mapping of the SEI as these
techniques continue to develop.

Raman Spectroscopy. Raman spectroscopy provides
complementary information to FT-IR of the molecular species
within a sample. In Raman, monochromatic light (e.g., laser)
interacts with molecular vibrations, or other excitations,
resulting in a detectable energy shift of the scattered light. The
laser, in the visible, near IR, or near UV, is chosen on the basis of
the nature of the sample and its associated molecular excitation
efficiencies, fluorescence, and heat adsorption.'® As with FT-IR
methods, the Raman shift provides a means for structural
identification and tracking during electrochemical processes and
continues to be applied extensively for in situ battery analysis. In
situ Raman measurements are mainly applied for tracking phase
change of electrode materials, 10,173,1 including next generation
battery materials.”® > However, these typical Raman
techniques provide little information about the processes
occurring at the electrochemical interface. They are generally
unable to detect the dynamic surface species at the SEI and CEI
interfaces due to the relative thinness of such interfaces and low
analyte concentrations. The interface species become observ-
able through signal enhancinig methods including surface-
enhanced and tip-enhanced”” Raman spectroscopies””
(SERS and TERS, respectively) or when processes are confined
to ultrathin interfaces.”>""®

Surface-Enhanced Raman Spectroscopy. SERS can im-
prove the Raman signal by several orders of magnitude (10°—
10'Y) through incorporating nanoparticles,'” often noble metals,
onto the substrate surface or through patterning/roughening as
shown in Figure 7a.”% The interactions of the laser with the
electron clouds of the nanoscale structures results in an
enhanced electromagnetic field at the surface. In situ SERS is
especially popular for analysis of metal—oxygen battery
interfaces where it can detect key intermediates including
superoxide species.'”**~?%® A major development in SERS is
the use of shell isolated nanoparticle-enhanced Raman spec-
troscopy, or SHINERS, with core—shell nanoparticles (SHINS)
containing a SERS-active metallic core and a nanometer-thick
insulating shell (Figure 7a, bottom). This structure minimizes
contamination and interference by the SERS material and allows
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Raman studies on a wider range of substrates. 2 Galloway et al.
recently used SHINERS to study intermediates formed during
ORR on a range of metallic, carbon-based, and semiconducting
electrode materials that could not be studied with traditional
SERS methods (Figure 7b)."%*"”* New electrode and comgosite
materials for LIB are also being explored with SHINERS. % In
spite of the major developments in SERS, the signal is still
limited to the space very near particular regions of the SERS or
SHINERS nanostructures. This can complicate analysis and
interpretation of the resulting measurements and may be
troublesome when considering incorporation of mapping where
the distribution of the nanostructures may not be homogeneous.

Limitation and Future Directions. There are a few
experimental limitations with Raman including its application
to only Raman-active species and possible degradation of some
SEI components due to laser damage. The most notable
drawback of in situ Raman studies on battery material interfaces
is that it does not typically acquire localized information. It is
common to acquire the measurement at a single site, although
heterogeneities exist across most materials and interfaces. The
use of Raman mapping and microscopy is quite common but
rarely together with SERS. Recently, TERS is emerging for
nanoscale measurements at different locations on an electrode
surface.”’’ TERS accesses localized chemical information
through coupling the Raman measurements with nanoscale
resolution scanning probe microscopy, e.g., AFM or STM. Cells
for both bottom and side illumination have been developed
(Figure 7c) and applied for electrochemical systems.'*>'%
However, implementation of TERS for energy storage is quite
rare because of difficulties working in a liquid electrolyte and
maintaining optical coupling between the tip and laser.' >
We highlight the work by Kumar et al, who used TERS with
AFM for Raman mapping of single carbon nanotubes (CNTs) in
aqueous conditions (Figure 7d).'” They utilized the G peak
from the carbon in the CNT for mapping a sub-50 nm diameter
wire. A similar report utilized TERS for high resolution mapping
of graphene oxide flakes.”'” 1t is apparent that Raman
spectroscopy is excellent for evaluating/tracking and even
mapping phase change of electrode materials during inter-
calation, conversion, and alloying reactions. However, there is
still great opportunity in exploring the SEI with Raman mapping
methodologies including TERS.

Sum Frequency Generation Spectroscopy. SFG is
becoming more popular for interface analysis because of its
simplicity and wide applicability for different interfaces. SFG
provides information about surface adsorbates and their
interfacial structures, which guide and impact the SEI formation
mechanism. SFG is a nonlinear laser spectroscopy that involves
two laser beams interacting to provide information about
developing surfaces/interfaces (Figure 7e). Simultaneous
interaction with both beams leads to second-order molecular
responses that provide complementary information to that of IR
and Raman. SFG is a highly surface-sensitive and -selective
technique that can acquire molecular-level structural informa-
tion at an electrified interface.'”* However, its development for
such applications is very recent compared to other vibrational
techniques. For further details on using SFG and analysis, we
refer the reader to a few reviews covering its general
application,”" >*'*

Tracking Molecular Orientation and Breakdown. Recently,
SFG has been used for battery analysis to determine solvent
molecule orientation at cathode and carbon-based interfa-
ces.'”®”"* Pengand co-workers showed the use of polarized SFG
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sulfur species during the 1st discharge process with a LINO, additive. (e) Top view of a cross-sectional cell design used for X-ray spectromicroscopy. (f)
X-ray fluorescence map of a Li—S battery with battery stack components outlined (left) and mapping of Li,Sg species during the end of the first
discharge (top) and charge (bottom) processes. (g) Schematic of an electrochemical cell for in situ XPS and in situ AES with solid electrolytes. (h)
High resolution XPS scans for O 1s (left) and Mn 2p (right) on a Li[Ni,;3Mn,; /3Co, /3] O; cathode while charging. (i) Time sequence of the Li,Mn,O,
(0 < x <2) thin-film parameters with the associated voltage (top) including the LMO film thickness (middle) and the integrated intensity of the LMO
(111) Bragg peak (bottom). (j) Scattering length density from NR measurements on a developing SEI at a carbon electrode. (k) Modeled NR
scattering length density (SLD) profile during formation of SEI on carbon in a LiPF electrolyte. Part (a) reproduced from First In Situ Observation of
the LiCoO, Electrode/Electrolyte Interface by Total Reflection X-ray Absorption Spectroscopy, Takamatsu, D.; Koyama, Y,; Orikasa, Y.; Mori, S.;
Nakatsutsumi, T.; Hirano, T.; Tanida, H.; Arai, H.; Uchimoto, Y.; Ogumi, Z. Angew. Chem., Int. Ed. 2012, 51, 11597—11601 (ref222). Copyright 2012
Wiley. Parts (b—e) reprinted from The synergetic interaction between LiNO; and lithium polysulfides for suppressing shuttle effect of lithium—sulfur
batteries, Zhang, L.; Ling, M; Feng, J.; Mai, L ; Liu, G.; Guo, J. Energy Storage Mater 2018, 11,24—29 (ref223), Copyright 2018 with permission from
Elsevier. Part (f) reproduced from Miller, E. C,; Kasse, R. M.; Heath, K. N.; Perdue, B. R;; Toney, M. F. J. Electrochem. Soc. 2018, 165, A6043—A6050
(ref 224). Published under Open Access by the Electrochemical Society, 2018. Parts (g) and (h) reprinted from Surface redox on
Li[Ni, ;Mn, ;;Co,;]O, characterized by in situ X-ray photoelectron spectroscopy and in situ Auger electron spectroscopy, Tang, C.-Y.; Feng, L;
Haasch, R. T.; Dillon, S. J. Electrochim. Acta 2018, 277, 197—204 (ref 225), Copyright 2018 with permission from Elsevier. Part (i) reproduced from
Chen, X; Vords, M.; Garcia, J. C,; Fister, T. T.; Buchholz, D. B.; Franklin, J.; Du, Y.; Droubay, T. C,; Feng, Z.; Iddir, H.; Curtiss, L. A.; Bedzyk, M. ] ;
Fenter, P. ACS Appl. Energy Mater. 2018, 1,2526—2535 (ref 226). Copyright 2018 American Chemical Society. Part (j) reproduced from Kawaura, H.;
Harada, M.; Kondo, Y.; Kondo, H.; Suganuma, Y.; Takahashi, N.; Sugiyama, J.; Seno, Y.; Yamada, N. L. ACS Appl. Mater. Interfaces 2016, 8, 9540—
9544 (ref 227). Copyright 2016 American Chemical Society. Part (k) reproduced from Steinhauer, M.; Stich, M.; Kurniawan, M.; Seidlhofer, B.-K;
Trapp, M.; Bund, A.; Wagner, N.; Friedrich, K. A. ACS Appl. Mater. Interfaces 2017, 9, 35794—35801 (ref 228). Copyright 2017 American Chemical
Society.

methods on LiCoO,'”* for analyzing organic carbonate solvent interpretation of the SFG spectral assignments since their signal
molecule orientation at a carbon electrode. In their study, they intensities are dependent on the polarization.”’® Peng et al.'™
evaluated the solvent species PC and DEC as well as additives. went on to study various solvent mixtures and the impact of
As exemplified with their data on PC (Figure 7f), two peaks were additives. Through their methods, they could clearly observe
observed at 1782 and 1830 cm™" indicating two species with a preferential adsorption by certain species. Unfortunately, no bias
phase difference near 180° (Figure 7g) for both polarization was applied in this study.

modes.'”® In this fashion, they could estimate the bond angle Other groups have used SFG to monitor electrochemical
normal to the surface for the phases of the two solvents and the reduction of solvent species.”'®”>'* Recently, Olson et al. used

surface coverage. The different polarization modes are useful to operando SFG spectroscopy to monitor electrochemical
assign unclear vibrational modes in IR or Raman spectra and for reduction of LiClO,/EC and LiClO,/FEC at Si nanoparticle
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electrodes.'”” SEG results from EC reduction indicated a
liberation of oligomeric products that are soluble in the
electrolyte solution and subsequent polymerized species at
higher charge densities (Figure 7h). They clearly observed a
decrease of the intact EC solvent (peak at 1840 cm™') upon
moving from 1.2 to 0.5 V indicating its electrolysis but did not
observe peaks associated with EC-based polymers or common
SEI components. They interpreted this as soluble, EC-oligomer
formation. However, moving to lower potentials resulted in
polymer formation as indicated by the broad peak at 1758 cm™,
while the EC solvent peak remained diminished and peaks
associated with the SEI did not develop. For cycling in EC, they
only observed the solvent peak. They interpreted their results as
a lack of ordered SEI at the surface and solubilization of the
formed polymeric species, agreeing with the capacity loss
observed in the electrochemical measurements. In contrast, the
FEC generated detectable Li,CO; and CO species in the SFG,
improved capacity retention, and suppressed soluble moieties.

Advantages and Limitations. The in situ application of SFG
is proving to be highly useful for acquiring surface-sensitive,
molecular-level information at interfaces relevant to energy
storage. SFG can help guide our understanding of how the
solvent molecules approach the electrode surface, their
orientation during electrochemical processes, their degradation,
and their interaction with other species during interface
formation. This molecular level interfacial information may be
very important for stable SEI formation and for understanding
how its manipulation directly impacts material properties and
lifespan. However, this technique is still developing and can
require tedious analysis. It also currently suffers from issues with
local heating and insensitivity to the SEI thickness. As with the
other vibrational spectroscopies, SFG mapping is highly
desirable but has yet to be applied for surface species in energy
storage interfaces.”'””*°

X-ray Absorption Spectroscopy. XAS involves the tuning
of photon energy, within the X-ray range, to excite core electrons
of the different elemental components of the sample to provide
insight into atomic structure. XAS is a versatile tool where fast,
element specific, and sensitive (10—100 particles per mol)
analyses can be applied to amorphous, small nanoparticles, and
different phases (e.g, liquid, gas) in a sample. There are two
main regions of interest within the XAS spectrum: X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS).””" These regions comple-
ment one another to provide information on electronic
transitions, site symmetries, oxidation state, coordination
numbers, bond lengths, and chemical identity of the nearest
atom.

Surface Structure and Speciation Analysis. Recently, in situ
XAS experiments have focused on noncrystalline species and
monitoring 1pha.'sna changes during cycling to confirm their
reversibility.”””~>*" Metal dissolution and deposition has also
been studied.”*” Mapping of the lithiated and unlithiated species
has allowed localized in situ monitoring of the intercalation
process.”>**** However, most studies are not extensively
focused on the interface. In order to effectively extract
information about the interfacial phenomena, specific techni-
ques like total-reflection fluorescence XAS (TRF-XAS) are
required.

TRE-XAS involves focusing the X-ray beam to the surface ata
particular angle and collecting the fluorescence obtained under
total reflection (Figure 8a).””” Most of the in situ XAS work for
battery analysis has been conducted by Takamatsu and
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associates, who evaluated the metal species at the electrode
surface as an indicator of the SEI evolution.”***" In one of
their recent works, they monitored the surface and bulk
processes of a LiCoQ, electrode in EC/DEC and with the
additive VC.”*® They observed improved ion movement at the
electrode surface when VC was present. In situ XANES allowed
tracking of electronic states and their transitions during
electrochemical processes. They have also developed a setup
that allowed fluctuation in 1’(!:’ematmtin:m of the beam for acquiring
better depth resolution.”® By collecting emitted fluorescence
signals at a 2D pixel array detector, they acquired a depth
resolution of 3 nm.”* Though these methods have proven to be
powerful for identifying interfacial species, there have been
minimal follow-up reports.

In other studies, the employment of unique cell designs
provides an alternative for collecting information about the
solvent and electrode surface in comparison to the commonly
used coin cells. In a recent work by Zhang et al,, the interaction
between a LiNOj; additive and its impact on the SEI formation
process was explored using in situ XAS.”” To avoid interference
from their sulfur cathode, they made a hole in its center that
allowed the beam to pass through (Figure 8b) and interact better
with the electrolyte and lithium anode. By tracking various peaks
during the discharge process (Figure 8c,d), they found that
LiNO; and intermediate polysulfides formed leading to the
formation of a stable SEI layer. Though they were not directly
focused on the surface, the insolubility of the observed species
led to their assignment as part of the SEI. Miller et al. recently
used a cross-sectional cell design (Figure 8e) that simulta-
neously allowed them to map different regions of the battery cell
(Figure 8f, left).””* During operando measurements, they
tracked multiple species enabling mapping of the species
distribution as shown for Li,Sy species during charge and
discharge (Figure 8f, right), albeit with low resolution.
Alternatively, the employment of transmission X-ray microscopy
(TXM) can provide a means to map species as they deposit
within a working battery and at their interfaces.”>***” These
methods are also limited to micrometer scale resolution.

Limitations and Future Directions. XAS provides a
mechanistic approach toward the study of interfacial reactions
but can involve difficult analysis depending on the number of
species in the system. Specifically, TRF-XAS has great potential
for understanding processes at energy storage interfaces. Its high
surface sensitivity and capability for depth profiling make it
highly desirable. Mapping methods based on XAS also look
promising, though groups need to move toward an under-
standing and sensitivity beyond phase change or intercalation/
deintercalation.

X-ray Photoelectron Spectroscopy. XPS is used to
analyze the elemental composition of a surface of different
types of materials by using photons in the X-ray range that cause
core electrons to be emitted from the material. Specific methods
such as hard X-ray photoelectron spectroscopy (HAXPES)
provide a means to study the interface and bulk material beneath
simultaneously. Unfortunately, in situ analysis of battery
materials with XPS has not been developed for liquid cells.
Instead, XPS has been used extensively for studying the SEI ex
situ and for in situ measurements on solid electrolytes and their
solid—solid interfaces.'****~**?

Oxidation State and Species Identification. Only recently,
the first presence of a liquid electrolyte (LiClO, in PC) during
XPS was realized by using a low pressure N, environment in the
analysis chamber and by avoiding ultrahigh vacuum during
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transfer.”*® This report represented a major step toward
operando solid/liquid interface studies using liquid electrolytes.
However, since that report, the methods have not improved for
in situ liquid electrolyte measurements. This technique
frequently relies on an ultrahigh vacuum which makes in situ
analysis difficult, though a few groups have employed ionic
liquids as an alternative. 2524 In recent work by Tang and
associates, an open cell (Figure 8g) allowed them to take in situ
XPS and auger electron spectroscopic (AES) measurements on
a LIB cathode.”® AES is similar to XPS except that the
formation mechanism of the ejected electron is different.
Through XPS and AES, they were able to identify a wide variety
of species and oxidation states for the electrode components
(Figure 8h).

Current Limitations. In spite of the recent developments,
there are still several experimental difficulties that need to be
overcome to make in situ XPS more practical and widely
applicable for analysis in energy storage. The largest step for XPS
finding broader application to energy storage systems is further
in situ development for liquid electrolytes. The elemental
information gained with XPS is highly desirable for in situ
studies. For example, a recent manuscript described a method-
ology for simultaneously obtaining CV data with XPS on a
ferrocene-terminated self-assembled monola?zer, successfully
characterizing the impact of oxidation state.”** Aside, there are
a few other issues associated with XPS. The predominant
insulating materials in the SEI can lead to a charging problem,
and secondary reactions and artifacts may also occur.’

X-ray Reflectometry. XRR is a surface-sensitive analytical
technique that characterizes film formation at surfaces and
evaluates film thickness and roughness on thin films and
multilayers. In XRR, an X-ray beam is reflected on the basis of
Fresnel's Law of reflection from a flat surface at a grazing angle to
prevent beam penetration; the intensity of the reflected X-rays is
collected. XRR is compatible with crystalline and amorphous
samples and can provide detailed structural information over
optical measurements. Overall, the developments and applica-
tions of XRR to the energy storage interfaces are recent, but
most have focused on evaluating dendrite growth or reversible/
irreversible film formation on interfaces including some SEI
studies.'*******" Typically, XRR is only able to track changes
in the SEI and/or material thickness during operation, and
structural components are not specifically identified. In a recent
work by Chen et al, low-angle and crystal truncation rods
(CTR) XRR measurements were performed in operando for
tracking Mn reorganization (phase change) and changes in
material thickness of a thin lithium manganate (LMO) electrode
film.>”® As shown in Figure 8i, changes in the LMO Bragg peak
(tracked via the CTR) provide insight into the LMO thickness
during operation and reversibility.

Neutron Reflectometry. NR utilizes a collimated neutron
beam at a grazing angle to the surface. NR has better penetration
depth (several centimeters) and resolution between the
interfaces and is better suited for detecting lighter elements
(e.g, Li, O) compared with XRR. It can be used to detect the SEI
formation, lithiation, and plating processes in situ. 227,228,248,249
Recently, Kawaura et al. were able to directly observe the SEI
growth process and subsequent intercalation using time-slicing
NR on a 70 nm carbon film (Figure 8j).””” Through fitting, they
were able to differentiate changes in different layers, including
the SEI, of their model battery. However, they were not able to
clarify the actual chemical components. Another report using
NR on a carbon film by Steinhauer et al.”** also showed the
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ability to decouple various layers of the operating cell. As shown
in their NR and subsequent fitting (Figure 8k), they were able to
clearly resolve changes in thickness of the carbon electrode and
SEL Further, they could observe the Li population increase at
the surface during operation.

One major drawback for XRR and NR is the requirement for
flat electrode surfaces to produce a strong signal. These
techniques typically lack the ability or development to identify
compositional, morphological, and specific reactions at the
interfaces. NR provides some benefits over XRR such as
sensitivity for light elements, but NR also requires properly
designed solvent (e.g., deuterated or mixed solvent) to enhance
the contrast and involves longer analysis times. Producing and
handling neutrons outside of a particle accelerator is difficult,
and there are fewer neutron facilities compared with
synchrotrons. Ultimately, both techniques are promising for
tracking changes in the EEI thickness and composition.

Transmission Electron Microscopy. TEM is an imaging
method that uses high-energy electrons to acquire angstrom (A)
level resolution across a sample.w’zm Analysis at this scale helps
in visualizing the evolution of the surface morphology at the
interface where changes can vary from subnanometers to tens of
nanometers. TEM can collect high-resolution phase information
at different points and is compatible with nanometer-sized
particles.zm’ 52 During TEM, electrons undergo multiple
phenomena including penetration into the sample, absorption,
and diffraction. The diffracted electrons result in a pattern of
spots and rings indicative of the crystallographic phases present.
TEM is also capable of elemental composition analysis and
distribution through energy dispersive X-ray analysis (EDX or
EDS). Alternatively, measurements of the absorbed electron
energy through electron energy loss spectroscopy (EELS)
enable determination of the oxidation states. Overall TEM
provides a near complete material analysis with atomic level
information, bulk morphology, and elemental composition.'’
For energy storage, most in situ TEM reports have focused on
phase transformation, changes in morphology during the
lithiation process, direction/face preferences for intercalation,
and interfacial changes during lithiation.”***** Throughout
these studies, both TEM cells for open (all solid batteries, solid-
state SEI) and closed (liquid) environments were used for in
situ/in operando studies.

Solid—Liquid Interface. Closed, or liquid, TEM cells utilize a
sealed electrochemical setup that can withstand the vacuum
environment but provides electron penetration via an electron
transparent window (e.g.,, SiN). This makes TEM compatible
with most common liquid electrolytes of lithium-ion batteries
for in situ and/or in operando conditions. Most closed TEM
electrochemical cells involve a micrometer-sized assembly on
top of a silicon chip and continuous flow of the electrolyte via
nanochannels (Figure 9a).”** Recently, Lutz et al. used fast
imaging TEM on a Na—Q, microbattery in a liquid cell to
visualize the mechanism of NaQO, nucleation and grn:ma‘th.ZS4
They were able to distinctly observe changes in the interface
(Figure 9b) and along with ex situ measurements could
distinguish multiple layers and an amorphous, organic outer
shell. They determined the cube growth followed a solution—
precipitation mechanism. Another liquid cell, the graphene
liquid cell (GLC), uses two graphene sheets to trap energy
materials and electrolyte (Figure 9¢).”*%*** Within this cell, Yuk
et al. used the electron beam to stimulate chemical lithiation into
Si nanoparticles while it was monitored by TEM.>*” They could
observe dimensional changes and phase preference for the
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Figure 9. Transmission electron microscopy of energy materials. (a) A
liquid TEM cell design, utilizing an electron-transparent Si;N, window
and flowable electrolyte. (b) High-resolution TEM image of NaO, cube
at the end of discharge (top-left). Operando (top-right and bottom)
evolution of a growing NaO, cube. (c) Graphene liquid cell design for
TEM, utilizing two sheets of graphene to trap an electrolyte solution
and material of interest. (d) High magnification in situ TEM of a SnO,
nanotube during lithiation showing the formation process and changes
in a thick amorphous layer (white and yellow outlines). (e)
Morphology changes and growth of discharge products nucleating at
Au clusters on a Au/MnO, air cathode while discharging. Morphology
(f) and phase characterization of the deposits on a Au/MnO, NW air
cathode after discharge with the electron diffraction patterns (g, h)
collected at different regions (yellow and blue squares). Parts (a) and
(b) reproduced from Lutz, L.; Dachraoui, W.; Demortiére, A.; Johnson,
L. R;; Bruce, P. G.; Grimaud, A.; Tarascon, J.-M. Nano Lett. 2018, 18,
1280—1289 (ref 254). Copyright 2018 American Chemical Society.
Parts (c) and (d) reprinted from Growth dynamics of solid electrolyte
interphase layer on SnQ, nanotubes realized by graphene liquid cell
electron microscopy, Cheong, J. Y.,; Chang, J. H.; Seo, H. K; Yuk, J. M,;
Shin, J. W.; Lee, J. Y; Kim, L-D. Nano Energy 2016, 25, 154—160. (ref
255), Copyright 2016 with permission from Elsevier. Parts (e—h)
reprinted from In situ imaging electrocatalysis in a Na—Q, battery with
Au-coated MnQ, nanowires air cathode, Liu, Q.; Geng, L.; Yang, T.;
Tang, Y.; Jia, P,; Li, Y,; Li, H; Shen, T; Zhang, L.; Huang, J. Energy
Storage Mater. 2018, in press (ref251), Copyright 2018 with permission
from Elsevier.

lithiation process. A more recent work used the same concept
and cell to evaluate SnO, nanotubes.”** In this work, they could
clearly observe fluctuations in decomposed electrolyte at the
interface (Figure 9d). Recent technical advances have focused
on exploring the morphological impact of damage upon cycling
on interfaces such as Si and Li anodes.””***” One relevant
direction in these studies is the collection of electrochemical
data from small structures and electrodes, enabling galvanostatic
experiments at low applied currents for a more detailed
understanding of the relationship between electrochemical
performance and the qualities of the interrogated sample.
Solid—Solid Interface. Aside from liquid TEM studies, open
cells under the typical conditions of high vacuum TEM are
useful for studying solid—solid interfaces as in solid-state
batteries and for viscous electrolytes (e.g., ionic liquids). Recent
work investigating Na—O, battery materials in an open cell by
Liu etal. showed transformation of the electrode material during
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electrochemical reaction (Figure 9¢).””' Under the TEM
resolution, the interfaces between materials could be realized
over time clearly showing deposition and clustering of
decomposition products (Figure 9e,f). They could also
differentiate the species within different regions (Figure 9f—
h), and additional EELS analysis provided further evaluation of
the species present during operation.

Current Limitations. The main issue with TEM analysis is
beam damage at the sample. Electron beams generate heat on
interaction with matter that can decompose battery and SEI
components.w’zmAlso, the beam can generate gaseous products
with organic electrolytes as for the case of LiPF. Although it is
possible, it still remains difficult to acquire quantitative
electrochemistry in the electron microscope.”*” Further, the
use of EELs is greatly disrupted by a liquid cell due to scattering
from the liquid hindering quantitative analysis. Altogether, TEM
has great potential, and there is even a proposal to use the beam
damage as an analytical tool: through rational chemical
perturbation with species generated by the electron beam,
imaging of chemically driven, nanometer-scale dynamics can be
acquired.

Aside from TEM, scanning electron microscopy, SEM, is also
potentially useful for visualizing the changing SEI. However, the
resolution for the microscope is typically poorer than TEM, and
charging can be more problematic. The SEM also uses a high
vacuum working environment, and typical battery electrolytes
will interact with the electron beam. Thus, SEM has mostly been
limited to carbon-based materials, solid electrolytes, or ionic
liquids. Alternatively, inert sample transfer chambers have also
been used for SEM measurements in between electrochemical
perturbation. Work is still required to access measurements in
organic liquid electrolytes.

B FINAL REMARKS

We have reviewed the current developments of (coupled)
electrochemical techniques and their applications to character-
ize energy storage interfacial properties in situ and across various
spatial and temporal scales. We noticed that the majority of the
research took place within the realm of lithium-ion batteries.
Energy storage systems beyond Li-ion are significant emerging
technologies, including sulfur and metal—air batteries, Na* and
K* batteries, and multivalent aluminum and magnesium
batteries, as well as redox flow batteries. Despite the differences
in electrode material, electrolyte, and charge storage mechanism,
energy storage systems share common limitations in electron
and ion mobility within interfaces. Hence, we anticipate that the
theory and instrumental progress developed for studies in LIB
systems will be directly applicable to the analysis of new
interfaces in the emerging energy storage systems.

Several interesting interfacial processes that are still under
discovery are listed here for future attention. In LIB, the roles of
electrode surface modification, artificial SEI, component
leaching, and electrode morphological changes upon cycling
need to be addressed. Further studies for beyond Li-ion systems
include the proper surface conditioning of carbon-based
materials for improved alkali-ion diffusion and intercalation
for Na" and K batteries. Moreover, improving surface coatings
to prevent Li dendrite formation in Li-metal anodes, diminishing
the polysulfide shuttle effectsin the Li—S battery, and preventing
the Li,O, deposition at the electrode surface and/or promoting
its cyclability in the Li—QO, battery are necessary. We expect that,
in the coming years, insightful studies explorinﬁsthe chemistries
of emerging systems such as other metal—air’> ”**” and redox
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flow batteries® > will gain prominence in the development

of new ana?ﬁcal tools, including nanoelectrochemical ap-
proaches.*”*** Fundamental knowledge of electrochemical
interfaces obtained via novel analytical tools will play a key
part in the future development of reliable, low-cost, and high-
performance energy storage systems.
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